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“Let me not die while I am still alive.” 

-Jewish Prayer 

 

 

 

 “Nothing in life is to be feared, it is only to be understood.” 

-Marie Curie 
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ABSTRACT 

 

Amyotrophic Lateral Sclerosis is the most common adult onset motor 

neurodegenerative disease. The etiology of the disease remains obscure, and as such there 

is no effective treatment or cure. TDP-43 is a nuclear RNA and DNA binding protein 

associated with 96% of ALS patient pathology. Tissue samples taken post-mortem from 

patients show a loss of nuclear localization and the presence of TDP-43 in cytoplasmic 

inclusions in the cell body. Whether the pathogenesis of the disease is driven by loss of 

nuclear function, gain of cytotoxicity with the formation of the cytoplasmic inclusions, or 

some other yet unidentified cause is not known. The goal of the research presented here 

was to understand the downstream effects of loss of nuclear TDP-43 function on motor 

behavior and physiology, using Drosophila melanogaster as a model. The results I 

present here show that behavioral motor defects associated with loss of Drosophila TDP-

43 are driven by the loss of the voltage gated calcium channel cacophony, not at the 

neuromuscular junction, but rather in cells located centrally in the protocerebrum of the 

brain.    
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Amyotrophic Lateral Sclerosis (ALS) is the most common adult onset motor 

neurodegenerative disease. In the United States and Europe, it affects 2-16 individuals 

per 100,000 individuals per year. Its pathogenesis is marked by progressive muscle 

wasting and atrophy, which ultimately lead to patients’ paralysis and death due to 

respiratory failure. Though it has been over 150 years since ALS was first described as a 

disease, the causes remain unknown and there are currently no known cures. Median 

patient survival is 3 years from diagnosis.   

 

A BRIEF HISTORY OF AMYOTROPHIC LATERAL SCLEROSIS  

Jean Martin Charcot: The Napoleon of Neuroses 

ALS was first described in 1865 by the French neurologist Jean Martin Charcot 

(Guillain and Bailey, 1959). Charcot was one of the most prolific and influential 

neurologists of the nineteenth century. He not only refined the clinical descriptions of 

Parkinson’s disease from those first reported in 1817 by James Parkinson, he was the first 

to identify and characterize Multiple Sclerosis, Charcot-Marie-Tooth Disease, and 

Charcot’s Disease (now called ALS), among others (Guillain and Bailey, 1959; Goetz, 

2011).  

In 1862, Charcot entered La Salpetriere, then a fairly young teaching hospital, and 

began studying hysteria (Bogousslavsky and Moulin, 2010). At that time, two schools of 

thought were dominant in the teaching hospital: psychiatry and alienist, the original term 

for psychology (Bogousslavsky and Moulin, 2010). Neither of these schools considered 

hysteria to be more than a sickness of the mind without a physical cause, and patients 
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with hysteria were largely ignored. Charcot was one of the first to consider it a natural 

disease and believed that the hysteria these patients showed was a symptom of organic 

focal brain diseases. In 1872, Charcot became Professor of Pathological Anatomy and in 

1882 the Faculty of Medicine in Paris created and appointed him the first chair of 

Clinique des maladies du systeme nerveux (Bogousslavsky and Moulin, 2010).  

When observing a case, Charcot’s approach relied upon detailed observations of 

neuropathology and neuroanatomy (Guillain and Bailey, 1959; Bogousslavsky and 

Moulin, 2010). The very identification of ALS as a distinct disease owes itself to his 

devotion to detail. In 1865, three years after starting at La Salpetriere, Charcot examined 

a woman with spastic paralysis and contractures of both arms and legs that was caused by 

sclerosis of the lateral columns (Guillain and Bailey, 1959). Upon examining other 

patients displaying muscular atrophy in concurrence with spasticity, he proposed this was 

a new, distinct disease (Guillain and Bailey, 1959). Importantly, it should be noted that 

even in the beginnings of reporting his observations on patient anatomy, he asserted this 

was a systems disease (Guillain and Bailey, 1959).   

In his summary of the disease, Charcot reported the disease “begins with a paresis 

that progressively affects all four extremities…in which the lower extremities are more 

involved than the upper ones” and “progressive muscular atrophy, which involved 

principally the muscles of the upper extremities” (Guillain and Bailey, 1959). He made 

notes that the “thenar [group of muscles on the palm of the human hand at the base of the 

thumb] and hypothenar [three muscles that innervate the little finger] eminences are 

sometimes remarkably flattened” which he correlated, post mortem, with a “more or less 

marked degeneration of the anterior horn cells, particularly at the levels of the cervical 
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enlargement of the spinal cord” (Guillain and Bailey, 1959). From its first clinical 

descriptions, ALS was described as a complicated, heterogeneous disease.  

It should also be noted that these observations pre-dated many important 

milestones in neuroscience (Robinson, 2001). The first papers from Camillo Golgi 

reporting data using his stain did not appear until 1873. Ramon y Cajal did not touch 

Golgi’s stain until 1887. Wilhelm von Waldeyer did not use the word neuron to describe 

the cell body and its processes until 1891.  And the word synapsis, the word that would 

eventually be synapse, was not used until 1897, when it appeared in A Textbook on 

Physiology (compiled by Michael Foster), in a section written by Charles Scott 

Sherrington. In it, Sherrington described the synapse as “the tip of [an axon] is not 

continuous with but merely in contact with the substance of the dendrite or cell body in 

which it impinges” (Robinson, 2001).   

The identification and first description of ALS thus predates the adoption of 

essential theories and practices that would drive the evolution of what we currently call 

Neuroscience. ALS research in the twentieth century reflects the rapid advances in basic 

science that marked the last century.  

The Twentieth Century Conundrum 

The challenge of ALS research in the twentieth century was to take patient 

symptoms from the clinic and extrapolate pathology, etiology, and treatment or cure.  In 

the first half of the century, data on ALS were derived solely from clinical descriptions 

and patient physicals and autopsies. There was argument over its distinctness as a 

disease. There was debate upon whether ALS was solely a neurological disorder or 
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whether it had a psychological component. There was strong disagreement on its 

prevalence and etiology. As more sophisticated methodology allowed for single cell 

analysis, biochemical studies, and finally molecular and genetic analysis, more and more 

data was gathered. Yet, the full cause of the disease remained elusive.  

ALS literature in the first half of the 20th century, until approximately 1955, dealt 

primarily with reporting and correlating patient symptoms with anatomical changes, as 

well as identifying possible causes of symptom onset, be it genetic or sporadic.  By 1947, 

there were documented case reports on over 400 patients (Ziegler, 1930; Swank and 

Putnam, 1943; Wechsler et al., 1944; Veit, 1947) in the United States, as well as those 

from Europe, Asia, and the Pacific Islands.  These patients were all of varying ethnicities 

and ages, backgrounds and socioeconomic classes.  From these cases, a generalized 

description of disease manifestation description was set that still holds true today. First, 

the disease generally includes early weakness, muscle atrophy, fibrillations and/or 

fasciculations, and frequent troubles with speech and swallowing. There is no one 

precipitating factor or group of factors for the disease, though a small percentage of cases 

are from an inherited form. The disease occurs in males to females in a 2:1 ratio and the 

average age of presentation is 50.  Racial and ethnic background does not correlate with 

disease occurrence or predisposition, with the notable exception of the documented Guam 

cases. And, though it is still classified as a rare disease, arguments appeared as early as 

1947 that argued it was more common than reported (Veit, 1947). 

Patients with ALS would be monitored through disease progression and autopsied 

at death, in order to correlate their symptoms to changes in pathology and anatomy. By 

1950, there was a comprehensive understanding of symptom-pathology.  Both the lower 
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motor neurons of the spinal cord and brain were classified as affected. The characteristic 

muscular atrophy, weakness and paralysis, fasciculations, and loss of reflexes (Jackson 

and Bryan, 1998) were consistent with degeneration of anterior horn cells and a decrease 

in the number of large motor cells (Jackson and Bryan, 1998). Early cellular descriptions 

noted chromatolysis, a term for the dissolution of the Nissl substance, or rough 

endoplasmic reticulum, in the cell body of remaining large neurons (Jackson and Bryan, 

1998). Loss of myelin at nerve fibers and peripheral nerves was reported, as well as a 

general reduction in the number of fibers. Diseased ventral horn cells and motor nuclei in 

the medulla were likewise associated with muscular atrophy, and muscles innervated by 

these cells showed atrophic changes, that is an increase in sarcolemma nuclei, fibrillar 

splitting, and fatty acid infiltration (Jackson and Bryan, 1998). In the brain stem, 

degeneration due to cortical cell changes was observed in the various fasciculi of the 

corticospinal system, leading to the death of upper motor neurons (Jackson and Bryan, 

1998). Also, degenerative changes in the upper motor neurons and Betz cells, giant 

pyramidal cells in the 5th layer of the grey matter in the primary cortex, was observed 

(Jackson and Bryan, 1998).    

These patient pathologies lead to a generalized symptom-pathology disease 

progression outline that is still used today, which retains many of the symptoms 

originally described by Charcot. Muscular atrophy, weakness, fasciculations, and loss of 

reflexes are a result of loss of function of the anterior horn cells (Lawyer Jr and Netsky, 

1953; Jackson and Bryan, 1998). Early signs of the disease include wasting of the small 

hand muscles, such as the interossei and lumbricales (Lawyer Jr and Netsky, 1953; 

Jackson and Bryan, 1998). As the disease progresses, the wasting becomes more 
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pronounced and bilaterally symmetrical, and spreads to the muscles of the shoulder girdle 

and upper arm (Lawyer Jr and Netsky, 1953; Jackson and Bryan, 1998). In the head, 

muscles of the tongue, palate, and pharynx will atrophy (Lawyer Jr and Netsky, 1953; 

Jackson and Bryan, 1998). As the disease continues to progress, the leg muscles will 

likewise atrophy and is concurrent with fibrillations, fasciculations, and a loss of some 

reflexes (the loss of reflexes is dependent upon the number of atrophying fibers) (Lawyer 

Jr and Netsky, 1953; Jackson and Bryan, 1998). Loss of abdominal reflexes, tendon jerks, 

and extensor plantar responses were attributed to involvement of the corticospinal tracts 

(Jackson and Bryan, 1998).   

In 1902, W.R. Gowers made the earliest hypothesis on cellular causes of the 

disease. Gowers wrote on the topic of abiotrophy, the phenomenon of defective vitality, 

and the dependence of muscular atrophy seen in degenerative diseases, like ALS, on 

nerve nutritional deficiency (Gowers, 1902). He argued that the degeneration of the 

nerves in these disease is not a consequence of muscular atrophy, but rather some 

deficiency at the nerve (Gowers, 1902). His lecture on abiotrophy in diseases of muscular 

atrophy is the first printed proposal asserting motor degeneration in ALS is initiated by a 

cellular deficiency in neurons themselves.  

In the 1930’s and early 1940’s, clinicians tested whether vitamin supplementation, 

for example Vitamin E, could stop or reverse ALS progression (Davison, 1943). 

Unfortunately it did not.  In 1955, the idea was re-asserted that a “deficiency factor in the 

pathogenesis of [ALS]” was possible because there is a “prolonged strain on the 

structures involved” (Ask-Upmark and Meurling, 1955). Indeed, most post-war work 
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sought to describe the distinct cellular morphology and pathology of ALS (Hirano and 

Iwata, 1978).  

The heterogeneity of hypotheses about the causes and cellular determinant of 

ALS that appear from the 1960’s onward, reflect the rapid evolution of systems, 

biochemical, and cellular biology concurrent at this time. Different groups investigated a 

variety of causes, including genetically inherited abnormalities of anterior horn cell 

function, slow viruses, Polio, lead and heavy metal poisoning, nuclear, geographical 

predispositions, and diet (Bradley, 1977).  Most of these studies produced confounding 

and contradictory results.  

The first study looking at biochemical changes to motor neurons from ALS 

patients appeared in 1973 from Savolainen and Palo (Savolainen and Palo, 1973). Using 

ultracentrifugation and fractionation of organelles, they biochemically analyzed neuronal 

cell membranes, axons, and myelin from the brains of two Finnish ALS patients 

immediately following death (Savolainen and Palo, 1973). Their results indicated that the 

cell membranes and myelin from the ALS patients had reduced protein levels, compared 

to those from non-ALS individuals (Savolainen and Palo, 1973). Though crude in their 

approach, this was the fist paper to show biochemical evidence of protein composition 

changes with ALS pathogenesis.  

 Four years later, in 1977, working upon advances in understanding axonal 

transport, W.G. Bradley asserted a model in which ALS etiology was dependent upon 

deficiencies at either the nucleus, what was then called “protein synthetic machinery”, 
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mitochondria, the lysosomal system, plasmalemma, neurotubules, neurofilaments, and/or 

Schwann cells (Bradley, 1977).   

Identification of SOD1 and TDP-43 

Currently, there are four main clinical presentations of ALS (Tan et al., 2017). 

The most common is limb-onset ALS with a combination of upper motor neuron and 

lower motor signs (Tan et al., 2017). This presentation represents approximately 70% of 

patient cases (Tan et al., 2017). The second most common ALS presentation is bulbar 

onset which subsequently spreads to the limbs and accounts for approximately 25% of 

patient cases (Tan et al., 2017).  The final two clinical presentations of ALS represent 

approximately 5% of cases (Tan et al., 2017).  The third involves the less common 

primary lateral sclerosis with pure upper motor neuron involvement (Tan et al., 2017). 

The fourth and final clinical presentation involves progressive muscular atrophy with 

pure lower motor neuron involvement (Tan et al., 2017). ALS patients do not show loss 

of brain tissue and atrophy of the motor cortex is observed in less than 25% of patient 

cases (Tan et al., 2017). 

There are two classifications of ALS: sporadic and familial, both of which are 

clinically indistinguishable (Tan et al., 2017).  Approximately 96% of patient cases are 

classified as sporadic, rather than familial (Tan et al., 2017).  The first gene identified as 

having a function in ALS pathogenesis was Super Oxide Dismutase 1 (SOD1). In 1993, 

mutations in SOD1 were identified to be associated with familial ALS (Rosen, 1993) and 

researchers worked to develop a mouse model of SOD1 mutation. However, these 

patients accounted for only 2% of total ALS cases and do not show the same pathology 

that the majority of ALS cases present, namely cytoplasmic inclusions in neurons 
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(Jackson and Bryan, 1998; Casci and Pandey, 2015a; Guerrero et al., 2016; Tan et al., 

2017).  

In 2006, the primary protein component of the cytoplasmic inclusions in motor 

neurons, found in approximately 96% of ALS cases, was identified to be TDP-43 

(Neumann et al., 2006). TDP-43 was present in cytoplasmic inclusions in the both the 

upper and lower motor neurons, as well as frontal and temporal cortex, in tissue samples 

collected post-mortem from patients (Guerrero et al., 2016). In mammals, TDP-43 is 

expressed broadly in the heart, lung, liver, spleen, kidney, muscle, and brain (Neumann et 

al., 2006).   

 

INTRODUCTION TO TDP-43 

 TDP-43 proteinopathy accounts for approximately 96% of ALS cases in the 

United States (Cozzolino et al., 2012). An RNA and DNA binding protein, cells are 

especially sensitive to changes in TDP-43 expression levels and localization.  The 

Drosophila ortholog of TDP-43 is called TBPH, Tar Binding Protein Homolog. The two 

genes are orthologous.   

Description of the TDP-43 gene and protein  

Transactive Response DNA Binding Protein 43, abbreviated as TDP-43, is a 

member of the heterogeneous nuclear ribonucleoprotein (hnRNPP) family, and is highly 

conserved among human, mouse, D. melanogaster, and C. elegans (Guerrero et al., 

2016). An RNA and DNA binding protein encoded by the TARDBP gene. TDP-43 was 
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first identified by its interactions with the HIV transactive response DNA; it binds to the 

polypyrimidine-rich motif of the HIV transactive response DNA (Ou et al., 1995; 

Neumann et al., 2006). It was later identified independently as part of a protein complex 

involved in the splicing of the cystic fibrosis transmembrane conductance regulator gene 

(Neumann et al., 2006). 

TARDBP is located on chromosome 1 of humans and contains 6 transcribed 

exons. Of these 6 exons, the main protein is translated from exons 2-6, producing a 414 

amino acid protein (Pesiridis et al., 2009). The gene contains two RNA recognition motif 

domains, one nuclear localization signal, and a glycine-rich C-terminus (Ou et al., 1995; 

Ayala et al., 2005; Neumann et al., 2006). Most sporadic mutations occur in the C-

terminus of TDP-43, in the domain encoded by exon 6 (Pesiridis et al., 2009). There are 

multiple phosphorylation, acetylation, ubiquitination, and sumolation cites on TDP-43 

(Neumann et al., 2006; Pesiridis et al., 2009). There is also an enrichment of multiple 

phosphorylation sites at the C-terminus (Hasegawa et al., 2008). 

Functions of TDP-43 

In healthy cells, TDP-43 localizes predominately at the nucleus (Neumann et al., 

2006) where it binds most forms of RNA from a variety of genes, including its own 

TARDP (Wang et al., 2004; Ayala et al., 2005; Arai et al., 2006; Buratti and Baralle, 

2011; Avendaño-Vázquez et al., 2012; Hazelett et al., 2012).  Thus, a major function of 

TDP-43 is regulation of gene expression (Wang et al., 2004; Ayala et al., 2005; Arai et 

al., 2006; Buratti and Baralle, 2011; Avendaño-Vázquez et al., 2012; Hazelett et al., 

2012). Specific functions of TDP-43 include transcriptional repression, regulation of pre-

RNA maturation and alternative splicing, mRNA transportation, microRNA biogenesis, 
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interaction with noncoding RNA, autoregulation, and translational regulation (Guerrero 

et al., 2016). TDP-43 has also been observed to co-localize in cytoplasmic inclusions 

with Poly-A binding protein-1 (PABP-1), a cytoplasmic stress granule marker (Dewey et 

al., 2012; McGurk et al., 2014). 

TDP-43 is essential for development; homozygous endogenous TDP-43 knock 

out mice are embryonic lethal, dying between day 3.5 and 8.5 (Kraemer et al., 2010; 

Sephton et al., 2010; Shan et al., 2010; Wu et al., 2010; Guerrero et al., 2016). 

Furthermore, post-natal induced homozygous knock-out causes rapid lethality (Kraemer 

et al., 2010; Sephton et al., 2010; Shan et al., 2010; Wu et al., 2010; Guerrero et al., 

2016). Heterozygous knock-out mice are viable, and eventually develop mild motor 

defects with age (Kraemer et al., 2010; Guerrero et al., 2016). Post-natal deletions of 

endogenous TDP-43 in only motor neurons and spinal cords of mice also produce muscle 

atrophy and motor neuron loss (Iguchi et al., 2013). Suppression of TDP-43 in motor 

neurons results in increased mitochondrial density in neurites, as well as increased 

numbers of abnormal neurites and decreased cell viability (Wang et al., 2013; Guerrero et 

al., 2016).  

TDP-43 expression levels are tightly regulated in healthy cells and therefore 

thought to hold a function in maintaining cellular homeostasis (Lejeune and Maquat, 

2005). Discreet pools of motor neurons have been observed to be differentially sensitive 

to changes in TDP-43 expression (Spiller et al., 2016). In a transgenic inducible rNLS8 

mouse model that forms both cytoplasmic TDP-43 proteinopathy and loss of TDP-43 

nuclear localization, 7 motor neuron pools were found to respond differently to TDP-43 

proteinopathy. Motor neurons in the oculomotor, trigeminal, and facial nuclei were 
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unaffected (Spiller et al., 2016). Motor neurons in the hypoglossal nucleus and the spinal 

cord were lost after 8 weeks of transgenic expression (Spiller et al., 2016). Within the 

spinal cord, slow motor neurons survived to end stage and remained innervated, whereas 

the fast fatigable motor neurons were lost after 8 weeks and were the first to present 

axonal dieback (Spiller et al., 2016). It should be noted that, despite there being a variety 

of loss- and gain-of function TDP-43 mouse models, this was the first model to report 

both a loss of nuclear localization concomitant with cytoplasmic TDP-43 inclusions.  

Outstanding Questions 

There are several outstanding questions regarding the functional role of TDP-43 

in driving ALS.  Patient tissue samples taken post-mortem have shown that, at end life, 

TDP-43 has depleted from the nucleus of cells and formed insoluble protein aggregates in 

the cytoplasm. Whether it is the loss of TDP-43 nuclear function or the formation of 

protein aggregates that is necessary or sufficient to drive ALS pathogenesis remains an 

outstanding paradox.  

TDP-43 protein pathology is characterized primarily by cytoplasmic accumulation 

of TDP-43 protein into round inclusions, skeins, or threads that are coincident with 

nuclear clearing of TDP-43 (Neumann et al., 2006; Pesiridis et al., 2009).  These 

inclusions can occur in the presence of C-terminal breakdown and/or cleavage, but this 

C-terminal breakdown and/or cleavage does not drive the formation of these aggregates 

(Ayala et al., 2008; Pesiridis et al., 2009). TDP-43 phosphorylation state, however, can 

drive formation of cytoplasmic aggregates, as mutations in the C-terminus that either 

prevent phosphorylation or lead to hyperphosphorylation have both been observed to 
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drive TDP-43 protein aggregation (Pesiridis et al., 2009). The initial cause of these 

sporadic mutations in TDP-43 is not known.  

 

DROSOPHILA AS A MODEL SYSTEM TO UNDERSTAND TDP-43 FUNCTION  

 Though it is unclear whether ALS results from loss of nuclear TDP-43 or a gain 

in cytoplasmic toxicity associated with formation of insoluble protein aggregates, the 

progression of ALS clearly depends upon a change in TDP-43 function.  The Drosophila 

ortholog of TDP-43 is TBPH. The protein forms of the gene are functionally 

homologous. The power of Drosophila genetic tools enabled us to model the loss of 

nuclear function by generating a TBPH loss of function mutant fly. This fly was then 

behaviorally characterized and RNA-seq analysis performed to understand the molecular 

basis of the changes in behavior.  

Drosophila as a Model System for Neurodegenerative Disease 

Drosophila is one of the oldest model systems in use today.  Thomas Hunt 

Morgan, upon the rediscovery of Mendelian inheritance in 1900, first used the fruit fly as 

a system to investigate genetics in his lab at Columbia. Since then, Drosophila has been 

used to make paramount discoveries that have shaped modern understanding of genes, 

chromosomes, inheritance, complex behaviors, and immunology (St Johnston, 2002; 

Bellen et al., 2010; McGurk et al., 2015).  

The fruit fly life cycle is one of holomeabolism, i.e. complete metamorphosis. It 

comprises of 4 life stages: embryo, larva, pupa, and adult.  Adult female flies can lay up 
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to 400 eggs, each one containing an embryo (Greenspan, 1997). Those eggs will hatch 

12-15 hours later into first instar larvae (Greenspan, 1997). The larval stages last 

approximately 4 days and include two molts (Greenspan, 1997). The first instar larva 

molts into the second instar and then the third instar larva (Greenspan, 1997). With each 

molt the size of the larva increases exponentially. At the end of the third instar, the larva 

enters the puparium, or pupal case, much like a caterpillar enters the cocoon. The adult 

fly will eclose following 4 days of metamorphosis (Greenspan, 1997). In total, 

metamorphosis from embryo to adult is usually 7 days, though this can be manipulated 

by changes in temperature (Greenspan, 1997). As an ectothermic species, fruit fly 

development and behavior depends upon ambient temperatures.  

The power of Drosophila as a model system lies in its complex simplicity. 

Drosophila have a short-lifespan, high fecundity, small number of chromosomes (4 

chromosomes compared to 23 in humans), and fewer neurons (250,000 compared to 

100,000,000,000 in humans). Yet, these simplicities belie the complexity of connectivity 

and structure of its central nervous system (CNS) and the complex behaviors adult fruit 

flies present. Though “less complicated” than the mammalian brain, the Drosophila CNS 

shares organizational similarities with the vertebrate brain; both are composed of neurons 

and glia that form structurally distinct sub-regions that are protected by a blood brain 

barrier (McGurk et al., 2015).  Also, of the known disease-causing human genes, 

approximately 70% of them have homologs in Drosophila (Rubin et al., 2000; McGurk et 

al., 2015). 

Easily yielded genetic manipulations, such as the binary GAL4-UAS system, also 

place Drosophila as an attractive model system for neurodegeneration (Brand and 



	 16	

Perrimon, 1993; Jenett et al., 2012).  The GAL4-UAS system enables specific, targeted 

gene expression in discreet subsets of cells (Brand and Perrimon, 1993).  GAL4 is a yeast 

modular protein that acts as a transcription activator in a variety of organisms, in addition 

to Drosophila (Brand and Perrimon, 1993).  For cell-specific expression, GAL4 can be 

placed under the control of a native gene promoter (Brand and Perrimon, 1993). The 

GAL4 construct is colloquially referred to as the “driver” and there are hundreds of 

drivers for subsets of neuron families, structures, and tissue (Jenett et al., 2012; 

Vogelstein et al., 2014; McGurk et al., 2015).  When expressed, GAL4 binds to UAS, 

which is the upstream activation sequence CGG-N11-CCG, where N can be any base 

(Brand and Perrimon, 1993). The UAS is fused to the target gene, and, once GAL4 binds 

the UAS, the target gene will be expressed.  Thus, this system allows for specific 

expression of targeted genes, for example a voltage gated calcium channel, in a driver 

specific set of cells, for example motor neurons, in a disease genetic background. 

TBPH Loss of Function Mutants 

 The Drosophila ortholog of TDP-43 is TBPH. Like TDP-43 loss- and gain- of 

function models in mice, both exogenous and endogenous TBPH studies have shown 

maintaining normal TBPH protein levels in various cell types is critical for normal 

physiological functions (Casci and Pandey, 2015b). In flies, overexpression of either the 

human form of TDP-43 or the endogenous TBPH gene causes a significant reduction in 

lifespan (Hanson et al., 2010; Vanden Broeck et al., 2013; Casci and Pandey, 2015b). 

Likewise, reduced expression or complete knock-outs of TBPH cause reduced lifespan 

and motor defects (Feiguin et al., 2009; Hazelett et al., 2012; Diaper et al., 2013a, 2013b) 

Knock-down of TBPH in adult muscle cells, using the temperature inducible Gal80-
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driver and UAS-RNAi, causes reduction in motor function (Diaper et al., 2013a). 

Inducible knock-out of TBPH in glial cells also causes motor dysfunction, but only in 

aged flies (Diaper et al., 2013b). Homozygous deletion of the endogenous TBPH gene 

causes adult lethality; the animals will develop through the larval stages but will fail to 

eclose from the pupal case (Hazelett et al., 2012; Diaper et al., 2013b).  Therefore, TBPH 

appears to be necessary for development and maintenance of normal physiological 

functions.  

 Like TDP-43, TBPH is an RNA and DNA binding protein that functions to 

regulate the expression of a variety of genes. In order to model the downstream effects of 

loss of nuclear TDP-43, our lab created a TBPH deletion line. This deletion line, denoted 

TBPHΔ, was created by removing the TBPH 5’-UTR via p-element excision (Hazelett et 

al., 2012).  These animals show two phenotypes: adult lethality, where the pupae fail to 

eclose from the pupal case, and severe locomotion defects in the third instar larval stage 

(Hazelett et al., 2012; Chang et al., 2014).   

 In order to identify classes and subclasses of genes whose expression was 

changed with loss of TBPH, RNA-seq analysis was performed on the TBPH mutant 

animals (Hazelett et al., 2012).  In total, the expression of 910 gene transcripts was 

differentially changed with loss of TBPH; transcripts of 681 genes were up-regulated, 

while the transcripts of 229 genes were down-regulated (Hazelett et al., 2012). A majority 

of differentially expressed transcripts encoded genes with conserved functions as DNA 

binding proteins, histone binding and modification proteins, and RNA metabolism 

proteins (Hazelett et al., 2012).  Selecting for genes with predicted TBPH binding sites 

and known functions in neurotransmission, the gene cacophony was one of several genes 
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identified as having a significantly changed splicing index in the TBPH mutant (Hazelett 

et al., 2012). Cacophony encodes the type-II voltage gated calcium channel that is 

necessary for full evoked neurotransmission at the neuromuscular junction (Kawasaki et 

al., 2002; Lee et al., 2014b). As vertebrate orthologs of cacophony have been identified 

as targets of TDP-43 binding in RIP-seq (RNA Immunoprecipitation sequencing) data 

collected from cortical neurons (Sephton et al., 2011), the interaction between TBPH and 

cacophony was of particular interest.  

 Though the index of cacophony splice forms was significantly changed in TBPH 

mutants, the overall transcript levels of cacophony were unchanged (Hazelett et al., 2012; 

Chang et al., 2014). However, using an antibody engineered against cacophony, Western 

analysis showed that TBPH mutant whole larvae have a 50% reduction in cacophony 

protein expression (Chang et al., 2014).  This reduction was maintained at the boutons of 

the neuromuscular junction (Chang et al., 2014).  Finally, the locomotion defects 

presented by TBPH mutant larvae were rescued by genetically restoring cacophony in all 

motor neurons, suggesting it is the TBPH dependent loss of cacophony driving the 

locomotion defects.  Further analysis of the cacophony transcripts expressed in TBPH 

mutants revealed an enrichment of transcripts lacking exon 7. This observation was of 

particular note because of the fourteen described cacophony protein isoforms, only one 

lacks exon 7 (http://flybase.org/).  

From these observations, it appeared that locomotion defects associated with loss 

of TBPH were due to the TBPH –dependent reduction in cacophony protein expression.  

What changes in physiology at the neuromuscular junction and within the motor circuit 

that drove the locomotion defect, however, are not known. We therefore asked the 
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following questions that guide the work presented here in chapters 2, 3, 4, & 5. First, 

what physiology of the larval neuromuscular junction is changed in at TBPH dependent- 

and cacophony dependent- manner? Second, is the larval locomotion defect driven by the 

loss of cacophony in all motor neurons or in a subset of neurons in the motor circuit? 

Third, does the enrichment of cacophony exon 7 deleted transcripts recapitulate defects in 

larval locomotion observed in TBPH mutants?   

NEUROANATOMY OF THE DROSOPHILA LARVA 

Larval Connectivity & Crawling Behavior  

The larval CNS is comprised of a brain and ventral nerve cord. The brain consists 

of two lobular hemispheres that, during pupation, will become the brain and optic lobes 

of the adult fly. The ventral nerve cord is comprised of the subesophigeal ganglion and 

neuromeres that house motor neurons which project out of the CNS to innervate body 

wall muscles (Figure 1B) (Landgraf et al., 1997; Kim et al., 2009).  

Motor neurons of third instar larva are derived from 30 distinct neuroblasts and, 

once differentiated, are maintained throughout metamorphosis (Landgraf et al., 1997; 

Schmid et al., 1999; Hoang and Chiba, 2001). These motor neurons leave the ventral 

nerve cord and project onto their target muscles via the intersegmental, segmental, or 

transverse nerve (Landgraf et al., 1997; Schmid et al., 1999; Hoang and Chiba, 2001). 

Because the experiments in this dissertation are done on the neuromuscular junction of 

muscle 6/7, I will only describe the intersegmental nerve (Figure 1B). The intersegmental 

nerve is further comprised of 3 nerve branches: ISN, ISNb, and ISNd, all of which target 

internal muscles (Kim et al., 2009). Precise patterns of motor neuron connectivity depend 
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on the selective connection between the axon and muscle target and the establishment of 

a unique dendritic arborization pattern that determines the specificity and degree of 

synaptic input (Kim et al., 2009). 

There are two broad classifications of motor neurons in Drosophila: low threshold 

and high threshold (Schaefer et al., 2010).  Low threshold motor neurons are classified as 

Type 1b, or “big” neurons. These motor neurons have bigger synaptic terminals and 

project onto a single muscle (Schaefer et al., 2010). Conversely, high threshold motor 

neurons are classified as Type 1s, or “small” neurons (Schaefer et al., 2010). These motor 

neurons form smaller synaptic terminals and project onto groups of muscles (Schaefer et 

al., 2010). There are reported differences in membrane potential, voltage threshold, and 

delay-to-spike between these two motor neuron types.  

It should be noted that the classifications of “low” and “high” threshold for 

mammalian and crayfish motor neurons are not conserved with Drosophila motor 

neurons (Schaefer et al., 2010). Unlike mammalian and crayfish motor neurons, there is 

not evidence for dividing Drosophila 1b and 1s motor neurons into tonic and phasic types 

(Schaefer et al., 2010). Also, whereas ordered motor neuron recruitment in mammals is 

explained by the size principle, in that motor units are recruited from low-force, slow-

twitch to high-force, fast-twitch based on the size of the load (Henneman et al., 2011), 

recruitment of Drosophila motor neurons does not follow this principle (Schaefer et al., 

2010). Drosophila motor neurons of the same identity have been observed to use different 

strategies to generate recruitment and firing (Schaefer et al., 2010). 
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The motor neuron that innervates muscle 6 and muscle 7 projects out of the 

ventral nerve cord by the ISNb (Kim et al., 2009). MN6/7-1b is unipolar and its highly 

branched dendritic arbor projects into the contralateral neuropil (Kim et al., 2009). Motor 

neurons project their dendritic projections in a stereotyped fashion and the selective 

connection between the motor neuron axon and muscle target is coordinated by the 

positioning of motor dendrites within the neuropil (Landgraf et al., 2003; Kim et al., 

2009).  The dendritic morphologies of individual motor neurons are stereotyped in 

position and orientation from segment to segment and animal to animal (Kim et al., 

2009). They are maintained through embryogenesis to the formation of the pupal case, 

though they are increased and significantly expanded by the end of the late third instar 

(Kim et al., 2009).   

Larval crawling is generated by peristaltic locomotion. It comprises alternating 

shortening phases and lengthening phases in which oblique and longitudinal muscle 

contract in turn (Peron et al., 2009). For forward displacement, muscle contractions begin 

in the lower abdominal segments of the larva and traverse up the body wall  (Figure 

1A)(Fox et al., 2006). In otherwise normal larvae, peristaltic waves are rhythmic and are 

ultimately the result of stimulation by the central pattern generators (CPGs) (Fox et al., 

2006; Peron et al., 2009). These are neural oscillatory circuits within the central nervous 

that receive information from both motor neurons and sensory nerves (Inada et al., 2011; 

Gjorgjieva et al., 2013; Fushiki et al., 2016). The frequency of body wall contractions can 

be taken as an index of contractile responses (Peron et al., 2009). 
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Figure 1. Larval locomotion and central nervous system. A. Forward larval locomotion is 

generated by the progression of peristaltic waves along the body wall in a posterior to 

anterior direction. B. Moto neurons are housed in the ventral nerve cord (VNC). The 

motor neuron innervating muscle 6 and muscly 7 in each abdominal segment leaves the 

VNC by the intersegmental nerve (ISN). It forms boutons on muscle 6 and 7. Figures 

adapted from Kohsaka et al 2012, and Hoang and Chiba 2001, respectively, with Jessica 

Lembke.  

 

A B

 

The Larval Neuromuscular Junction  

A single Drosophila larva is comprised of 3 thoracic and 8 abdominal segments 

body wall segments. Each abdominal hemisegment is comprised of 30 body wall 

muscles, all highly stereotyped and innervated by one or more motor neurons. The larval 

body wall muscles lie in the internal surface of the body, just below the epidermis of the 

cuticle, and form an internal layer surrounding the viscera (Peron et al., 2009). It should 
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be noted that muscles in abdominal segments 2-7 are identically ordered and no muscle 

crosses the dorsal midline (Peron et al., 2009). In total, there are 32 motor neurons in 

each abdominal segment (Menon et al., 2013). While the neuromuscular junction displays 

stereotyped connectivity, it also displays developmental and functional plasticity (Menon 

et al., 2013). 

In very general terms, the larval neuromuscular junction is comprised of the 

presynaptic motor neuron and the postsynaptic muscle (Menon et al., 2013).  During 

development, differentiated motor neurons project their axons out of the ventral nerve 

cord toward their target muscles (Broadie and Bate, 1993; Chen and Featherstone, 2005). 

Once the axonal growth cones make contact with the target muscle, glutamate receptors 

and discs large, the Drosophila homolog of membrane associated guanylate kinase 

(MAGUK), will cluster at the contact site (Broadie and Bate, 1993; Chen and 

Featherstone, 2005; Gorczyca et al., 2007). It should be emphasized that, unlike the 

vertebrate neuromuscular junction that releases the neurotransmitter acetylcholine, the 

Drosophila neuromuscular junction uses ionotropic glutamate receptors that are 

homologous to the AMPA-type glutamate receptors in the mammalian brain (Menon et 

al., 2013). The growth cone differentiates into the presynaptic terminal and forms a 

bouton that contains multiple active zones, or sites of neurotransmitter release. 

Postsynaptic scaffolds that resemble mammalian postsynaptic densities will form around 

the bouton, forming the subsynaptic reticulum. Bouton formation occurs by the end of 

embryogenesis (Broadie and Bate, 1993; Chen and Featherstone, 2005; Menon et al., 

2013) and from embryo hatching to late third instar, as the surface area of each muscle 
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increases 100 fold, boutons are continuously added to maintain the necessary synaptic 

drive through larval growth (Schuster et al., 1996; Liu et al., 2010; Menon et al., 2013). 

There are broadly three types of boutons: I, II, and III that differ in size, shape, 

neurotransmitter released, size of the subsynaptic reticulum, and glutamate receptor 

composition (Gorczyca et al., 1993, 2007; Jia et al., 1993; Monastirioti et al., 1995; 

Landgraf et al., 2003; Menon et al., 2013; Gan et al., 2014). Type I boutons are found at 

muscle 6/7 and can be further differentiated into two distinct types: 1b, designated such 

for their “big” size and are formed by low threshold motor neurons (described 

previously), and 1s, designated such for their “small” size and are formed by high 

threshold motor neurons (also described previously) (Jia et al., 1993; Hoang and Chiba, 

2001; Menon et al., 2013). Each neuromuscular junction has approximately 20-50 type I 

boutons, each with approximately 10 active zones (Menon et al., 2013). At muscle 6/7 

however, the boutons are innervating both muscles and each bouton has approximately 

20 active zones (Menon et al., 2013).  Type II boutons are smaller than 2 µm in diameter 

and contain both dense core vesicles, which carry glutamate, and small clear vesicles, 

which contain octopamine (Jia et al., 1993; Monastirioti et al., 1995; Gan et al., 2014). 

Type III boutons are intermediate in size between type I and type II; they contain dense-

core vesicles of different sizes and densities that carry glutamate, insulin-like peptide, and 

leucokinin-1 (Gorczyca et al., 1993; Jia et al., 1993; Landgraf et al., 2003; Gan et al., 

2014). Type II boutons are found on muscles 12 and 13 and type III boutons are found on 

muscle 12. Neither type of bouton shows subsynaptic reticulum or stain for discs large, 

which function to regulate the size, shape, and function of synaptic structures (Gorczyca 

et al., 2007; Menon et al., 2013). It is interesting to note that muscle 12 is innervated by 
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all three bouton types, suggesting the presence of a selective membrane trafficking 

system at each bouton (Gorczyca et al., 1993, 2007; Jia et al., 1993).   

Each active zone is formed by a T-bar structure comprised of the scaffold protein 

bruchpilot (Kawasaki et al., 2004; Harris and Littleton, 2015). Bruchpilot is the 

Drosophila homolog of the vertebrate ELKS/CAS (Wagh et al., 2006). This structure acts 

as a docking station for glutamate containing synaptic vesicles. T-bar structures 

colocalize with the type II voltage gated calcium channel cacophony, which is the 

primary source of extracellular calcium entry into the presynaptic space (Kawasaki et al., 

2002, 2004). In fact, bruchpilot loss of function mutants show loss of T-bar structures and 

loss of cacophony localization at active zones (Wagh et al., 2006). Calcium regulation 

affects bouton growth and calcium entry through cacophony creates calcium 

microdomains and triggers synaptic vesicle fusion and bouton formation (Rieckhof et al., 

2003a; Xing et al., 2005; Menon et al., 2013).  Cacophony is essential to development; 

genetically knocking-out cacophony is embryonic lethal (Kawasaki et al., 2002).  

When an action potential stimulates the opening of cacophony channels and the 

subsequent release of glutamate into the synaptic space, it will bind the postsynaptic 

glutamate receptors (GluRs). Drosophila express five glutamate receptors, designated 

GluRIIA, GluRIIB, GluRIIC/III, GluRIID, and GluRIIE (Harris and Littleton, 2015). 

These assemble into two possible 4-subunit configurations (Harris and Littleton, 2015). 

Each subunit configuration must contain either GluRIIA or GluRIIB, as they are 

redundant yet essential for development, as knocking-out both subunits is embryonic 

lethal (Harris and Littleton, 2015).  
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Larval body wall muscles are super-contractile in that they are able to contract to 

a length well below 50% of their resting length (Peron et al., 2009). Each muscle is 

composed of a single multinucleated fiber attached to the cuticle through its internal 

projections (apodemes) (Gramates and Budnik, 1999; Peron et al., 2009). Innervation of 

the larval body wall muscles in larvae is highly complex and is dependent upon multiple 

innervations. Contraction of the body wall muscles is not triggered by action potentials, 

but rather by post-synaptic potentials that are graded in amplitude and duration (Peron et 

al., 2009). The amplitude and duration of the postsynaptic potential from various types of 

boutons allows fine tuning of the muscle contractile response (Peron et al., 2009). 

There are two types of neurotransmitter release that occur at the neuromuscular 

junction: evoked and spontaneous release (Engel, 2008; Melom et al., 2013; Frank, 

2014). Evoked neurotransmitter release occurs in response to an action potential, in 

which the membrane potential of the cell is rapidly depolarized. Evoked release 

stimulates the rapid, mass release of glutamate into the terminal, ultimately leading to 

muscle contraction (Engel, 2008; Melom et al., 2013; Frank, 2014). Spontaneous release 

is the stochastic release of a single quantum of glutamate into the terminal (Engel, 2008; 

Melom et al., 2013; Frank, 2014). This type of release is thought to be important for 

maintaining synapse health, homeostasis, and tonicity of the synapse (Melom et al., 2013; 

Frank, 2014). While some active zones participate in both evoked and spontaneous 

release, there is evidence that some active sites will only participate in one or the other 

(Melom et al., 2013).  

Both spontaneous and evoked neurotransmitter release at the neuromuscular 

junction are physiological mechanisms maintaining synaptic homeostasis. Homeostatic 
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mechanisms broadly stabilize various cellular properties within a range of physiologically 

appropriate values (Harris and Littleton, 2015). At the Drosophila neuromuscular 

junction, synaptic homeostasis is maintained by both cacophony and GluRs, as well as 

other cellular players within signaling networks at the neuromuscular junction (Müller 

and Davis, 2012; Frank, 2014; Harris and Littleton, 2015). Homeostatic plasticity can 

easily be observed when GluR function is impaired, for example by the mutant 

GluRIIAsp16 fly line (Müller and Davis, 2012; Frank, 2014). Synaptic homeostasis is 

revealed by the subsequent decrease in mEPP amplitude but unchanged EJP amplitude.  

The Muscle 6/7 Neuromuscular Junction as a Model System 

The neuromuscular junction at muscle 6/7 is the most common larval 

neuromuscular junction studied. This is for several reasons: the muscle are easily 

identified and accessible, they are innervated by Type 1 boutons, and they are 

isopotential, meaning there is little attenuation of the change in membrane potential along 

the length of the muscle (Peron et al., 2009; Harris and Littleton, 2015).  

Both evoked and spontaneous neurotransmission can be measured as postsynaptic 

changes in membrane potential at muscle 6/7. Larvae can be dissected along the dorsal 

midline, thus exposing the ventral musculature (Engel, 2008). The CNS can be removed 

by cutting the motor nerves where they exit the ventral ganglion (Engel, 2008). Single 

sharp electrode recordings can then be made at muscle 6 or muscle 7 (Engel, 2008). 

Spontaneous release is measured as miniature end plate potentials (mEPPs). The 

amplitude of these events corresponds to the minimum amplitude of a postsynaptic 

potential and constitutes the unitary component, or quantum, of more evoked synaptic 
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potentials (Peron et al., 2009). These amplitudes should be 1mV and occur independent 

of extracellular calcium (Jan and Jan, 1976). The frequency of spontaneous release can 

also be quantified. This phenomenon has implications in regulating synapse strength, 

health, and synaptic homeostasis (Müller and Davis, 2012; Frank, 2014).   

Evoked release is measured as excitatory junctional potentials (EJPs). This release 

is stimulated by the rapid depolarization of the presynaptic membrane potential, which 

causes the rapid fusion of many neurotransmitter containing synaptic vesicles. EJP 

amplitudes are typically between 20-25mV (Jan and Jan, 1976; Peron et al., 2009). This 

amplitude can vary depending upon extracellular calcium concentrations. 

 

VOLTAGE GATED CALCIUM CHANNELS 

 TBPH mutants show a decrease in the expression of cacophony, the type II 

voltage gated calcium channel.  Genetically restoring cacophony in motor neurons of 

TBPH mutants rescues defects in larval locomotion, suggesting locomotion defects in 

TBPH mutants are due to loss of cacophony. It has previously been shown that 

application of the calcium channel agonists BayK and FPL64176 to zebra fish embryos 

expressing human TDP-43 with an ALS point mutation G348C, alleviated motor defects 

(Armstrong et al. 2013).  The interaction between forms of TDP-43 and voltage gated 

calcium channels, therefore, appears to regulate normal locomotive behavior.   
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Introduction to Voltage Gated Calcium Channels 

Voltage gated calcium channels are multimeric proteins containing a pore-

forming α- subunit and accessory β- and α2δ-subunits (Rieckhof et al., 2003). The α – 

subunit determines the main biophysical and pharmacological properties of the channel 

(Dolphin, 2009). In vertebrates, there are 10 voltage gated calcium channel α- subunits 

that fall into 3 distinct families: type 1, type 2, and type 3 (Dolphin, 2009; Ryglewski et 

al., 2012a).  These can be further refined by activation, high threshold and low threshold, 

and pharmacological, L, N, P/Q/R, S, properties (Rieckhof et al., 2003).  The high 

threshold L & N and the low threshold T channels are conserved throughout vertebrates 

and invertebrates; most vertebrate ion channel families are represented by a single fly 

gene (Rieckhof et al., 2003).  

Voltage gated calcium channels assume several functions within the cell. Among 

these, they mediate inward calcium currents that depolarize the cellular membrane 

potentials, mediate excitability, and provide intracellular calcium signals that can activate 

gene transcription and neurotransmitter release (Rieckhof et al., 2003b; Gray et al., 2007; 

Dolphin, 2009; Lipscombe et al., 2013b). One mechanism the cell can use to achieve 

functional specificity is in subtle changes in channel isoform expression caused by 

differential splicing (Lipscombe et al., 2013a).  Alternative splicing occurs at sites 

important for controlling channel activity, thus creating an array of functionally distinct 

channels (Gray et al., 2007).  For example, analyses on the population of voltage gated 

calcium channel isoforms in different mouse brain regions, throughout development, has 

shown that the composition of voltage gated calcium channel mRNA splice isoforms 

varies by cell-type, development stage, and neuronal activity (Bell et al., 2004; Gray et 
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al., 2007). Alternative splicing generates subtle structural changes in the channel that can 

affect channel biophysics, density, targeting, post-transcriptional modifications, and 

coupling to downstream signaling pathways (Gray et al., 2007).  Therefore, alternative 

splicing can act as a functional modifier within the cell (Lipscombe et al., 2013a).  

The type 2, N-type voltage gated calcium channel (CaV2.2) has been implicated in 

synaptogenesis and regulation of gene expression (Brosenitsch and Katz, 2001). The C-

terminus of the gene coordinates channel inactivation, modulation by G-proteins, 

modulation by calmodulin (as there is a CAM binding site), and protein-protein 

interactions that regulate activity and/or target the channel to specific cellular 

compartments (Gray et al., 2007). Inclusion and exclusion of specific exons of the 

channel are tissue-specific and confer functional specificity. For example, in mice, exon 

37a is expressed preferentially in the dorsal root ganglia, where it functions to increase 

the sensitivity of the N-type channel to the voltage independent form of G-protein 

modulation (Gray et al., 2007). Therefore, natural variants of Cav2.2 can regulate the 

global activity of the channel within the context of the cellular milieu.   

Cacophony, the Drosophila Type II Voltage Gated Calcium Channel 

The cacophony gene encodes the α- subunit of the Drosophila type II voltage 

gated calcium channel, which is homologous to the vertebrate CaV2.2 (Kawasaki et al., 

2002).  During embryogenesis, cacophony contributes the major calcium current (Peng 

and Wu, 2007). In third instar larvae, cacophony is expressed broadly throughout the 

CNS. At the neuromuscular junction, it is the primary entry point of extracellular calcium 

to the presynaptic space (Kawasaki et al., 2004).  In the somatodendritic region of motor 

neurons, it carries the major component of the voltage-dependent calcium current; when 
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cacophony is knocked down with RNAi, there is a significant reduction in somatically 

recorded voltage-dependent calcium currents (Worrell and Levine, 2008).  At excitatory 

cholinergic synapses in the adult fly brain, it has also been observed to drive action 

potential-independent release of neurotransmitter (Gu et al., 2009).    

Cells within the Drosophila CNS are extremely sensitive to changes in cacophony 

expression levels. Cacophony is an essential gene and complete knock-outs are 

embryonic lethal (Kawasaki et al., 2002; Hou et al., 2008).  Additionally, changes in 

cacophony expression can modulate animal behavior (von Schilcher, 1977; Smith et al., 

1998; Chang et al., 2014). Reduction in cacophony expression causes reduced larval 

crawling (Hazelett et al., 2012; Chang et al., 2014). Expression of cacophony 

hypomorphic mutants is associated with a reduction by 50% in EJP amplitudes of third 

instar larvae, as well as courtship lovesong defects in adult flies (Smith et al., 1998; 

Kawasaki et al., 2000; Rieckhof et al., 2003a). Overexpression of cacophony can increase 

adult activity (Wiemerslage and Lee, 2015). 

There are 14 defined cacophony isoforms (http://flybase.org/).  However, the 

expression of each isoform in different regions of the Drosophila CNS is not defined.  We 

do know, however, that the expression of cacophony is regulated by TBPH, and that loss 

of TBPH via p-element excision causes a 50% reduction in cacophony protein expression 

(Chang et al., 2014). And though the levels of cacophony transcript in whole animals are 

unchanged, the population of cacophony isoforms is changed with loss of TBPH (Chang 

et al., 2014). There is an enrichment of transcripts lacking exon 7 (Chang et al., 2014). Of 

the 14 defined cacophony isoforms, only 1 lacks exon 7, suggesting it is an exon holding 

functional importance to the channel.  
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OUTSTANDING QUESTIONS AND HYPOTHESES 

There is ample evidence that expression of TDP-43, and its Drosophila ortholog 

TBPH, is necessary for motor behavior and that changes in expression levels of those 

proteins causes adverse effects on locomotion.  In Drosophila larvae, we have shown that 

TBPH mutants present defects in larval crawling that is rescued by genetically restoring 

cacophony, the type II voltage gated calcium channel, in motor neurons. We therefore 

sought to identify TBPH-dependent changes in physiology, both peripherally at the 

neuromuscular junction and centrally within the motor circuit, that drove this defect in 

larval crawling and to understand the mechanism of cacophony rescue.   

As cacophony is necessary for evoked neurotransmitter release at the 

neuromuscular junction, we hypothesized TBPH mutants would show decreased 

amplitudes of evoked release, but no change in spontaneous release. As motor neurons 

are sensitive to TBPH expression levels and TBPH mutants show fewer peristaltic waves, 

we hypothesized the motor nerves of TBPH mutants would show abnormal, non-

patterned, non-rhythmic bursting patterns. Finally, as TBPH mutants show enrichment in 

cacophony transcripts lacking exon 7, and expressing cacophony isoforms rescues TBPH 

mutant crawling defects, we hypothesized loss of exon 7 in all cacophony transcripts 

would lead to loss of protein expression and larval locomotion defects.  

The goal of this research is to understand the functional importance of nuclear 

TDP-43. By identifying mechanistic players in the etiology of ALS-associated 

phenotypes, we hope to understand the early phases of disease pathogenesis and identify 

potential targets of intervention.  
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CHAPTER 2 

Materials & Methods 
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ANIMALS 

All Drosophila stocks were reared at 25°C using standard procedures (Greenspan, 

1997). The D42-GAL4 motor neuron driver (w*; P{GawB}D42), UAS-CACOPHONY 

(w*; P{UAS-cac1-EGFP}422A), UAS-TRPA1 (w*; P{UAS-TrpA1(B).K}attP2), and 

UAS-rpr.c (5824. w1118; P{UAS-rpr.C}14) fly strains were obtain from the Bloomington 

stock center (http://flytocks.bio.indiana.edu/). The following Janelia GAL4 drivers were 

also obtain from the Bloomington stock center: R83E12-GAL4 (w*,P{GMR82E12-

GAL4}attP2, R12A09-GAL4 (w*;P{GMR12A09-GAL4}attP2, R15A04-GAL4 (w*; 

P{GMR15A04-GAL4}attP2, R75C05-GAL4 (w*; P{GMR75C05-GAL4}attP2.  

The TBPH null mutant, UAS-TBPH and TBPH-GAL4 driver lines were 

described previously (Hazelett et al., 2012). In most experiments, the background control 

line A1 was used. The A1 line was generated at the same time as the TBPH null mutant 

line by precise excision of a transposon located just upstream of the TBPH gene (Hazelett 

et al., 2012). The GluRIIAsp line was obtained from the Davis Lab. In experiments with 

the GluRIIAsp fly line, the background control line w1118 was used (Petersen et al., 

1997). The UAS-mCD8::GFP; UAS-LacZ::NLS fly line was a gift of Dr. Sean Speese.  

Alex Law, with Jer Cherng Chang, generated the cacexon7Δ lines in the 

following way. Fly embryos expressing the nuclease Cas9 under the control of the vasa 

promoter (vas-Cas9; y[1]M{vas-Cas9.RFP-}ZH-2A w[1118]/FM7a, 

P{w[+mC]=Tb[1]}FM7-A) were injected with one plasmid containing two guide RNAs 

and injected at a concentration of 200 ng/ul. The RNAs target Cas9 to sites on either side 

of the cacophony exon 7, resulting in two double strand breaks repaired by homologous 
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recombination. The guide RNA sequences were designed using the Drosophila RNAi 

Screening Center CRISPR2 web tool (http://www.flyrnai.org/crispr2/). The sequences 

selected were located in the coding regions flanking exon 7. The two crRNAs were 

cloned into two sibling vectors, and then these two independent crRNA cassettes fused 

into a single plasmid for increased injection efficiency. Ultimately two homozygous 

lines, cacexon7Δ(6) and cacexon7Δ(8), were isolated and maintained as independent lines.    

 

CRAWLING ASSAYS 

Third instar larvae were rinsed in PBS and placed on 2% agarose plates at either 

room temperature or 30C. The crawling paths of the larvae were recorded for 5 minutes 

using a moticam 1000 connected to a PC and using the MIPlus07 software (Motic 

Images). The surface temperature of the agarose plates was monitored with a temperature 

sensor connected to a LabQuest® Mini (Vernier) connected to a PC. The distance 

traveled in each video was traced and quantified using ImageJ software 

(http://imagej.nih.gov/ij/). The number of full poster-anterior peristaltic waveforms and 

the number of head turns were counted from these videos for each genotype. The distance 

of displacement for each forward crawl was also measured from these videos, as well as 

the duration of each wave, using the ImageJ software.  
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ELECTROPHYSIOLOGICAL METHODS 

Intracellular recordings were made from the larval body wall muscle 6 in 

abdominal segment 3 using glass microelectrodes as previously described (Engel, 2008). 

Recordings were carried out at room temperature in extracellular HL3 saline which 

contained (in mM): 70 NaCl, 5 KCl, 20 MgCl2, 10 NaHCO3 115 sucrose, 5 trehalose, 5 

HEPES, and either 0.5, 1.0, or 2.0 CaCl2 (as specified in text). Membrane potentials were 

recorded using an Axoclamp-2A amplifier (Axon Instruments), digitized at 10 kHz and 

stored with a Digidata 1440A digitizer (Axon Instruments) connected to a PC (Dell). 

Excitatory junctional potentials (EJPs) were generated by injecting current into severed 

axons, at 0.5 Hz, via a suction electrode and an A310 Accupulser (World Precision 

Instruments) through an isolation transformer. The average single EJP amplitude of each 

recording was taken from 30-35 EJPs, whose amplitudes were measured using Clampfit 

10.2 software (Molecular Devices, Axons Instruments). Spontaneous miniature end plate 

potentials (mEPPs) were recorded over 3 minutes and analyzed using Mini Analysis 

6.0.0.7 (Synaptosoft Inc.). Quantal content was calculated as the ratio of mean EJP 

amplitude divided by the mean mEPP amplitude, and then averaging recordings across all 

NMJs for a given genotype. For acute cacophony block, larvae were incubated in 

plectreurys toxin (PLTX-II, from Alomone Labs) for 5 minutes. 

To record patterns of motor activity from the ventral nerve cord, third instar 

larvae were cut open along their dorsal midline, pinned open and extracellular recordings 

were made from peripheral nerves projecting from the 2nd and 7th neuromeres of the 
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intact central nervous system. Nerves were suctioned en passant with a glass suction 

electrode and recorded using an A-M Systems Differential AC Amplifier, digitized at 

10kHz and stored with the Digidata 1440A digitizer as above. Recordings were made in 

HL-3.1, which contained (in mM): 70 NaCl, 5 KCl, 4 MgCl2, 10 NaHCO3 115 sucrose, 5 

trehalose, 5 HEPES, and 1.8 mM CaCl2. To activate the motor program and stimulate 

fictive crawling, preparations were acutely incubated with 30 µM pilocarpine (Johnston 

and Levine, 1996). Recordings were made over 10 minutes and bandpass filtered (100Hz 

to 10 kHz) using Clampex software (Molecular Devices).  

Sampled data from the nerves in the 2nd and 7th abdominal segments and a time 

stamp from the Digidata 1400A were passed to a custom program as comma-delimited 

text files. The program rectified and averaged the data into 1000-1200 50 ms bins. For 

each epoch of binned data, plots were prepared and auto- and cross-correlations were 

computed after subtracting the mean value for the epoch, which greatly increased the 

readability. The autocorrelation can be visualized as sliding a copy of the first half of the 

epoch across the full epoch and computing a correlation coefficient for each 50-ms 

increment in delay. Delays at which peaks align in the two data epochs produce high 

positive correlations, while delays at which peaks align with valleys produce high 

negative correlations. Generally, given measurements, Y1, Y2, …., YN at time X1, X2, …., 

XN, the lag k autocorrelation  function r is defined as: 

𝑟! =
(𝑌!!!!

!!! − 𝑌)(𝑌!!! − 𝑌)

(𝑌! − 𝑌)!
!!!

!  
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Time of the first peak after t=0 yields the period of the bursts in each trace. Cross 

correlations are computed according to a similar method except that the two half-data 

epochs are derived from data from both traces (2nd and 7th abdominal segments) in the 

same animal. The cross correlation r at delay d of two series x(i) and y(i) where I = 0, 1, 

2,…,N-1, is defined as: 

𝑟 =
[ 𝑥 𝑖 −𝑚𝑥 𝑦 𝑖 − 𝑑 −𝑚𝑦 ]!

(𝑥 𝑖 −𝑚𝑥)!
! (𝑦 𝑖 − 𝑑 −𝑚𝑦)!

!
 

Where mx and my are the means of the corresponding series. 

Again, times at which peaks in two traces align produce high correlations. The first 

peak of the cross correlation gave the time delay between the A7 and A2 bursts. 

Averaged, auto-, and cross-correlation data were written as comma delimited text files 

that were readable by Microsoft Excel for additional manipulation (sometimes trace 

amplitudes were normalized) and plotting.  

 

IMMUNOHISTOCHEMISTRY 

To visualize the expression pattern of the GAL4 lines used, each driver line was 

crossed with the w*; UAS-mCD8::GFP; UAS-LacZ fly line. Third instar larva from these 

crosses were filleted, while keeping their CNS’s intact, in ice-cold HL3 saline and fixed 

in 4% paraformaldehyde in PBS with 1% Triton X for 10 minutes at room temperature, 

followed by 15 minutes at room temperature with agitation. Preparations were then 

washed with PBS with 1% Triton X three times for 5 minutes with agitation at room 
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temperature. Samples were blocked in SEA Block (CALBIOCHEM) for 15 minutes at 

room temperature. The preparations were then incubated 3 times overnight at 4°C in anti-

GFP in 50% glycerol (1:200; Thermo Fisher). 

Following incubation in primary antibodies, the preparations were washed 4 times 

for 30 minutes in PBS with 1% Triton X with agitation. The preparations were then 

incubated 3 times overnight at 4°C in goat anti-rabbit IgG Alexa Fluor 488 

(ThermoFisher). Following incubation, samples were washed four times for 30 minutes 

in PBS with 1% Triton X and incubated for 30 minutes in vectashield (Vectorlabs). The 

samples were then mounted in vectashield and imaged using an Olympus FV1000 laser 

scanning confocal.  

To visualize cacophony at boutons of the NMJ, third instar larvae were filleted in 

HL-3 saline solution and fixed in Bouin’s solution for 15 mins at room temperature. 

Samples were rinsed in an ethanol series, 10%-50% ethanol for 10 minutes each, and then 

rinsed in PBS with 1% Triton X for 30 minutes at room temperature. Samples were then 

blocked overnight in normal goat serum (ThermoFisher ) at 4°C overnight.  

The samples were then incubated in anti-cacophony at two concentrations (1:2000 

or 1:4000) at 4°C overnight (Chang et al., 2014). The next day, samples were washed in 

PBS with 1% Triton X, 5 times for 10 minutes each, and then incubated overnight in 

biotin-conjugated goat anti rabbit antibody (1:1000 in 50% glycerol; ThermoFisher) at 

4°C. Samples were then washed 5 times in PBS with 1% Triton X and incubated in Alexa 

Fluor 647 conjugated streptavidin (1:500 in 50% glycerol; ThermoFisher) at room 

temperature for one hour.  
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Samples were then again incubated in PBS with 1% Triton X for 30 minutes at 

room temperature, followed by an overnight incubation in normal goat serum at 

overnight in normal goat serum at 4°C. The preparations were then incubated overnight 

in anti-Brp (nc82 at 1:100; DSHB), washed 5 times in PBS with 1% Triton X, incubated 

for four hours at room temperature in goat anti-mouse Alexa Fluor 488, and washed in 

PBS with 1% Triton X. Following a 30 minute incubation in vectashield (Vectorlabs), the 

samples were mounted in vectashield and imaged using an Olympus FV1000 laser 

scanning confocal.  

Cacophony fluorescence was quantified using ImageJ software. Image files were 

opened, split into bruchpilot and cacophony channels, and z-stacks compiled. The 

bruchpilot channel was used to identify and select the bouton regions of interest. The area 

and mean fluorescence of cacophony were then measured for each region of interest by 

ImageJ and total cacophony fluorescence calculated by multiplying the two 

measurements.   

 

ELECTRON MICROSCOPY 

To visualize the active zone ultrastructure of the NMJ in third instar TBPH 

mutants and control animals, we used a protocol adapted from Jia et al 1993. TBPH 

mutants and control animals were first filleted in HL-3 solution, the CNS removed, and 

fixed for 30 minutes in Modified Trump’s Fixative. The preps were rinsed 3 times in 0.1 

M cacodylate buffer plus sucrose 3 times for 10 minutes, post-fixed with 1% osmium 

tetroxide for 30 minutes, rinsed 3 times in 0.1 M sodium cacodylate for 10 minutes, and 3 



	 42	

times in distilled water for 10 minutes. Preparations were stained en bloc in 2% aqueous 

uranyl acetate for 30 minutes, dehydrated in a graded ethanol series, and infiltrated with 

Spurr’s embedding resin. 

Blocks were trimmed and oriented so that the longitudinal muscles in segments 3 

or 4 could be visualized and 70 nm sections cut, either in cross –section or longitudinally, 

on a Leica UC7 ultramicrotome.  Sections were picked up on mesh grids and counter-

stained with aqueous uranyl acetate and Reynold’s lead citrate.  Images were collected on 

an FEI Tecnai Spirit at 80 kV.  

 

COURTSHIP ASSAYS 

Courtship behavior was monitored using a custom acrylic apparatus that consisted 

of 14 chambers measuring approximately 1 cm wide, 4 cm long, and 0.6 cm high 

(Morton et al., 2010). Each chamber was divided in half with a removable paper barrier. 

Five-day-old virgin males and virgin females were placed in each half of the chamber 

using an aspirator. The flies were allowed to recover for 20 minutes and the paper barrier 

subsequently removed. All 14 chambers were then recorded simultaneously using a 

moticam 1000 connected to a PC and using the MIPlus07 software (Motic Images). Two 

parameters were measured: the time to copulation and the percentage of males that 

copulated within four hours of barrier removal. Virgin males and females were kept 

isolated in vials in groups of approximately 10-15 before use.     
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CHAPTER 3  

Cacophony expression in motor neurons rescues larval crawling defects, but not changes 
in NMJ physiology, in a Drosophila TDP-43 loss of function mutant.  

	

 

 

Adapted from Lembke, KM, Scudder, CA, Morton, DB. 2017.  Restoration of motor defects 

caused by loss of Drosophila TDP-43 by expression of the voltage-gated calcium channel, 

Cacophony, in central neurons. J Neurosci; 10.1523/JNEUROSCI.0554-17.2017. 
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ABSTRACT 

Defects in the RNA-binding protein, TDP-43, are known to cause a variety of 

neurodegenerative diseases including amyotrophic lateral sclerosis (ALS) and 

frontotemporal lobar dementia (FTLD). A variety of experimental systems have shown 

neurons are sensitive to TDP-43 expression levels, yet the specific functional defects 

resulting from TDP-43 dysregulation have not been well described. We have previously 

shown that removing the Drosophila TDP-43 ortholog, TBPH, caused locomotion defects 

as third instar larvae. Furthermore, loss of TBPH caused a reduction in the expression of 

cacophony, the type II voltage-gated calcium channel; genetically restoring cacophony in 

motor neurons in TBPH mutant animals was sufficient to rescue the locomotion defects. 

In the present study, we examined the relative contributions of neuromuscular junction 

(NMJ) physiology to the locomotion defects. At the NMJ, we showed mEPP amplitudes 

and frequency require TBPH. Restored cacophony expression in motor neurons rescued 

mEPP frequency but not mEPP amplitude. These results suggest that the behavioral 

defects associated with loss of TBPH throughout the nervous system are not driven by 

peripheral defects, but rather central defects.  
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INTRODUCTION  

TBPH null mutants show two important phenotypes: adult lethality and defective 

crawling in third instar larvae (Hazelett et al., 2012). TBPH mutants also show a 

reduction in cacophony protein expression in whole third instar larvae, which is sustained 

at NMJ boutons (Chang et al., 2014). Genetically restoring cacophony in the TBPH 

mutant, using the GAL4-UAS system and a set of pan-neuronal GAL4 drivers, rescued 

the crawling defect associated with the mutant (Chang et al., 2014). Using the classically 

described motor neuron driver D42-GAL4 to drive UAS-cacophony also rescued the 

third instar larval crawling defect, suggesting loss of cacophony, specifically in motor 

neurons, drives the crawling defect.  

Though D42-GAL4 is classically described as a motor neuron specific driver, it 

also shows broad expression in sensory neurons along the body wall (Sanyal, 2009). 

While these sensory neurons can modulate the motor circuit, they are not themselves 

motor neurons. Therefore, I tested whether restoring cacophony in more discreet subsets 

of motor neurons could also illicit a rescue of the crawling defect, using driver lines for 

more discreet sets of motor neurons and neurons whose activation modulates motor 

behavior (Sanyal, 2009; Vogelstein et al., 2014). 

Cacophony is the primary voltage gated calcium channel at the Drosophila NMJ 

and it is required for full evoked neurotransmission, but has not been reported to 

modulate spontaneous neurotransmitter release (Kawasaki et al., 2000, 2002; Kuromi et 

al., 2004; Lee et al., 2014b). As the TBPH mutant shows reduced cacophony protein 

expression at the NMJ, we hypothesized that TBPH mutants would show defective 
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evoked neurotransmitter release, but unchanged spontaneous release. At active zones, 

cacophony localizes into clusters around the bruchpilot T-bar structures (Kittel et al., 

2006). Expression of mutant bruchpilot is associated with a decrease in cacophony 

expression, mis-localization of cacophony away from active zones, and changes in active 

zone ultrastructure. Therefore, we also visualized the active zone structure of TBPH 

mutants to determine if subsequent changes in ultrastructure were present.  

 

RESULTS 

Expressing cacophony in centrally located neurons rescues the TBPH mutant crawling 
defect  

Larval crawling is a highly stereotyped behavior characterized by the synchronous 

contraction of muscles on the left and right side of the larval body (Fox et al., 2006). 

Forward crawling is generated by peristaltic waves of muscle contractions which travel 

from posterior to anterior body wall segments (Fox et al., 2006). These peristaltic waves 

are generated by central pattern generators and are dependent upon firing of motor 

neurons in the ventral nerve cord (Inada 2011). We have previously shown that loss of 

TBPH causes a dramatic reduction in larval crawling distance, which can be rescued by 

driving cacophony expression in motor neurons using the D42-GAL4 driver (Chang et 

al., 2014). These results suggested that the reduced crawling distances were therefore due 

to a motor neuron specific defect in the TBPH mutants. However, closer inspection of the 

D42-GAL4 driver has revealed it shows expression not only in motor neurons of the 

ventral nerve cord, but also cells in the protocerebrum of the brain and peripheral sensory 

neurons along the body wall (Sanyal, 2009). Therefore, we examined another motor 
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neuron driver described as being more specific for motor neurons, OK6-GAL4 (Sanyal, 

2009). As previously described, expressing TBPH with the TBPH-GAL4 driver only 

partially rescued the larval crawling defects (Figure 1A). By contrast, expressing 

cacophony in motor neurons using the OK6-GAL4 driver in the TBPH mutant was more 

effective at restoring the distance crawled than rescue with TBPH (Figure 1A).  

Although OK6-GAL4 showed more restricted expression specific to the motor 

neurons in the ventral nerve cord, it also showed expression in the brain hemispheres 

(Sanyal, 2009). To explore in more detail which cells require expression of cacophony to 

restore locomotion in the TBPH mutants, I tested a variety of driver lines that showed 

restricted expression in discreet sets of cells in the ventral nerve cord and brain. The 

drivers I selected had been shown to affect larval crawling behaviors (Vogelstein et al., 

2014). The drivers tested were R75C05-GAL4, which is expressed in the AVM001b/2b 

cells in the brain, R82E12-GAL4, which is expressed in the A08n cells in the central 

nervous system, R12A09-GAL4, which is expressed in the TINa cells in the ventral nerve 

cord, and R15A09-GAL4, which is expressed in the SeIN161 cells in the central nervous 

system (Vogelstein et al., 2014). While these driver lines have been mapped, very little is 

known about them functionally beyond behaviors reported by Vogelstein et al 2014. 

Larvae show a higher probability of escape behavior when AVM001b/2b cells are 

activated with channel rhodopsin (Vogelstein et al., 2014).  A08n cells overlap with 

nociception neurons and larvae show strong escape behavior when these cells are 

activated (Vogelstein et al., 2014). TINa neurons are labeled as interneurons (IN) and, 

when activated, larvae display strong turn-turn behavior (Vogelstein et al., 2014). 

SeIN161 cells are also labeled as interneurons (IN) and, when activated, larvae also show 
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strong turn-turn behavior, similar to TINa activation (Vogelstein et al., 2014). It is 

important to note that, unlike using the TBPH driver to restore TBPH levels, which 

partially rescued adult lethality (Hazelett et al., 2012), none of the drivers used to express 

cacophony were able to rescue lethality. 

These experiments revealed two additional drivers, R75C05-GAL4 and R12A09-

GAL4 that were sufficient to rescue locomotion when used to express cacophony in the 

TBPH mutant background (Figure 3.1A). Of the two, only R75C05-GAL4 was sufficient 

to rescue the crawling defect to the same extent as the motor neuron driver OK6-GAL4. 

R75C05-GAL4 drives expression in the AVM001b/2b neurons whose cell bodies are 

located in the protocerebrum of the Drosophila brain. Activation of these cells had 

previously been shown to produce a 20% increased probability of larval escape behavior 

during larval crawling (Vogelstein et al., 2014). Larval escape behavior is a sub-

behaviotype of larval crawling. It is presented in response to noxious stimuli from which 

the larva wishes to escape. In its most mild form, it presents as forward crawling sans 

turn-turn behavior (Ohyama et al., 2013). In its most intense form, it often includes 

escape rolling, in which the larva rolls to escape the negative stimuli (Ohyama et al., 

2013). In the supplemental videos reported by Vogelstein et al 2014, larvae expressing 

channel rhodopsin under the R75C05-GAL4 driver show strict forward crawling 

behavior, but no escape rolling, when the channel rhodopsin is activated. This result 

suggests activation of the AVM001b/2b cells is sufficient to drive mild escape behavior.  

The total distance crawled is a relatively crude measure of the output of the motor 

program and is insufficient to identify specific defects in the motor program of TBPH 

mutant animals. To examine the TBPH mutant crawling behavior in more detail, we 
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quantified the frequency of posterior-anterior peristaltic waves, the time in which it took 

these waves to traverse the body completely, and the total displacement resulting from 

each wave. We then examined how driving cacophony in all motor neurons and more 

discreetly in the AV00M1b/2b cells altered these parameters (Figure 3.1B-E).  
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Figure 3.1. TBPH mutant larvae show defective motor behavior, which can be 

rescued by cacophony expression in selected neurons. A. TBPH null mutants crawl 

shorter distances than control larvae, which is partially rescued with the expression of a 

TBPH cDNA using a TBPH-GAL4 driver in the TBPH mutant background. Expression 

of cacophony in motor neurons using either the D42-GAL4 or the more specific OK6-

GAL4 driver also rescues this effect. A variety of addition drivers were also used to 

express cacophony, the most effective of which was the R75C05-GAL4 driver. B-E. A 

more detailed examination of the crawling behavior shows cacophony expression in 

either motor neurons or using the R75C05-GAL4 driver rescues all measured 

components of crawling behavior. B. Frequency of peristaltic waves. Loss of TBPH led 

to an 80% reduction in the number of complete waves that progressed along the body, 

which was partially rescued with TBPH or cacophony expression. C. Duration of 

peristaltic wave. The time taken for a complete peristaltic wave to traverse the larva was 

significantly increased in TBPH mutants, which was rescued with either TBPH or 

cacophony expression. D. Number of waves producing displacement. The peristaltic 

waves in TBPH mutants were less likely to cause the larvae to move forward compared 

to controls, which was also rescued by TBPH and cacophony expression. E.  Distance 

moved per peristaltic wave. For those waves that fid produce displacement, the distance 

travelled was reduced in TBPH mutants, which was again rescued by TBPH and 

cacophony expression. Data shown represent the mean and SEM of at least 10 animals 

and were analyzed using ordinary one-way ANOVA with a Sidak’s multiple comparisons 

test (*** p<0.001, ** p< 0.01,    *p <0.05). 
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TBPH mutants show an 80% reduction in the number of complete posterior-

anterior peristaltic waves in the 5-minute observation period compared to background 

controls (Figure 3.1B). This reduction was partially rescued by expressing TBPH with the 

TBPH driver, and a more complete rescue was achieved by expressing cacophony in 

motor neurons using the OK6-GAL4 driver (Figure 3.1B).  Similarly, driving cacophony 

with R75C05-GAL4 also partially rescued this parameter, although not as fully as the 

motor neuron driver (Figure 3.1B). The time taken for a complete peristaltic wave to 

travel the length of the larvae took approximately twice as long in TBPH mutant larvae 

compared to control animals (Figure 3.1C). This parameter was also rescued by TBPH 

and by driving cacophony with both motor neuron and R75C05-GAL4 drivers. Of the 50 

complete posterior-anterior peristaltic waves TBPH mutants completed over 5 minutes, 

approximately 60% of these failed to produce forward displacement (Figure 3.1D), which 

was measured as averaging 0.25mm (Figure 3.1E). This contrasts with the control and all 

the rescues in which almost each complete peristaltic wave produced displacement of 

approximately 1.0 mm (Figure 3.1E).  

These results show that the behavioral defects in TBPH mutants can be rescued 

not only by restoring cacophony broadly in all motor neurons, but also, surprisingly, by 

selectively restoring it in the discreet set of AVM001b/2b neurons located in the brain.  

There are relatively few qualitative or quantitative differences in the restoration of the 

behavior by expressing cacophony in these two different populations of neurons.  
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To verify the expression patterns of the OK6-GAL4 and the R75C05-GAL4 

driver lines used in these experiments, both driver lines were crossed with flies 

expressing UAS-mCD8::GFP. Animals expressing OK6>mCD8::GFP show broad 

expression within lateral motor neurons of the neuropil, as well as expression in cells 

located in the brain (Figure 3.2B). This expression pattern matches those previously 

reported (Sanyal, 2009). Animals expressing R75C05>mCD8::GFP show localized, 

bilateral expression in two cells whose cell bodies appear to be housed in the 

protocerebrum of the brain (Figure 3.2C). This expression is identical to the expression 

pattern reported by Vogelstein et al. 2014, in which those cells were identified as 

AVM001b and AVM002b. It should be noted that axonal projections from those cell 

bodies were occasionally observed (one in approximately 6 preparations) extending into 

the ventral nerve cord, but never leaving the CNS.    
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Figure 3.2. Expression patterns of the GAL4 drivers. A. Expression pattern of D42-

GAL4 driving UAS-mCD8::GFP expression. Signal is enhanced with GFP antibody. B. 

Expression pattern of OK6-GAL4 driving UAS-mCD8::GFP expression; signal is 

enhanced with GFP antibody. C. Expression of R75C05-GAL4 driving UAS-

mCD8::GFP; signal is enhanced with GFP antibody. D. Expression of R75C05-GAL4 

driving UAS-mCD8::GFP in the TBPH mutant background (TBPHΔ) Scale bars 

represent 50 µM.  

Synaptic transmission at the NMJ 

Cacophony is required for evoked neurotransmitter release at the larval NMJ 

(Kuromi et al 2004, Kawasaki et al 2004). Because there is a significant reduction in 

A D42>mCD8::GFP OK6>mCD8::GFP

R75C05>mCD8::GFP

B

C D TBPHΔ; R75C05>mCD8::RFP
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cacophony localization at the NMJ of TBPH mutants (Chang et al, 2014), it seemed 

likely that evoked synaptic transmission would be defective in TBPH mutants.  

Surprisingly, when I measured the amplitude of the evoked excitatory junctional 

potentials (EJPs) in TBPH mutant larvae, I found no significant difference compared to 

controls (Figure 3.3A). In addition to measuring evoked neurotransmitter release, we 

analyzed spontaneous neurotransmitter release by measuring the amplitude and frequency 

of miniature end plate potentials (mEPPs). At 1 mM calcium, TBPH mutants had 

significantly smaller mEPPs compared to control animals (Figure 3.3D). These 

observations were similar to those reported for another TBPH mutant allele (Vanden 

Broeck et al., 2013). To determine whether this reduction was due to the loss of TBPH, I 

expressed UAS-TBPH in the TBPH mutants using the TBPH-GAL4 driver. The mEPP 

amplitude was significantly increased, confirming the reduced size in TBPH mutants was 

due to loss of TBPH. However, expressing cacophony either in the motor neurons or in 

the AVM001b/2b cells with the R75C05-GAL4 driver, failed to rescue this phenotype 

(Figure 3.3D).  

The frequency of spontaneous vesicle release in TBPH mutants was also 

quantified. The frequency of mEPPs in TBPH mutants was significantly lower than that 

of control animals (Figure 3.3E). This reduction was not rescued by expressing TBPH 

under the control of the TBPH promoter (Figure 3.3E). It was, however, restored by 

expressing cacophony in motor neurons using the OK6 driver (Figure 3.3E). Notably, 

there was no significant increase in the frequency of mEPPs when cacophony was 

expressed in the TINa (with the R12A09-GAL4 driver) or AVM001b/2b cells (with the 
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R75C05-GAL4 driver), suggesting the alterations in mEPP frequency were not associated 

with the behavioral defects of TBPH mutants (Figure 3.3E).  

The finding that the TBPH mutants have unchanged EJP amplitudes despite 

having reduced mEPP amplitudes suggested that synaptic homeostasis had compensated 

for the reduced mEPP amplitude. Synaptic homeostasis is the process whereby synaptic 

strength is maintained within physiological ranges, especially when faced with 

perturbations of synaptic function, such as the loss of presynaptic voltage gated calcium 

channels or post-synaptic glutamate receptors (Turrigiano, 2007). At the Drosophila 

NMJ, there is accumulating evidence for several parallel signaling pathways acting to 

generate changes in quantal content to compensate for an altered post-synaptic response 

(Turrigiano, 2007).  Based on these findings, quantal content of the EJP in TBPH mutants 

was calculated and shows that there is a significant increase in quantal content (Figure 

3.3F), confirming that the NMJ in TBPH mutants is capable of synaptic homeostasis. 

Previous studies have shown that the signaling pathways that generate homeostasis 

converge on cacophony to enhance presynaptic calcium influx and thus neurotransmitter 

release (Frank 2009; Müller & Davis, 2012).  

As cacophony levels are reduced in TBPH mutants and they nevertheless exhibit 

synaptic homeostasis, it is possible that no further homeostasis was possible. To test this, 

I imposed a post synaptic challenge by genetically expressing a loss of function allele of 

the alpha-2 subunit of the glutamate receptor (GluRIIAsp16; Petersen et al., 1997) in the 

TBPH mutant. As expected, the EJP amplitude in the GluRIIASP16 mutants was 

unchanged while the mEPP amplitude was reduced, thereby indicating higher quantal 

content compared to controls (Figure 3.3F) as previously described (Petersen et al., 
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1997).  When this mutation was combined with the TBPH mutant, there was no 

additional increase in quantal content (Figure 3.3F).  

 

 

Figure 3.3. Synaptic physiology at the larval NMJ is defective in TBPH mutants. A. 

Representative examples of excitatory junctional potentials (EJPs) from control and 

TBPH mutant larvae. B. EJP amplitude is unchanged in all genotypes tested. C. 

Representative example of miniature end plate potentials (mEPPs) control and TBPH 
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mutant larvae showing smaller and less frequency mEPPs in TBPH mutants. D. The 

mEPP amplitude is reduced in TBPH mutants (red), which is rescued by expression of 

TBPH (black), but not by expression of cacophony (pink). E. The mEPP frequency is 

reduced in TBPH mutants and is not rescued by TBPH expression, but is rescued by 

expression of cacophony in motor neurons, but not with the R75C05-GAL4 driver. F. 

Quantal content. The quantal content of the EJPs was calculated as the ratio of EJP 

amplitude to mEPP amplitude as was increased in both TBPH and glutamate receptor 

mutants. The double mutant showed no further increase in quantal content. All 

experiments were carried out in 1 mM calcium. Data represent the mean and SEM of at 

least 10 animals and were analyzed using ordinary one-way ANOVA with a Sidak’s 

multiple comparisons test (*** p<0.001, ** p< 0.01, * p <0.05).   

 

 

TBPH mutants do not show defective active zone ultrastructure at the NMJ 

 Cacophony localizes with bruchpilot and other active zone scaffold proteins of the 

bouton (Kittel et al., 2006; Fouquet et al., 2009). Mutations in either bruchpilot, or the 

scaffold protein RIM, have been shown to affect cacophony localization at active zones 

and impact active zone ultrastructure (Kittel et al., 2006; Fouquet et al., 2009). As TBPH 

mutants show a reduction in cacophony localization at the NMJ, it was possible that their 

ultrastructure was changed. Though we had already determined that the number and size 

of boutons in TBPH mutants was unchanged using light microscopy (Hazelett et al., 

2012; Chang et al., 2014), such a method could say nothing about active zone 
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ultrastructure. I therefore looked at TBPH mutant ultrastructure using electron 

microscopy.  

 TBPH mutant and control animal third instar larvae were filleted, fixed, 

embedded in resin, and boutons on muscle 6 and 7 from abdominal segments 3 and 4 

observed using an electron microscope (Figure 3.4). T-bar structures and clear, 

glutamate-containing vesicle clustering observed, as was mitochondrial load. No obvious 

changes to T-bar structure or vesicles clustering were observed between TBPH mutants 

and wild type animals (Figure 3.4A’-D’). Mitochondrial load also appeared unchanged 

(Figure 3.4B’ &D’).   
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Figure 3.4. Electron micrographs of boutons on muscle 6 and 7 show active zone 

ultrastructure is unchanged in TBPH mutants. A-A’. Cross-section of muscle 6 (m6) and 

muscle 7 (m7) in YW1118 third instar larvae. The blue box in A indicates the area shown 

YW1118	
A	 A’	

B	 Longitudinal	
Cross-sec9on	

TBPHΔ	

B’	

C	 C’	

D	 D’	

M	
M	
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in A’. White arrows indicate T-bar structures that form the active zones. Capitalized M 

indicated mitochondria. B-B’. Longitudinal sections of boutons from muscle 6 of a third 

instar YW1118 larva. C-C’. Cross-section of bouton on muscle 7 (m7) in TBPH mutant 

third instar larva. D-D’. Cross-section of bouton on muscle 6 in TBPH mutant third instar 

larva. There are intact T-bar structures surrounded by clear vesicles containing glutamate. 

Scale bars are indicated on each individual micrograph.  

 

Cacophony regulates the frequency of spontaneous release at the NMJ 

An unexpected result from the analysis of synaptic transmission was the apparent 

cacophony dependence of the frequency of mEPPs (Figure 3.2E) as this parameter is not 

normally believed to be directly regulated by voltage-dependent calcium channels (Lee et 

al., 2014b). To confirm that the frequency of mEPPs was cacophony dependent, the small 

synthetic peptide plectreurys toxin (PLTX-II) was used to block cacophony function. 

PLTX-II is a specific, irreversible inhibitor of type II voltage gated calcium channels and 

blocks cacophony function (King, 2007).  Both EJP amplitudes and mEPP frequencies 

were measured in the presence of 2 nM of PLTX-II (Figure 3.5). In the presence of 

PLTX-II, EJP amplitude was, as expected, reduced by over 95% in both the TBPH 

mutant and control animals, confirming the cacophony dependence of the EJPs (Figure 

3.5A). The frequencies of mEPPs were similarly reduced by over 60% in both the TBPH 

mutant and control animals, suggesting that acute cacophony function is required to 

regulate the spontaneous vesicle release (Figure 3.5B). The amplitude of the mEPPs was, 

as expected, unaffected by PLTX-II (Figure 3.5C).  
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Figure 3.5. Effect of the cacophony irreversible antagonist PLTX-II on NMJ synaptic 

transmission. A. The EJP amplitude is blocked by over 90% in both control and TBPH 

mutant larvae. B. PLTX-II significantly reduces mEPP frequency in both control and 

TBPH larvae. C. PLTX-II has no effect on mEPP amplitudes in either control or TBPH 

larvae. Data were analyzed using multiple t-tests (****p<0.0001). 

 

 

DISCUSSION 

TBPH has previously been reported to function in regulating both mEPP 

amplitude and frequency of spontaneous release (Diaper et al., 2013). Here, we failed to 

elicit a rescue in the frequency of spontaneous release, but we did observe a TBPH-

dependent rescue in mEPP amplitude, confirming a function for TBPH in regulating the 

amplitude of mEPPs (Figure 3.2D). Spontaneous neurotransmitter release is a core 

element of synaptic communication in mature neurons and is thought to function in 

modulating activity-dependent transmission and synaptic homeostasis (Fatt and Katz, 

1952; Frank et al., 2006; Lee et al., 2010). Our inability to rescue changes in mEPP 
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amplitude while rescuing larval crawling suggests this parameter does not directly 

regulate larger, systems-dependent behavior. This conclusion is further supported by the 

fact that, though driving cacophony with the R75C05-GAL4 driver rescued TBPH mutant 

crawling, these animals showed no rescue in frequency of spontaneous release at the 

NMJ (Figure 3.2E). Therefore, it appears that TBPH-dependent changes in physiology at 

the neuromuscular junction are not driving the observed crawling defects.    

Cacophony is the primary voltage-gated calcium channel at the Drosophila NMJ 

and is known to regulate evoked neurotransmission (Lee et al., 2014b). It localizes with 

other presynaptic active zone proteins, bruchpilot and RIM, at active zones and 

expression of hypomorphic versions of the channel, like cacs, causes significant 

reductions in EJP amplitude (Kawasaki et al., 2004; Fouquet et al., 2009; Graf et al., 

2012; Lee et al., 2014b).  Blocking cacophony channels irreversibly with PLTX-II 

similarly caused a reduction in EJP amplitude (Figure 3.5A). Although cacophony is 

known to regulate evoked neurotransmitter release, it is not known to directly regulate 

spontaneous release (Lee et al., 2014b). Therefore, not only was it initially surprising that 

our TBPH mutant showed no reduction in evoked release, but equally surprising that 

driving UAS-Cacophony with the OK6-GAL4 driver was sufficient to rescue the 

frequency of spontaneous release (Figure 3.2E). To test directly whether cacophony 

regulates the frequency of spontaneous release, we pharmacologically blocked 

endogenous cacophony channels with PLTX-II. Blocking cacophony with PLTX-II 

reduces the frequency of spontaneous release, while not reducing mEPP amplitude 

(Figure 3.5B-C). Therefore, it appears that cacophony does, in fact, function in regulating 
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the basal frequency of spontaneous release at the NMJ, a function of the channel not 

previously reported.  

Finally, though no major synaptic defects were observed in TBPH mutants, there 

was nonetheless a reduction in spontaneous release. While we had previously confirmed 

no gross change in bouton size or shape (Chang et al., 2014), we could not rule out the 

possibility of changes to active zone ultrastructure that could contribute to the reduction 

in spontaneous release.  Analysis of active zone ultrastructure with electron microscopy, 

however, showed no obvious changes in T-bar formation or distribution at active zones in 

TBPH mutants (Figure 4A’-D’). Glutamate-containing vesicle clustering at the T-bars 

also appeared to be unchanged, suggesting the observed changes in spontaneous release 

of TBPH mutants are not due to changes in active zone ultrastructure (Figure 3.4).       

These results demonstrate some defects in synaptic transmission due to the loss of 

TBPH, some of which can be reversed by expression of cacophony in motor neurons.  

However, the lack of concordance between the cacophony-dependence of synaptic 

physiology and behavior suggests that these defects are not sufficient to explain the 

defects in larval locomotion. 

 

OUTSTANDING QUESTIONS 

There are a few outstanding questions from the results presented in this section. 

The first question revolves around the nature of the cacophony rescue. While driving 

cacophony in all neurons and in motor neurons rescues the larval crawling defect, adult 
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lethality of the TBPH mutants has never been rescued. Here I will address one possible 

explanation for this lack of rescue. First, it has been shown that both up- and down-

regulation of TBPH increases the expression of the neuronal microtubule-associated 

protein Map205 (Vanden Broeck et al., 2013). Up-regulation of Map205 lead to 

cytoplasmic accumulations of the ecdysteroid receptor and a failure to switch gene 

programs associated with that receptor from a pupal to adult pattern (Vanden Broeck et 

al., 2013). Any loss of function associated with this interaction does not appear to 

converge upon cacophony.  

The second question arises from the report that cacophony rescues the frequency 

of mEPPs, but not the amplitude of mEPPs. While it was not surprising that cacophony 

did not rescue mEPP amplitude, it was surprising that it should function in regulating the 

frequency of their release because such a function has not been previously reported for 

the channel. The exact mechanisms of the rescue are startlingly unclear, primarily 

because little is understood about the function and mechanism of spontaneous release. In 

central synapses of the mammalian brain, spontaneous neurotransmission is reported as a 

way for the synapse to maintain tonicity, homeostasis, priming, and plays a possible 

function in long-term potentiation (Kavalali, 2014). At the NMJ, spontaneous release is 

also thought to maintain synaptic integrity and homeostasis (Frank et al., 2006; Kavalali, 

2014). And there is evidence that specific active zones show higher probability of 

participating in spontaneous release than evoked release (Melom et al., 2013). Does 

cacophony dictate this active zone specialization? Is it a function of the channel itself or 

the resulting Ca2+ microdomains formed when it opens that causes this specialization? 
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In Drosophila, the rapid induction and sustained expression of synaptic 

homoeostasis are blocked by mutations in cacophony, suggesting that cacophony is 

directly involved in the presynaptic mechanisms that generate a homeostatic change in 

presynaptic transmitter release (Frank et al., 2006). Furthermore, this modulation appears 

to converge on spontaneous release, specifically mEPP amplitudes. If spontaneous 

release can modulate homeostasis and cacophony can also modulate homeostasis, is there 

evidence that cacophony could modulate homeostasis via spontaneous release?  Either 

blocking GluR function pharmacologically with PhTx or expressing GluRIIA (previously 

described) elicits a reduction in mEPP amplitude, but no change in EJP amplitude, 

resulting in an increase in quantal content and thus intact synaptic homeostatic 

compensation (Frank et al., 2006; Frank, 2014). While mutations in cacophony do not 

cause reductions in mEPP amplitude, expressing cacophony mutants with the GluRIIA 

construct, or pharmacologically blocking GluR, results in a decrease in mEPP amplitude 

and suppressed synaptic homeostatic compensation in the GluRIIA background (Frank et 

al., 2006). It is unclear whether cacophony functions to do this via modulating either 

mEPP amplitude or frequency.  

Finally, the third question that arises from these results is the absence of a defect 

in evoked neurotransmission. Though other TBPH mutant lines have also shown no 

changes in EJP amplitudes (Diaper et al., 2013b), the literature is rich with reports that 

expressing mutant forms of cacophony, or knocking it down with RNAi, decrease evoked 

neurotransmission. Here we also showed blocking endogenous cacophony with PLTX-II 

decreased EJP amplitude. Yet the TBPH mutant, that shows a decrease in cacophony 
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protein expression at the NMJ, shows normal evoked neurotransmission and intact 

synaptic homeostasis. Is this a consequence of developmental compensation?   
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CHAPTER 4 

TDP-43 loss of function mutants show defective motor program that is rescued by 
restoring cacophony in the centrally located AVM001b/2b neurons. 

	

 

 

Adapted from Lembke, KM, Scudder, CA, Morton, DB. 2017.  Restoration of motor defects 

caused by loss of Drosophila TDP-43 by expression of the voltage-gated calcium channel, 

Cacophony, in central neurons. J Neurosci; 10.1523/JNEUROSCI.0554-17.2017. 
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ABSTRACT  

A variety of experimental systems have shown that neurons are sensitive to TDP-

43 expression levels, yet the functional defects associated TDP-43 dysregulation in the 

motor program have not been well described. Using the Drosophila TDP-43 ortholog 

TBPH, we previously showed that TBPH null animals present severe locomotion defects 

in the third instar, as well as a reduction in the expression of the type II voltage-gated 

calcium channel cacophony. Locomotion in TBPH mutants is recovered by genetically 

restoring cacophony in motor neurons, suggesting the TBPH associated crawling defect is 

driven by loss of cacophony. Furthermore, we have shown that TBPH-dependent changes 

in physiology at the NMJ are not sufficient to drive the locomotion defect. We therefore 

examined the relative contribution of the motor program to the locomotion defects and 

identified subsets of neurons that require cacophony expression to restore normal 

locomotion. TBPH mutants displayed reduced motor neuron bursting and coordination 

during crawling, restoring cacophony selectively in two pairs of cells located in the brain, 

the AVM001b/2b neurons, rescued the locomotion and motor defects. These results 

suggest that the behavioral defects associated with loss of TBPH throughout the nervous 

system can be associated with defects in a small number of genes in a limited number of 

central neurons, rather than peripheral defects.  
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INTRODUCTION 

TBPH mutants show severe locomotion defects (Hazelett et al., 2012; Chang et 

al., 2014). They crawl shorter distances, show a smaller frequency of anterior-posterior 

peristaltic waves, and the time in which it takes these wave to traverse the body is 

significantly longer (Figure 3.1). Whole third instar TBPH mutants also show reduced 

cacophony protein expression (Chang et al., 2014). Genetically restoring cacophony 

broadly in all motor neurons, using the OK6-GAL4 driver, or in the VM001b/2b cells, 

using the R75C05-GAL4 driver, restores locomotion (Figure 3.1). The larval crawling 

defect is therefore caused by the reduction in cacophony expression in TBPH mutants. 

However, though TBPH mutants show some alterations in spontaneous neurotransmitter 

release at the NMJ, these alterations are not sufficient to drive the crawling defect.  

Crawling is the result of several coordinated processes in the larval motor circuit 

(Fox et al., 2006). Peristaltic waveforms are the direct result of motor neuron activation 

by cells upstream within the motor circuit, including the central pattern generators 

(Marder and Bucher, 2001; Fox et al., 2006). There is also evidence that progression of 

the peristaltic waveform is dependent upon motor neuron cross-talk; if motor neurons 

innervating abdominal segment 3 are silenced, the waveform will not continue to 

abdominal segment 4, 5, 6 or 7 (Inada et al., 2011). It has also been reported that 

mutations in proteins that affect larval crawling directly impact motor nerve burst 

patterns (Fox et al., 2006). We therefore hypothesized that TBPH mutant motor nerves 

would show a-rhythmic, un-patterned bursts. We hypothesized that genetically restoring 

cacophony in the AVM001b/2b cells, using the R75C05-GAL4 driver, would restore 



	 74	

patterned motor bursts and therefore establish a novel function for the AVM001b/2b cells 

within the motor circuit. 

RESULTS 

CNS Motor Output 

Forward larval crawling is generated by peristaltic waves traversing the length of 

the larval body wall in a posterior to anterior fashion (Fox et al., 2006). The rhythmicity 

of these waves is likely to be generated by a central pattern generator (CPG) (Marder and 

Bucher, 2001; Kohsaka H1, 2012). The CPG generates rhythmic motor neuron bursts and 

coordinates patterns of motor bursts between neuromeres segments, generating a burst 

delay between adjacent segments (Inada et al., 2011; Kohsaka H1, 2012; Fushiki et al., 

2016). Motor neurons in the ventral nerve cord (VNC) are not merely downstream 

effectors of the central pattern generator, but function to regulate the propagation of the 

patterned activity between adjacent segments (Inada et al., 2011).  Behavioral analysis 

has shown that TBPH mutants have far fewer anterior-posterior peristaltic waves (Figure 

3.1B), a higher occurrence of incomplete waves (Figure 3.1D), and longer times-to-

completion of their peristaltic waves (Figure 3.1E) than control animals. These 

components of the crawling behavior are restored by expressing cacophony in motor 

neurons and neurons in the brain. To determine whether restoring expression of 

cacophony in these populations of neurons had the same effect on the output from the 

central pattern generator, I monitored the motor output from the CNS in semi-intact 

larvae.  



	 75	

Focal extracellular recordings were made en passant from intact peripheral nerves 

projecting on muscle 6/7 in abdominal segment 2 (A2) and abdominal segment 7 (A7; 

Figure 4.1).  When the preparation was bathed only in saline solution with calcium,  

spontaneous bursting in control animals that became more reliable with the addition of 

pilocarpine was observed. Subsequent experiments used pilocarpine (30 µM) to activate 

the motor program and has been shown previously to stimulate fictive crawling (Johnston 

and Levine, 1996; Baudoux et al., 1998).  In TBPH mutants, consistent bursting was not 

observed, even with the addition of pilocarpine, although non-patterned activity was 

clearly visible (Figure 4.2).  

In order to quantify the motor patterns from the nerves innervating A7 and A2, 

the traces were first rectified and grouped each data point into bins of 50ms (Figure 

4.1B). Each rectified trace was then run through an autocorrelation function (Figure 

4.1C). Autocorrelation is a mathematical tool for finding non-random patterns within a 

time-dependent data set and can be used to measure the similarity between observations 

as a function of the time lag between them (Ryan, 2006).  From the lag time of the first 

peak, the frequency of bursts for the nerves innervating A7 and A2 was calculated 

(Figure 4.1C). To calculate the lag time between corresponding A7 and A2 bursts, the A7 

and A2 recordings were cross-correlated. Cross-correlation is a mathematical tool in 

which the similarity of two series is measured as a function of the displacement of one 

relative to the other (Ryan, 2006). The lag time between A7 and A2 bursts was calculated 

from the cross-correlation coefficient (Figure 4.1D).  
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Figure 4.1.  Extracellular recordings of motor bursts from intact nerves in control 

animals were analyzed via auto-correlation and cross-correlation. A. Extracellular 

recordings were made of intact nerves innervating abdominal segment 2 (A2) and 

abdominal segment 7 (A7). The example trace was taken over 60 seconds of a control 
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animal. B. To smooth and decrease the size of the data file, each trace was rectified and 

data averaged into 1200 bins of 50 msec. C. In order to calculate the frequency of motor 

bursts in each recording, an autocorrelation was performed and the auto-correlation 

coefficient taken from the peak of the first lag (lag 1). Note that the peak at t=0 is 1.0 

because the undelayed data correlates perfectly with itself. Also note that adjusted time is 

in seconds. D. In order to calculate the time between A7 and A2 bursts, a cross-

correlation was performed on each set of recordings. The time between bursts was 

extrapolated from the first peak of the cross-correlation.     

 



	 78	

 

Figure 4.2.  Extracellular recordings of motor bursts from intact nerves of TBPH 

mutants. A. Extracellular recordings were made of intact nerves innervating abdominal 

segment 2 (A2) and abdominal segment 7 (A7). The example trace was taken over 60 

seconds of a TBPH mutant. B. To smooth and decrease the size of the data file, each trace 

was rectified and data averaged into 1200 bins of 50 msec. C. In order to calculate the 

frequency of motor bursts in each recording, an autocorrelation was performed. If the 
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algorithm detected non-randomness in the data set, there would be peaks corresponding 

to time lags. This is an example of a trace without lag peaks. A time of lag 1 could not be 

extrapolated because there is not a lag 1, indicating a loss of non-randomness in the 

recording. D. In order to calculate the time between A7 and A2 bursts, a cross-correlation 

was performed on each set of recordings. A time between bursts could not be calculated 

because there are no peaks in the trace. 

 

 

Of the recordings made on the TBPH null mutant, only 30% of recordings elicited 

an autocorrelation peak. These animals showed an average frequency of 5 bursts per 

minute, a 50% reduction from the 10 burst per minute of the control (Figure 4.3C). 

Restoring TBPH with the TBPH-GAL4 driver reversed this effect. Restoring cacophony 

with either the OK6- or R75C05-GAL4 driver also reversed this effect. It should be noted 

that, because these recordings are made en passant, there is likely intact sensory neuron 

feedback acting on the motor program.    

Of the 30% of TBPH null mutant recordings eliciting a cross correlation peak, the 

average delay between segments 7 and 2 was 8 seconds (Figure 4.3D). This delay is 

twice as long as the 4 seconds delay measured in controls. Restoring TBPH with the 

TBPH-GAL4 driver reversed this effect. Restoring cacophony with the OK6 or R75C05 

driver also reversed this effect. In fact, restoring cacophony with the R75C05 driver 

produced the most robust reversal of this effect.  
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Figure 4.3.  The motor output from the CNS of TBPH null mutants is un-patterned 

and uncoordinated. A. Representative examples of the motor output shows that control 

larvae exhibit regular, patterned motor bursts that progress from abdominal segment 7 

(A7) and abdominal segment 2 (A2). By contrast, recordings from TBPH mutant larvae 

show infrequent, poorly defined, uncoordinated bursts (recordings from 3 different TBPH 

mutant larvae are shown). B. Representative examples of recordings from TBPH mutant 

larvae expressing TBPH and cacophony in motor neurons (OK6>CAC), and cacophony 
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in AV001b/2b cells (R75C05>CAC) showing that the patterned output is restored. C-E. 

Quantification of patterned bursting parameters using autocorrelation and cross 

correlation of rectified recordings. C. Frequency of non-random bursting patterns. An 

autocorrelation analysis was performed on each recording (see text for details) to test 

whether the bursting showed non-randomness. Less than 50% of the	recordings	from	

TBPH	mutant	larvae	showed	non-random bursting. The number of recordings that 

showed non-random bursting was rescued by expression of either TBPH or cacophony in 

the TBPH mutant larvae. D. Frequency of motor bursts. For the TBPH mutant larvae that 

showed nonrandom bursting, the frequency of bursts was reduced by approximately 50% 

compared to control larvae. This reduction was restored by expression of either TBPH or 

cacophony in both motor neurons and the AVM001b/2b cells (R75C05>CAC; D). E. 

Bursting delay between A7 and A2. The offset between bursts in A7 and A2 was 

calculated from cross correlations (see text for details) between A7 and A2 traces in each 

animal. The non-random pattern recordings from TBPH mutant larvae exhibited an offset 

between A7 and A2 motor neurons of approximately twice that of the control animals. 

This increased delay was restored by expression of both TBPH and cacophony. All 

recordings were done in HL3.1 saline solution containing 1.8 mM calcium and 30 µM 

pilocarpine. Recordings were taken from A2 and A7 motor nerves of at least 10 animals 

of each genotype. Data shown represent the mean and SEM and analyzed using ordinary 

one-way ANOVA with a Sidak’s multiple comparisons test (** p< 0.01, * p <0.05). 
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The AVM001b/2b cells are not an integral component of the motor circuit 

Activation of AV001b/2b cells has been reported to drive escape behavior in 

crawling larvae (Vogelstein et al., 2014). I have shown genetically driving cacophony in 

these cells, in the TBPH mutant restores larval crawling behavior and rhythmic motor 

bursts. Therefore, I asked whether this rescue could be reproduced by acute activation of 

the AVM001b/2b cells in the TBPH mutant background. To answer this question, the 

temperature-activated channel, TrpA1, was driven under UAS-GAL4 control with the 

R75C05-GAL4 driver in the TBPH mutant background. TrpA1 (transient receptor 

potential A1) is one of three thermosensation channels in Drosophila that detect subtle 

changes in ambient temperature and opens in temperatures about 25°C (Neely et al., 

2011; Luo et al., 2016).   

Larval crawling was measured at 25°C, when TrpA1 is inactive, and 30°C, a 

temperature that activates TrpA1, over 5 minutes (Figure 4.4A). To confirm that the 

UAS-TrpA1 was being activated on the apparatus, I expressed it using the OK6-GAL4 

driver and observed that at 30°C, the animals were, as expected, completely paralyzed 

(Figure 4.4A).  At room temperature they crawled the same distance as controls (Figure 

4.4B). Driving UAS-TrpA1 with the R75C05-GAL4 driver in the TBPH mutant 

background had no effect on crawling distance at 30°C (Figure 4.4A), crawling no further 

than either parental control. In order to rule out the possibility of a sensory defects in the 

TBPH mutants that could be causing them to simply not sense elevated temperature, I 

repeated the experiments in which UAS-cacophony was driven with the R75C05-GAL4 

driver was repeated. These animals show an increase in distance crawled over time at 

30°C, a similar increase to that observed in the control animals (Figure 4.4A). These 
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results suggest that the cacophony rescue is not solely due to the activation of the 

AVM001b and AVM002B cells, but rather is likely dependent upon the chronic 

restoration of cacophony in the TBPH mutants throughout development.  

 

 

Figure 4.4.  TrpA1 activation of AVM001b and AVM002b cells does not rescue 

crawling in TBPH mutants. A. Larval crawling was measured at 30oC over 5 minutes and 

total distance crawled recorded. TBPH mutants show no increase in larval crawling at 

30oC. Driving UAS-TrpA1 with the R75C05-GAL4 driver in the TBPH mutant 

background showed no increase in larval crawling at 30oC compared to the parental 

controls. Driving cacophony with the R75C05-GAL4 driver, however, showed a 

significant increase in distance crawled at 30oC compared to the parental controls and 

restoring the total distance crawled to the same level as the wild type controls. Driving 

UAS-TrpA1 expression with the OK6-GAL4 driver in a wild type background produced 

immediate paralysis. B. Larval crawling at room temperature over 5 minutes prior to 

being placed at 30oC. TBPH mutants show reduced crawling. Driving UAS-TrpA1 with 

the R75C05-GAL4 driver in the TBPH mutant background had no effect on larval 
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crawling compared to the parental controls, whereas driving cacophony expression with 

the R75C05-GAL4 driver restored crawling at room temperature. C. Elimination of 

AVM001b/2b neurons has no effect on larval crawling. Embryos in which UAS-rpr was 

driven with either ApplX-GAL4 or OK6-GAL4 failed to hatch into the first instar 

(denoted by Ο). By contrast, third instar animals in which UAS-rpr was driven by 

R75C05-GAL4 showed no defects in crawling behavior. All data shown represent the 

mean and SEM of at least 10 animals and were analyzed using ordinary one-way 

ANOVA with a Sidak’s multiple comparisons test (****p<0.0001, ns indicates a non-

significant difference). 

 

Killing AVM001n/2b cells does not impact larval development or locomotion  

As the AVM001b and AVM002b cells act on the motor circuit, I tested whether 

eliminating these cells would inhibit larval crawling behavior (Figure 4.4C). In order to 

kill these cells, I made use of the gene reaper (rpr), the protein that activates programmed 

cell death in Drosophila (Chen et al., 1996; Mohseni et al., 2009). I drove UAS-rpr in a 

wild type background under the pan-neuronal driver Appl-GAL4, in addition to the OK6-

GAL4 and R75C05-GAL4 drivers. Embryos in which UAS-rpr was driven with ApplX-

GAL4 or OK6-GAL4 failed to hatch into the first instar, which was expected according 

to previous reports (Mohseni et al., 2009). Driving UAS-rpr with R75C05-GAL4, 

however, produced third instar larvae that crawled normally (Figure 4.4C). It therefore 

appears that killing these cells is not sufficient to inhibit larval crawling.    
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DISCUSSION 

We have shown that genetically restoring the Type II voltage gated calcium 

channel cacophony in the AVM001b and AVM002b cells in our TBPH mutant is 

sufficient to restore larval crawling and rhythmic motor bursts. TBPH mutants show 

significant defects in larval crawling (Figure 3.1) and significant loss of rhythmic motor 

bursts (Figure 4.3A). Surprisingly, driving cacophony in the AVM001b and AVM002b 

cells, in the TBPH mutant background, was sufficient to rescue both larval crawling and 

rhythmic motor pattern. It was not, however, sufficient to rescue the changes in synaptic 

physiology.  

Activation of AVM001b and AVM002b cells with channel rhodopsin caused a 

slightly higher probability of larvae to present escape behavior during crawling 

(International Glossina Genome Initiative et al., 2014). The function of these cells in third 

instar larvae or adults has not been characterized beyond that report. Therefore, it was 

quite surprising that restoring cacophony in these cells, in the TBPH mutant, was 

sufficient to rescue both the crawling and rhythmic motor bursts.  This result suggests 

these cells are either part of, or act on, the motor program in such a way as to regulate the 

rhythmic pattern of motor neuron bursts. How they do this remains unclear. Is this rescue 

intrinsic to cacophony or does it result from a general activation of these cells?   

To answer that question, we tested whether activation of the AVM001b/2b cells 

with TrpA1 in the TBPH mutant could elicit the same rescue in crawling behavior as 

restoring cacophony does. We observed no rescue of the crawling defect, suggesting that 

it was dependent upon the restoration of cacophony specifically, not just an acute 
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activation of these cells (Figure 4.4A). The possibility of a thermosensory defect in 

TBPH mutants was also ruled out, as animals expressing cacophony under the R75C05-

GAL4 driver completely rescued the increase in distance crawled at 30°C. We also 

showed that eliminating these cells had no effect on crawling (Figure 4.4C). Therefore, it 

seems that the rescue of crawling behavior is specific to the chronic restoration of 

cacophony in the AVM001b/2b cells through development.  

Finally, we sought to better characterize the function of the AVM001b/2b cells 

within the motor circuit. To do this, we eliminated the cells by expressing rpr. When we 

drove UAS-rpr in the AVM001b/2b cells, the embryos were able to hatch and develop 

into third instar larvae. These larvae showed no defects in locomotion, confounding 

whatever action AVM001b/2b cells may hold within or around the motor circuit.  

 In conclusion, our data show that TBPH-dependent defects at the NMJ are 

insufficient to explain the TBPH-dependent locomotion observed in Drosophila larvae. 

Furthermore, restoring the TBPH-dependent loss of cacophony in either motor neurons or 

a discrete set of central neurons is sufficient to restore the locomotion defects. If these 

effects are mirrored in human TDP-43 proteinopathies, our observations could open new 

avenues to investigate alternative therapeutic targets for these neurodegenerative 

diseases.  
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OUTSTADNING QUESTIONS  

The most confounding question from the results presented here surrounds the 

normal function of the AVM001b/2b cells within the motor circuit and the nature of the 

cacophony rescue. Eliminating the AVM001b/2b cells is not sufficient to cause 

locomotion defects. Activating the AVM001b/2b cells is also not sufficient to drive over-

active locomotion defects. Because it is unknown where these cells lie within brain 

circuitry, i.e. which cells activate them and which cells they subsequently activate, and 

what type of neurotransmitters and receptors these cells express, their endogenous 

function remains elusive.  

  It is clear, however, that driving cacophony expression in AVM001b/2b in the 

TBPH mutant background is sufficient to restore rhythmic, patterned motor bursts. The 

mechanism behind this rescue remains obscure, but is clearly dependent upon the specific 

restoration of cacophony, not merely the activation of the cells. Do AVM001b/2b cells 

endogenously express cacophony in a wild type genetic background? Cacophony is 

broadly expressed at synapses within the CNS (Ryglewski et al., 2012b), but there is no 

direct evidence showing AVM001b/2b cells normally express cacophony. Further, it is 

unclear whether the mechanism of cacophony rescue in the AVM001b/2b cells and motor 

neurons is the same. We do not know whether the OK6-GAL4 driver expresses in the 

AVM001b/2b cells and therefore we do not know if the mechanism of the OK6-GAL4 

rescue is dependent upon restoring cacophony in the AVM001b/2b cells.  
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CHAPTER 5 

Selective expression of Cacophony isoforms lacking exon 7 shows changes in 
Cacophony protein expression, larval locomotion, and motor neuron physiology in third 
instar larvae.  

	

Effort statements: 

Crawling assays, locomotion assays, electrophysiology at the NMJ, 

immunohistochemistry at larval boutons, extracellular recordings, and adult courtship 

assays were done by Kayly Lembke. 

Fly line generation was done by Alex Law, with Dr. Jer-Cherng Chang. 

Crawling assays, Western analysis, PCR analysis, and adult motor behavior were done by 

Alex Law. 

Adult survival and adult activity were done by Dr. David Morton.  
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ABSTRACT 

TDP-43 is an RNA binding protein with characterized functions in transcription, 

translation, and spliceosome function. We have shown previously that dysregulation of 

the Drosophila ortholog, TBPH, causes severe locomotion defects in larvae driven by a 

reduction in the expression of the type II voltage gated calcium channel cacophony. 

Further, we have shown that TDP-43 appears to regulate the inclusion of alternatively 

spliced exons of cacophony; TBPH mutants show enrichment of cacophony isoforms 

lacking exon 7.  Deletion of the exon 7 coding region causes a reduction in cacophony 

protein expression and locomotion defects in third instar larvae. This defect is rescued 

with expression of cacophony transcripts containing exon 7. Exon 7 deletion larvae also 

show a reduction in the frequency of spontaneous release at the neuromuscular junction, 

as well as non-normal motor neuron burst patterns. These data suggest that deletion of 

exon 7 is sufficient to cause locomotion defects.  
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INTRODUCTION 

TDP-43 is an RNA binding protein that regulates the expression and splicing of 

thousands of gene transcripts (Sephton et al., 2011; Hazelett et al., 2012). We have shown 

previously that loss of the Drosophila TDP-43 ortholog, TBPH, causes a decrease in the 

expression of the type II voltage gated channel cacophony (Chang et al., 2014). TBPH 

mutants also show severe defects in larval locomotion (Hazelett et al., 2012; Chang et al., 

2014) and motor neuron physiology that are rescued by genetically restoring cacophony 

(Chang et al., 2014).   

 Though TBPH mutants show a 50% reduction in Cacophony protein expression, 

there is no decrease in total cacophony transcript levels (Chang et al., 2014). Of the 

cacophony transcripts expressed, there is a significant enrichment for transcripts lacking 

exon 7 (Chang et al., 2014), suggesting that TBPH functions to regulate the inclusion of 

specific cacophony exons. Of the 14 reported cacophony isoforms, only one lacks exon 7, 

suggesting this exon is of functional importance to the channel (http://flybase.org/). 

 There is evidence that functional specificity of channels can be conferred by the 

differential expression of discreet channel isoforms (Lipscombe et al., 2013b). 

Throughout the mouse brain, a variety of populations of voltage gated calcium channel 

isoforms are differentially expressed in discreet brain regions (Bell et al., 2004; Gray et 

al., 2007). These isoform populations are specific to cell-type, tissue, and developmental 

stage. Thus, each isoform is thought to contribute to the functional specificity of each 

tissue region (Bell et al., 2004; Gray et al., 2007). TBPH mutants show a variety of 
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cacophony dependent locomotion defects. Therefore we tested whether deletion of exon 

7, using CRISPR-CAS, would be sufficient to drive locomotion defects. 

Targeted deletion of exon 7 reduced cacophony protein expression (Law and 

Morton, unpublished observation; see Appendix B) and locomotion defects in third instar 

larvae, similar to those reported in TBPH mutants (Hazelett et al., 2012; Chang et al., 

2014). These phenotypes are rescued by driving exon 7 containing cacophony transcripts. 

Because cacophony is the primary voltage gated calcium channel at the neuromuscular 

junction (NMJ), and necessary for full evoked neurotransmission (Kawasaki et al., 2002, 

2004), we tested whether evoked or spontaneous release at the neuromuscular junction 

was defective in deletion animals. Defective larval locomotion has been shown to 

coincide with non-normal motor nerve burst patterns (Fox et al., 2006). As deletion of 

exon 7 causes defects in larval locomotion, we hypothesized they would also show un-

patterned, a-rhythmic motor bursts similar to those of TBPH mutants. Finally, because 

mutations in cacophony were first identified to alter courtship song in adult flies, we 

tested whether exon 7 deletion adult flies would show abnormal courtship song.  

 

RESULTS  

Deletion of exon 7 causes locomotion defects in third instar larvae 

Larval crawling is a highly stereotyped behavior dependent upon the synchronous 

contraction of muscles driven by motor neuron activation (Fox et al., 2006; Inada et al., 

2011). TBPH mutants show defective larval locomotion that is rescued by driving exon 7 

containing cacophony in motor neurons (Chang et al., 2014). We therefore tested whether 
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deleting exon 7 in all cell types would produce similar defects in larval locomotion. Total 

distance crawled was measured in two exon 7 deletion lines: cacexon7Δ(6) and cacexon7Δ(8). 

Both lines showed decreased crawling distance in males (Figure 5.1A) that was rescued 

by driving exon 7 containing cacophony in motor neurons using D42-GAL4. In addition 

to restoring cacophony using the GAL4-UAS system, we separately restored cacophony 

using an X-duplication line in which the entire cacophony gene is duplicated onto 

chromosome 3. Duplicating cacophony on chromosome 3 also rescued the crawling 

distance of both deletion lines (Figure 5.1A).  

 To determine a more detailed understanding of the apparent locomotion defect of 

the deletion lines, I measured the frequency of peristaltic waves and the time it took each 

wave to traverse the larval body in a posterior to anterior fashion. Both deletion lines 

show a reduction in the frequency of peristaltic waves (Figure 5.1B). This reduction was 

cacophony dependent, as expressing a duplication of cacophony on chromosome 3 

restored frequency levels. This decrease was also rescued by restoring cacophony with 

the D42-GAL4 driver (Figure 5.1B).  

The time-to-completion of each posterior to anterior peristaltic wave was also 

quantified (Figure 5.1C). Each peristaltic wave in the deletion lines took approximately 

1.5 milliseconds to traverse the larval body wall, whereas each wave took approximately 

0.8 milliseconds in control animals (Figure 5.1C).  Restoring cacophony in the cacexon7Δ(8) 

deletion line with D42-GAL4 rescued this defect. Rescue with the X-duplication lines has 

not been tested yet. Nonetheless, these data suggest that deletion of exon 7 is sufficient to 

drive locomotion defects in third instar larvae that affect not only distance crawled, but 

more specifically the generation and progression of the peristaltic waveform.  
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Figure 5.1. Exon 7 deletion animals show defective motor behavior, which can be 

rescued by Cacophony expression. A. Exon 7 deletion animals, cacexon7Δ(6) (blueberry) 

and cacexon7Δ(8) (plum), crawl shorter distances than control larvae, w1118 (black), which 

is partially rescued with the expression of UAS-cacophony with the D42-GAL4 driver 

(magenta), or a duplication of Cacophony on the third chromosome (clover). B. 

Frequency of peristaltic waves. Exon 7 deletion animals show a 50-40% reduction in the 

number of complete waves that progress along the larval body, which is rescued by 

expressing Cacophony with either UAS-cacophony under the D42-GAL4 driver 

(magenta), or by expressing a duplication of Cacophony on the 3rd chromosome (clover). 

C. Duration of peristaltic wave. The time taken for a complete peristaltic wave to traverse 

the larva was significantly increased in exon 7 deletion animals. This was rescued by 

driving UAS-cacophony with the D42-GAL4 driver (magenta). Data shown represent the 

mean and SEM of at least 10 animals and were analyzed using ordinary one-way 

ANOVA with a Sidak’s multiple comparisons test (**** p<0.0001, *** p< 0.001, ** p 

<0.01). 
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Cacophony staining at boutons of the NMJ 

 PCR analysis has show that total levels of cacophony transcripts are unchanged in 

cacexon7Δ(6) and cacexon7Δ(8) (Law and Morton, unpublished observations), similar to results 

reported in the TBPH mutant (Chang et al., 2014). Western analysis has shown that 

cacophony protein levels are decreased in both whole third instar larvae and larval central 

nervous systems (Law and Morton, unpublished results; see Appendix B). I therefore 

tested whether this reduction in cacophony protein expression was sustained at the 

boutons of the NMJ. To measure the presence of cacophony only at the boutons, I used 

immunohistochemistry.  

Both cacexon7Δ(6) and cacexon7Δ(8), as well as the control line w1118, were treated 

with antibodies against cacophony (Chang et al., 2014) and bruchpilot. Bruchpilot was 

used as a marker for boutons. Total fluorescence of the secondary antibody against 

cacophony was measured (Figure 5.2). Using an anti-CAC concentration of 1:1000, no 

difference in total fluorescence was detected between the two deletion lines and control 

animals (Figure 5.2A). To test whether I was using a supersaturated concentration of 

cacophony antibody, anti-CAC, I repeated these experiments using smaller 

concentrations, 1:2000 and 1:4000. Using an anti-CAC concentration of 1:2000, 

cacexon7Δ(8) showed no decrease in total fluorescence compared to control. Cacexon7Δ(6), 

however, showed a significant reduction in total fluorescence (Figure 5.2B). Using anti-

CAC at 1:4000, the results were similar in that cacexon7Δ(8) boutons show no reduction in 

total fluorescence, but cacexon7Δ(6) boutons show a significant reduction in total 

fluorescence (Figure 5.2C).  
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This apparent difference in cacophony expression at the boutons is the first 

difference observed between cacexon7Δ(6) and cacexon7Δ(8). Though Western analysis shows 

a reduction in cacophony expression in whole-larva, it appears this decrease is only 

sustained at boutons in cacexon7Δ(6). 

 

Figure 5.2. Cacophony fluorescence is decreased in boutons of cacexon7Δ(6) animals, 

but not cacexon7Δ(8) animals. A. Cacophony fluorescence, using a 1:1000 concentration of 

anti-cac. B. Cacophony fluorescence, using a 1:2000 concentration of anti-cac, showed a 

reduction in boutons of the cacexon7Δ(6) line (blueberry), but not cacexon7Δ(8) (plum), 

compared to control animals. C. Cacophony fluorescence, using a 1:4000 concentration 

of anti-cac, showed a reduction in boutons of the cacexon7Δ(6) line (blueberry), but not 

cacexon7Δ(8) (plum), compared to control animals. Data shown represent the mean and 

SEM of at least 4 male larvae and were analyzed using ordinary one-way ANOVA with a 

Sidak’s multiple comparisons test (**** p<0.0001, * p <0.05). 
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Synaptic Neurotransmission at the NMJ 

Cacophony is necessary for evoked neurotransmission at the NMJ (Kawasaki et 

al., 2004; Lee et al., 2014a). As Western analysis shows a reduction in cacophony protein 

expression (Law and Morton, unpublished data), and immunohistochemistry showed a 

reduction in cacophony fluorescence at boutons of cacexon7Δ(6), I hypothesized I would see 

some effect on evoked and spontaneous neurotransmission at the NMJ.  

Surprisingly, when I measured EJP amplitudes of cacexon7Δ(6) and cacexon7Δ(8), I 

found that there was a decrease in amplitudes of cacexon7Δ(8), but not cacexon7Δ(6), and is 

thus the second phenotypic difference between the two deletion lines (Figure 5.3B). This 

result was unexpected because of the two lines, only cacexon7Δ(6) showed any type of 

change in cacophony levels at boutons. To test whether the reduction in EJP amplitudes 

of cacexon7Δ(8) was cacophony dependent, cacophony was restored using either the X-

duplication or driving UAS-cacophony with D42-GAL4 (Figure 5.3B). Both rescue 

constructs significantly rescued the reduction in EJP amplitude, suggesting the reduction 

was, in fact, Cacophony dependent (Figure 5.3B).  

The amplitude and frequency of spontaneous release of cacexon7Δ(6) and cacexon7Δ(8) 

were also measured (Figure 5.3C). Unlike the TBPH mutant, neither deletion line showed 

a reduction in mEPP amplitude (Figure 5.3D). However, like the TBPH mutant, both 

lines show a reduction in mEPP frequency (Figure 5.3E). This reduction appears to be 

cacophony dependent only when cacophony is restored by driving UAS-cacophony with 

D42-GAL4; restoring cacophony with the X-duplication does not appear to rescue the 

reduction in mEPP frequency (Figure 5.3E). This difference could potentially be due to 

protein expression level or transcript differences between the GAL4-UAS system and the 
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X-duplication.  I have shown previously that the frequency of spontaneous release is 

sensitive to cacophony expression levels (Figure 3.5B). Therefore, the inability of the X-

duplication to restore the mEPP frequency could be due to inadequate cacophony 

expression levels. 
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Figure 5.3. Synaptic	physiology	at	the	larval	NMJ	is	defective	in	exon	7	

deletion	animals.	A.	Representative	examples	of	excitatory junctional potentials (EJPs) 

from control and exon 7 deletion larvae. B. EJP amplitude is unchanged in cacexon7Δ(6) 

animals (blueberry), but reduced in cacexon7Δ(8) animals (plum), which is rescued by either 

restoring Cacophony with UAS-cacophony driven by D42-GAL4, or duplication of 

Cacophony on the third chromosome. C. Representative example of miniature end plate 

potentials (mEPPs) control and exon 7 deletion larvae. D. The mEPP amplitude is 

unchanged in both exon 7 deletion lines. E. The mEPP frequency is reduced in both 

deletion lines and restoring Cacophony with UAS-cacophony driven by D42-GAL4 

restores frequencies in the cacexon7Δ(8) line, but not the cacexon7Δ(6) line. Expressing 

Cacophony by duplication on the third chromosome also does not restore the decrease in 

mEPP frequency in either deletion line. All experiments were carried out in 1 mM 

calcium using male larvae. Data represent the mean and SEM of at least 10 animals and 

were analyzed using ordinary one-way ANOVA with a Sidak’s multiple comparisons test 

(**** p<0.0001, ** p< 0.01, * p <0.05, ns = not significant). 

 

 

Motor Pattern Output 

Exon 7 deletion animals show a reduction in the frequency of peristaltic waves 

and an increase in the time-to-completion of each peristaltic wave that traverses the body 

wall. These phenotypes suggest defective motor nerve bursts (Fox et al., 2006), and I 

therefore monitored the motor output from the CNS in semi-intact larvae.  
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 Focal extracellular recordings were made en passant from intact peripheral nerves 

projecting on muscle 6/7 in abdominal segment 2 (A2) and abdominal segment 7 (A7; 

Figure 5.4) as previously described in Chapter 4. It should be noted that, while TBPH 

mutants did not show consistent bursting, even with the addition of pilocarpine, exon 7 

deletion animals would occasionally show patterned output (Figure 5.4A). Extracellular 

recordings were analyzed as previously described Chapter 4. 

 In the presence of pilocarpine, both deletion lines show motor bursts with patterns 

un-like those of control animals (Figure 5.4A). Both deletion lines show a range of cycles 

per minute, sometimes very high, peaking at 126 in cacexon7Δ(6) animals, and sometimes 

very low, at less than 1in cacexon7Δ(8) animals (Figure 5.4B). Though the average cycles 

per minute in cacexon7Δ(8) animals was not significantly different from those of control 

animals, the distribution of cycles was reduced when cacophony was restored by driving 

UAS-cacophony with D42-GAL4 (Figure 5.4C).  
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Figure 5.4. The motor output from the CNS of exon 7 deletion animals is variable 

and frequently un-patterned and uncoordinated. A. Representative examples of the motor 

output shows that control larvae exhibit regular, patterned motor bursts that progress 

from abdominal segment 7 (A7) and abdominal segment 2 (A2). By contrast, recordings 
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from exon 7 deletion larvae frequently show well defined bursts that are uncoordinated 

between A2 and A7 (recordings from 3 different cacexon7Δ(6) and cacexon7Δ(8) larvae are 

shown). Driving UAS-cacophony with D42-GAL4 restores coordinated bursts in 

cacexon7Δ(8) larvae. B. Frequency of non-random bursting patterns. An autocorrelation 

analysis was performed on each recording (see Ch. 3 and Ch. 5 for details) to test whether 

the bursting showed non-randomness. Both deletion lines show a broad range of cycles 

per minute, compared to control animals. Driving UAS-cacophony with D42-GAL4 

decreases the range of observed motor bursts in cacexon7Δ(8) larvae. E. Bursting delay 

between A7 and A2. The offset between bursts in A7 and A2 was calculated from cross 

correlations (see Ch. 3 and Ch.5 for details) between A7 and A2 traces in each animal. 

The un-coordinated pattern recordings from exon 7 deletion animals show a wide range 

of offsets. All recordings were done in HL3.1 saline solution containing 1.8 mM calcium 

and 30 µM pilocarpine. Recordings were taken from A2 and A7 motor nerves of at least 

10 animals of each genotype. Data shown represent the mean and SEM and analyzed 

using ordinary one-way ANOVA with a Sidak’s multiple comparisons test (**** p< 

0.0001, *** p <0.001, ns = not significant). 

 

 

Adult Courtship Behavior  

The gene cacophony was first identified in a screen of courtship-song mutants (von 

Schilcher, 1977). Mutations in cacophony cause defective patterning of courtship 

lovesong in adult male flies, which leads to delayed copulation (von Schilcher, 1977; 
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Smith et al., 1998). I therefore tested whether adult exon 7 deletion flies would also show 

delayed time to copulation. 

 Five day old virgin males and virgin females were placed in courtship chambers 

and video recorded. Courtship is a highly stereotyped, innate behavior that involves the 

coordination of multiple sensory and motor mechanic cues (Billeter et al., 2006). The 

general scheme runs as follows: orientation, tapping, wing extension and courtship 

lovesong, licking, attempted copulation, and finally copulation with sperm transfer 

(Billeter et al., 2006).  

Any variations in behavior during the scheme can alter the total time to copulation 

and, therefore, that was the first parameter I measured (Figure 5.5A). Of the deletion 

lines, only cacexon7Δ(8) showed a significantly longer time to copulation as compared to 

control animals (Figure 5.5B).  The time to copulation of cacexon7Δ(6) adults was 

unchanged. Because only male flies produce lovesong, I also quantified the total ratio of 

males succeeding in copulation. There was no difference between cacexon7Δ(8), cacexon7Δ(6), 

and control animals.   
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Figure 5.5. The time to courtship is delayed in cacexon7Δ(8) animals, but not cacexon7Δ(6) 

animals. A. Cacexon7Δ(8) pairs take approximately twice the amount of time to mate, 

compared to control animals. B. There is no difference in the ratio of virgin males that 

complete courtship and copulation between control and exon 7 deletion animals. Data 

was collected from at least 8 pairs of 5-day old virgin females and virgin males per 

genotypes. Data shown represent the mean and SEM and analyzed using ordinary one-

way ANOVA with a Sidak’s multiple comparisons test (* p< 0.05 ns = not significant). 

 

DISCUSSION 

Regulation of voltage gated calcium channel isoform expression is a key way 

cells can regulate functional specificity of channels (Bell et al., 2004; Gray et al., 2007; 

Lipscombe et al., 2013b). We have shown that TBPH mutants show a reduction in 

cacophony protein expression and cacophony dependent locomotion and motor defects 

(Chang et al., 2014). We have also shown that, in addition to the decrease in cacophony 

protein expression, TBPH mutants show an enrichment of cacophony transcripts that lack 
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exon 7 (Chang et al., 2014). We therefore tested whether deletion of exon 7 would be 

sufficient to recapitulate locomotion and motor defects.  

Deletion of exon 7 causes a reduction in cacophony protein expression (Law and 

Morton, unpublished observations; see Appendix B), similar to that of TBPH mutants. 

Third instar deletion larvae likewise show a decrease in larval crawling, fewer peristaltic 

waveforms, and elongated times-to-completions of these waveforms (Figure 5.1), also 

similar to those defects observed in TBPH mutants (Figure 3.1). We confirmed these 

defects in both deletion lines were cacophony dependent two genetic ways: first, by 

driving exon 7 containing UAS-cacophony in motor neurons with the D42-GAL4 driver 

and, second, by duplicating the cacophony genomic region onto chromosome 3 in all 

cells. Both rescue constructs rescued the locomotion defects of the exon 7 deletion lines, 

confirming the defects to be cacophony dependent.  

However, from there similarities between the two exon 7 deletions lines, 

cacexon7Δ(6) and cacexon7Δ(8), and their recapitulation of TBPH mutant phenotypes, began to 

diverge. Both lines show a reduction in cacophony protein expression in whole third 

instar larvae (Law and Morton, unpublished observations; see Appendix B), and in TBPH 

mutants this reduction is also observed at NMJ boutons (Chang et al., 2014).  However, 

in the exon 7 deletion lines, reduction in cacophony expression at the larval boutons was 

only detected in cacexon7Δ(6), but not cacexon7Δ(8), animals (Figure 5.2). As both deletion 

lines share the same genetic background, it is unclear what is driving this apparent 

difference in cacophony expression at the boutons.  
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 As cacophony is necessary for full evoked neurotransmission at the NMJ 

(Kawasaki et al., 2000, 2004), we measured both evoked and spontaneous release at third 

instar larval NMJs. Despite showing a reduction in cacophony at boutons (Chang et al., 

2014), TBPH mutants show normal EJP amplitudes, but reduced frequencies and 

amplitudes of mEPPs (Figure 5.3). It should be remembered that while the reduction in 

mEPP frequency was cacophony-dependent, the reduction in mEPP amplitude was not 

cacophony-dependent (Figure 5.3D&E). Neither deletion lines showed a reduction in 

mEPP amplitude, further confirming that cacophony does not function in regulating 

mEPP amplitude (Figure 5.3D). Exon 7 deletion animals both show a similar reduction in 

mEPP frequency that is rescued in cacexon7Δ(8) by driving UAS-cacophony with D42-

GAL4 (Figure 5.3E). Duplicating the cacophony gene on the third chromosome, 

however, was not sufficient to rescue the reduction in mEPP frequency. This dichotomy 

could reflect differences in cacophony protein levels or transcript expression between the 

two rescue constructs in that the UAS-GAL4 system is an overexpression system, 

whereas the cacophony duplication on the X chromosome is under the endogenous 

promoter (Law and Morton, unpublished observation; see Appendix B). Finally, despite 

showing no reduction in cacophony at boutons, only cacexon7Δ(8) animals show a reduction 

in EJP amplitude, and this reduction is apparently cacophony dependent (Figure 5.3B). 

Like TBPH mutants, cacexon7Δ(6) show no decrease in EJP amplitudes, despite showing a 

reduction in cacophony at boutons (Figure 5.2).  

I have shown previously that changes in neurotransmitter release at the NMJ are 

not sufficient to drive defects in generation and progression of the peristaltic waveform in 

larvae (Ch. 2 & 3). Therefore, we performed extracellular recordings on intact motor 
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nerves of third instar larvae to see whether motor nerve bursts were patterned and 

coordinated. TBPH mutants showed un-patterned, uncoordinated burst patterns (Figure 

4.3), and thus we expected exon 7 deletion larvae to show the same phenotype. Both 

cacexon7Δ(6) and cacexon7Δ(8) show motor bursts similar to control animals (Figure 5.4A). 

However, their frequency of bursts is much more variable than those of control animals 

(Figure 5.4B). Also, there is loss of coordinated bursting between motor units in A2 and 

A7, resulting in uncoordinated bursting between the two segments (Figure 5.4C), similar 

to that reported from TBPH mutants (Figure 4.4D). 

Finally, a major phenotypic difference between TBPH mutants and the exon 7 

deletion animals is that, where TBPH mutants do not eclose into adult flies, exon 7 

deletion animals will eclose into adulthood and mate. Cacophony was first identified to 

function in the generation and patterning of courtship lovesong performed by male flies. 

We therefore tested whether deletion of exon 7 resulted in defective courtship song 

(Figure 5.5). Of the two deletion lines, only cacexon7Δ(8) showed a longer time to 

copulation compared to control animals (Figure 5.5A) and there was no difference in the 

number of successful male flies between the deletion lines and control animals (Figure 

5.5B).  

 Like TBPH mutants, deletion of exon 7 of cacophony causes and reduction in 

cacophony protein expression and locomotion defects in third instar larvae. Also similar 

to TBPH mutants, defects in synaptic physiology at the NMJ in exon 7 deletion animals 

are not sufficient to drive locomotion defects. Exon 7 deletion animals show un-patterned 

motor bursts that are uncoordinated between segments, like TBPH mutants. Therefore, it 

appears that deletion of exon 7 is sufficient to drive larger, motor defects.  
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LIMITATIONS & OUTSTANDING QUESTIONS   

There are several limitations, and thus outstanding questions, of the data 

presented in this chapter that must be addressed. The greatest limitation I must first 

address is the nature of the two modes of cacophony rescue. First, though Western 

analysis suggests there is not difference in expression levels of cacophony between the 

UAS-GAL4 system and x-duplication in adult heads (see Appendix B), cacophony 

expression levels of the modes of rescue in third instar larva have not yet been quantified. 

Regardless of the level of protein expression, we can also say nothing about the transcript 

isoforms being expressed in these two systems. It is possible that differences in rescues 

between these methods (for example, the UAS-GAL4 system rescues the reduction in 

mEPP frequency, but the X-duplication does not) is not only due to differences in protein 

expression, but also specifically in the isoforms expressed. Regardless of the method of 

rescue, however, none of the cacophony-dependent phenotypes of the exon 7 deletion 

animals can be attributed to the specific deletion of exon 7.   

There are two outstanding questions. The first concerns the similarities and 

differences between the two deletion lines: cacexon7Δ(6) and cacexon7Δ(8). The two lines are 

derived from the same injection of CRISPR-CAS plasmid, and thus theoretically share 

the same genetic background. Both lines show a reduction in the expression of cacophony 

protein in whole larvae, but no change in transcript expression. Both lines eclose into 

adulthood, and both lines show locomotion defects in third instar larvae. However, both 

lines show significant differences in protein expression and physiology at boutons. What 

the mechanism behind these differences is remains unclear. Cacexon7Δ(6) shows similar 

physiology at the NMJ to TBPH mutants: no change in EJP amplitude and a reduction in 
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mEPP frequency (Figure 3.3). However, cacexon7Δ(6) boutons show no change in 

cacophony protein expression levels. Cacexon7Δ(8), like TBPH mutants, shows a 

cacophony–dependent reduction in mEPP frequency, in contrast to TBPH mutants, shows 

a cacophony-dependent reduction in EJP amplitude. This difference between TBPH 

mutants and cacexon7Δ(8) asserts that while both show decreases in EJP amplitudes, the 

decrease is due to different mechanisms.  

The second outstanding question from the data presented here is whether any of 

the described phenotypes of the deletion lines are due to the specific deletion of exon 7. 

Due to the limitations on the nature of the rescue constructs, described earlier, we cannot 

definitively state that any of the phenotypes described in the deletion lines are due 

specifically to the deletion of exon 7.   
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CHAPTER 6 

Discussion & Future Directions 
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TDP-43 is a nuclear RNA and DNA binding protein associated with 96% of ALS 

patient pathology. Tissue samples taken post-mortem from patients show a loss of 

nuclear localization and the presence of TDP-43 in cytoplasmic inclusions in the cell 

body. Whether the pathogenesis of the disease is driven by loss of nuclear function, gain 

of cytotoxicity with the formation of the cytoplasmic inclusions, or some other yet 

unidentified cause is not known. The goal of the research presented here was to 

understand the downstream effects of loss of nuclear TDP-43 function on motor behavior 

and physiology, using Drosophila melanogaster as a model.  

Loss of TBPH, the Drosophila ortholog of TBDP-43, causes severe locomotion 

defects in third instar larvae. It also causes a 50% reduction in protein expression of the 

gene cacophony, as well as enrichment in cacophony transcripts lacking exon 7. 

Cacophony is the type-II voltage gated calcium channel at the neuromuscular junction 

and is necessary for evoked neurotransmission. We found that genetically restoring 

cacophony rescued the locomotion defects on TBPH mutant larvae. I therefore asked the 

following questions, which guided the work presented here:  First, is the larval 

locomotion defect driven by the loss of cacophony in all motor neurons or in a subset of 

neurons in the motor circuit? Second, what physiology of the larval neuromuscular 

junction is changed in at TBPH dependent- and cacophony dependent- manner? Third, 

does the enrichment of cacophony exon 7 deleted transcripts recapitulate defects in larval 

locomotion observed in TBPH mutants?   
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CHAPTER 3 CONCLUSIONS 

TBPH mutants show defective larval locomotion that is rescued by driving 

cacophony in all motor neurons. The first question I asked was whether this rescue was 

dependent upon the restoration of cacophony in all motor neurons or in a subset of 

neurons that act to modulate locomotion behavior. I asked this question in response to 

Vogelstein et al 2014, in which activation of discreet subsets of neurons in the brain and 

ventral nerve cord were determined to be sufficient to drive sub-behaviors of larval 

crawling. From the screen I performed, I found genetically restoring cacophony in the 

AVM001b/2b neurons in the brain was sufficient to rescue the locomotion defect in 

TBPH mutant animals. Thus, it appears that the TBPH dependent loss of cacophony in a 

subset of cells is sufficient to drive defective locomotion in an entire larva.   

 I then asked whether TBPH mutants showed cacophony –dependent changes in 

evoked or spontaneous neurotransmission at the neuromuscular junction.  TBPH mutants 

show no changes in evoked neurotransmitter release, but significant reduction in both the 

amplitude and frequency of spontaneous release. The reduction in the amplitude of 

spontaneous release was TBPH dependent, but not cacophony dependent. This 

observation is novel, as other TDP-43 models have not reported changes in mEPP 

amplitude. The reduction in the frequency of spontaneous release, however, was not 

TBPH dependent, but was cacophony dependent. This observation was unusual and 

novel, as it is the first time a suggestion that cacophony functions in regulating 

spontaneous release has been made. It was therefore essential to further test the function 
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of cacophony in regulating spontaneous release by pharmacologically blocking the 

channel with PLTX-II. These experiments showed, quite beautifully, that cacophony 

functions to regulate the frequency of spontaneous release, while not affecting the 

amplitude of mEPPs.  

 Though genetically restoring cacophony in motor neurons rescued the reduction 

in frequency of spontaneous release in TBPH mutants, driving cacophony in just the 

AVM001b/2b cells was not sufficient to rescue the defect.  From these experiments, I 

concluded that changes in physiology at the neuromuscular junction in TBPH mutants are 

not sufficient to drive the defective larval locomotion. This is of especial significance 

because, in ALS and TDP-43 literature, much emphasis is placed on physiological 

experiments at the neuromuscular junction.  

 

CHAPTER 4 CONCLUSIONS 

Having determined that changes in physiology at the neuromuscular junction were 

not sufficient to drive locomotion defects in TBPH mutants, I decided to measure motor 

burst patterns from intact motor nerves. Forward larval crawling is achieved by peristaltic 

waves that originate in the posterior abdominal wall segments and traverse the body 

toward the anterior segments. Peristaltic waves are generated by central pattern 

generators of the motor circuit, which activate motor neurons and stimulate muscle 

contraction. Having observed abnormal peristaltic waves in TBPH mutants, I recorded 

motor bursts from intact motor nerves. TBPH mutants showed un-patterned, 

uncoordinated motor bursts within segments and between segments. This lack of 
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coordination directly impacts the ability of the larva to crawl and move, and is 

completely TBPH dependent. These results show that the motor circuit is defective with 

loss of TBPH.  

 The most astonishing observation from these experiments, and yet the least 

surprising based on the locomotion data, was that driving cacophony in the AVM001b/2b 

cells in the brain was sufficient to restore patterned, coordinated motor bursts in TBPH 

mutants. The AVM001b/2b cells are situated in the protocerebrum of the larval brain. 

They are virtually absent in the literature, apart from Vogelstein et al 2014. There is 

absolutely no visual evidence that they project out of the ventral nerve cord, and the cells 

with which they might be synapsing is unknown. Nevertheless, the specific restoration of 

cacophony in these cells was sufficient to restore motor burst pattern and coordination in 

the ventral nerve cord.  This observation further supports the earlier assertion I made that 

greater emphasis must be placed on central motor circuit physiology in ALS models. 

 Because the AVM001b/2b cells are virtually absent from the literature, I therefore 

sought to characterize their function in the motor circuit. Unfortunately, killing them 

genetically with reaper produced no effect on larval locomotion or viability. Activating 

them with TrpA1 also did not affect locomotion or viability. While these acute 

experiments did nothing to hint at the functions of AVM001b/2b in the motor circuit, 

they reaffirmed the importance of the cacophony specific nature of the rescue. These 

results further asserted the importance of the specific interaction between TDP-43 and 

voltage gated calcium channels in the etiology of locomotion defects.  
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CHAPTER 5 CONCLUSIONS 

In addition to a 50% reduction in cacophony protein expression, TBPH mutants 

show a significant enrichment of cacophony transcripts lacking exon 7.  Because TBPH 

mutants show several cacophony-dependent locomotion defects, we decided to test 

whether deleting the coding region of exon 7 in all cells could recapitulate some of these 

defects. It is important to remember, however, due to limitation in the mechanisms of 

rescue, that none of the phenotypes described can be attributed specifically to the deletion 

of exon 7. Rather, because exon 7 deletion animals show a reduction in the expression 

level of cacophony protein, and the rescue constructs include exon 7, we can only 

identify phenotypes that are cacophony dependent. 

 Before proceeding in my discussion of the data presented in Chapter 4, I want to 

write a few words about the rescue constructs used. We chose to genetically restore 

cacophony in the deletion lines two independent ways. The first mode of rescue uses the 

UAS-GAL4 system to drive UAS-cacophony in motor neurons using the D42-GAL4 

driver. We initially chose D42-GAL4 because it shows broad expression in the ventral 

nerve cord and the brain, and gives a robust locomotion rescue in TBPH mutants. It is 

important to remember, however, that the UAS-GAL4 system is inherently an 

overexpression system, and will therefore surpass what would be endogenous expression 

levels. The second mode of rescue was to utilize an x-duplication line in which the 

cacophony gene and endogenous promoter has been copied onto chromosome 3. Because 

this is under the endogenous promoter, it does not necessarily express cacophony to the 

same levels as the GAL-UAS system. Finally, while both the UAS-Cacophony and the x-

duplication include exon 7 coding region, they also include alternative exons and we do 
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not know the full populations of transcript isoforms expressed with each rescue construct. 

It is important to keep these nuances between modes of rescue in mind in the following 

discussion of the data presented.   

 Both exon 7 deletion lines show cacophony-dependent locomotion defects in third 

instar larvae. While these defects are not as severe as those of TBPH mutants, they show 

defective peristaltic waves and decreased crawling distance. Because cacophony is so 

necessary to neurotransmission at the neuromuscular junction, I measured both mEPPs 

and EJPs in deletion larvae. Both lines show normal mEPP amplitudes, which agrees 

with previous reports that cacophony does not function to regulate mEPP amplitude. Both 

lines also show a reduction in mEPP frequency, similar to TBPH mutants. Unlike the 

TBPH mutants, however, the dependence of this decrease on cacophony is more obscure, 

due to inconsistencies in the rescue constructs. While driving UAS-Cacophony with the 

D42-GAL4 driver rescues mEPP frequency in cacexon7Δ(6), it does not in cacexon7Δ(8). This 

difference could potentially be due to differences in expression level of cacophony at the 

bouton between the deletion lines, or due to differences in isoform expression. Also, the 

x-duplication rescues the reduction in neither of the deletion lines, which could reflect 

differences in expression level with the GAL4-UAS system. 

EJP amplitudes were also measured between the two deletion lines and, while 

cacexon7Δ(6) showed normal amplitudes, cacexon7Δ(8) showed a reduction in amplitudes. This 

reduction appears to be cacophony dependent in that both modes of rescue restored the 

amplitude. Why one deletion line would show a decrease and not the other is unclear, 

especially in light of cacophony fluorescence at boutons. Immunohistochemistry showed 

a decrease in cacophony protein at cacexon7Δ(6) boutons, but not at cacexon7Δ(8) boutons. EJP 
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amplitude is sensitive to cacophony expression, and yet the deletion line showing no 

change at boutons is the one with a decrease in EJP amplitude. These results seem 

contradictory and further obscure the differences between the two deletion lines.  

Regardless of changes in physiology at the neuromuscular junction, both exon 7 

deletion lines show uncoordinated motor burst patterns. While the motor neurons are 

clearly bursting, and while they are doing so in a quasi-patterned way, compared to the 

lack of pattern in TBPH mutants, there appears to be a lack of coordination between the 

segments. While TBPH mutant larvae motor neurons are clearly firing, they are doing so 

without a refined, rhythmic bursting pattern. Exon 7 deletion animals, however, show 

bursting patterns, but they are a-rhythmic and uncoordinated between segments. This lack 

of coordination would contribute to the increase in time-to-completion of each peristaltic 

wave that is present in exon 7 deletion animals. Whether this lack of coordination is due 

to deletion of exon 7 cannot be determined, however driving UAS-Cacophony with D42-

GAL4 restores both the rhythmicity and coordination of motor bursting. Thus, these 

defects are clearly cacophony dependent.  

 

FUTURE DIRECTIONS 

 There are several outstanding questions from the data presented in this 

dissertation that I have touched on in Chapters 3, 4, and 5. Here I will touch on the larger 

outstanding questions that could give credence to future experiments.  
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 First, the cacophony rescue in AVM001b/2b cells is one of the most exciting 

aspects of the data presented here. Not only unexpected, it added unknown functional 

attributes to the AVM001b/2b cells. The mechanism of this rescue is still unclear. I have 

shown the rescue is specific to cacophony; mere acute activation of the cells is not 

sufficient to rescue locomotion defects. However, I never tested whether chronic 

activation of the cells from egg laying through instar development could recapitulate a 

rescue. To test whether chronic activation of the AVM001b/2b cells through development 

could rescue locomotion defects, flies containing the UAS-TrpA1 construct, in the TBPH 

mutant background, could be mated with flies containing the R75C05-GAL4 driver, also 

in the TBPH mutant background. This cross could be made at 30°C and progeny kept at 

30°C throughout development, and their locomotion assessed at third instar stage.  

 The second outstanding question from the data presented here pertains to the 

endogenous function of the AVM001b/2b cells in the motor circuit. Acute activation of 

these cells with channel rhodopsin indicated that they function to drive mild escape 

behavior in third instar larvae. Killing these cells genetically with reaper had no effect on 

larval crawling or vitality. Activating these cells in a wild type background with TrpA1 

also had no significant effect on larval locomotion. What are these cells? What are they 

synapsing to? What neurotransmitter might they be releasing? These are all questions 

whose answers would give clues to the endogenous function of these cells in the motor 

circuit.  

 The final outstanding question pertains to the function of exon 7 in cacophony-

dependent physiology. As I have belabored the limitations set by our rescue constructs in 

attributing phenotypes of the exon 7 deletion animals to loss of cacophony, and I will not 



	 120	

do it here. Rather, I will merely contend that a negative control for deletion of exon 7 will 

act to clear the murkiness surrounding cacophony-dependent interpretations of the data. 

A negative control, in which a UAS-Cacophony lacking exon 7 will be driven by a GAL4 

driver, would at least provide a way to identify which cacophony-dependent changes in 

physiology could be due to loss of exon 7.     

   

CONCLUSIONS 

 In conclusion, I wish to address a question that gets posed to me occasionally at 

the end of seminars: is the TBPH mutant a real model of ALS? The quick answer is no, it 

is not. It does not recapitulate late stage TDP-43 inclusions observed in patients. Rather, 

this model is a complete removal of the protein, which is not a phenotype observed in 

patient tissue. But this model was never intended to recapitulate end stage ALS 

pathology. I have always contended that this model was meant to identify downstream 

effects of the loss of TDP-43 nuclear function, which we know causes a locomotion 

defect, a hallmark of the disease in patients. By identifying downstream effects, such as 

changes to the motor circuit, we could begin to understand disease pathogenesis and 

identify possible points of intervention or therapeutic targets. The data I have collected 

using this model shows that TDP-43 dependent changes in centrally located neurons 

drive systemic locomotion defects, not changes to the neuromuscular junction. These 

changes to motor neurons are voltage gated calcium channel dependent and, thus, it is 

defective TDP-43 – voltage gated calcium channel dynamics that drives the locomotion 

defects.  What initiates the defective relationship between TDP-43 and voltage gated 
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calcium channels is not known. Regardless, this is a relationship that is regulating 

systemic locomotion behavior.  
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APPENDIX A  

Validation of GluRIIA and TBPH Mutant Recombinant Fly Line 
	

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 124	

RATIONALE 

 As cacophony levels are reduced in TBPH mutants and they nevertheless exhibit 

synaptic homeostasis, it is possible that no further homeostasis was possible. To test this, 

I imposed a post synaptic challenge by genetically expressing a loss of function allele of 

the alpha-2 subunit of the glutamate receptor (GluRIIAsp16; Petersen et al., 1997) in the 

TBPH mutant. Genetically, TBPH is on the Drosophila chromosome 2. GluRIIAsp16 is 

also on chromosome 2. Thus, in order to make a fly that expressed two copies of both 

allele, the two alleles had to be recombined.  

In order to verify that the recombination was made successfully, two phenotypes 

were tracked. First, TBPH mutants show a crawling defect in third instar larvae. Second, 

GluRIIAsp16 homozygotes show a significant reduction in mEPP amplitude but no defect 

in larval crawling. Thus, these two phenotypes were tracked to verify that the GluRIIA, 

tbphΔ indeed had two copies of each allele.  

 

RESULTS 

Crawling distance was measured of homozygote {GluRIIA, tbphΔ} and 

heterozygote {GluRIIA, tbphΔ/+} third instar larvae (Figure A1.A). Homozygote 

{GluRIIA, tbphΔ} animals showed a significant reduction in distance crawled similar to 

that of the TBPH mutants (Figure A1.A). The heterozygote did not show a reduction in 

locomotion, thus confirming the presence of two TBPH mutant alleles in the {GluRIIA, 

tbphΔ} animal.  
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 The amplitude of mEPPs was measured in the homozygote {GluRIIA, tbphΔ} and 

parental controls, tbphΔ and GluRIIA (Figure A1.B). The homozygote showed a 

significant reduction in mEPP amplitudes, similar to the GluRIIA parental control (Figure 

A1.B).  

 

 

Figure A1.  {GluRIIA, tbphΔ} larvae show reduced crawling distance and reduced 

mEPP amplitudes. A. {GluRIIA, tbphΔ} larvae crawl shorter distances compared to 

heterozygote {GluRIIA, tbphΔ/+}, validating the presence of two tbphΔ alleles. B. 

{GluRIIA, tbphΔ} animals show a reduction in mEPP amplitude to the same extent as the 

parental GluRIIA line. Data shown represent the mean and SEM of at least 10 animals 

and were analyzed using ordinary one-way ANOVA with a Sidak’s multiple comparisons 

test (**** p<0.0001, * p <0.05). 

w11
18 A1

tb
phΔ

/tb
phΔ

GluRIIA

GluRIIA
, tb

phΔ
/G

luRIIA
, tb

phΔ

GluRIIA
, tb

phΔ
het

0

5

10

15

Larval Crawling

C
ra

w
lin

g 
A

ss
ay

 (c
m

/ 5
 m

in
)

* *

w11
18 A1

tb
phΔ

/tb
phΔ

GluRIIA

GluRIIA
, tb

phΔ
/G

luRIIA
, tb

phΔ

GluRIIA
, tb

phΔ
het

0

5

10

15

Larval Crawling

C
ra

w
lin

g 
A

ss
ay

 (c
m

/ 5
 m

in
)

* *

tb
phΔ

 

Contro
l 

(G
luRIIA

, tb
phΔ

)  

GluRIIA
 

(G
luRIIA

, tb
phΔ

)/+
  

D
is

ta
nc

e 
cr

aw
le

d 
(c

m
/5

 m
in

) 

**** **** 

w11
18 A1

tb
phΔ

GluRIIA

GluRIIA
 tb

phΔ
0.0

0.5

1.0

1.5
mEPP Ampliudes in 1 mM Ca2+

m
EP

P 
A

m
pl

itu
de

 (m
V)

*

****

w11
18 A1

tb
phΔ

GluRIIA

GluRIIA
 tb

phΔ
0.0

0.5

1.0

1.5
mEPP Ampliudes in 1 mM Ca2+

m
EP

P 
A

m
pl

itu
de

 (m
V)

*

****

tb
phΔ

 

Contro
l 

(G
luRIIA

, tb
phΔ

)  

GluRIIA
 

 A
m

pl
itu

de
 (m

V
) 

 mEPP Amplitude 

A

B

w11
18 A1

tb
phΔ

/tb
phΔ

GluRIIA

GluRIIA
, tb

phΔ
/G

luRIIA
, tb

phΔ

GluRIIA
, tb

phΔ
het

0

5

10

15

Larval Crawling

C
ra

w
lin

g 
A

ss
ay

 (c
m

/ 5
 m

in
)

* *

w11
18 A1

tb
phΔ

/tb
phΔ

GluRIIA

GluRIIA
, tb

phΔ
/G

luRIIA
, tb

phΔ

GluRIIA
, tb

phΔ
het

0

5

10

15

Larval Crawling

C
ra

w
lin

g 
A

ss
ay

 (c
m

/ 5
 m

in
)

* *

tb
phΔ

 

Contro
l 

(G
luRIIA

, tb
phΔ

)  

GluRIIA
 

(G
luRIIA

, tb
phΔ

)/+
  

D
is

ta
nc

e 
cr

aw
le

d 
(c

m
/5

 m
in

) 

**** **** 

w11
18 A1

tb
phΔ

GluRIIA

GluRIIA
 tb

phΔ
0.0

0.5

1.0

1.5
mEPP Ampliudes in 1 mM Ca2+

m
EP

P 
A

m
pl

itu
de

 (m
V)

*

****

w11
18 A1

tb
phΔ

GluRIIA

GluRIIA
 tb

phΔ
0.0

0.5

1.0

1.5
mEPP Ampliudes in 1 mM Ca2+

m
EP

P 
A

m
pl

itu
de

 (m
V)

*

****

tb
phΔ

 

Contro
l 

(G
luRIIA

, tb
phΔ

)  

GluRIIA
 

 A
m

pl
itu

de
 (m

V
) 

 mEPP Amplitude 

A

B



	 126	

APPENDIX B 

Quantification of cacophony protein expression in exon 7deletion fly lines. 
	

 

 

Alex Law collected the data presented here. This appendix was added to supplement data 

I report in Chapter 5.  
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SUMMARY 

TBPH mutants show an enrichment in cacophony transcripts lacking exon 7 

(Chang et al., 2014). Of the fourteen described cacophony isoforms, only one lacks exon 

7, suggesting it is of functional significance (Figure A2). We therefore tested whether 

deletion of exon 7 would be sufficient to recapitulate any of the cacophony-dependent 

locomotion defects observed in TBPH mutants. Deletion of exon 7 from the cacophony 

coding region was achieved using CRISPR-CAS (described in Chapter 5 Materials & 

Methods; Figure A3) shows a schematic of how the exon 7 deletion lines were generated.  

Following generation of the two cacophony exon 7 deletion lines, cacexon7Δ(6) and 

cacexon7Δ(8), Western analysis was used to quantify cacophony protein expression in the 

larval CNS and adult heads (Figure A4). TBPH mutants show a 50% reduction in 

cacophony protein expression (Chang et al., 2014), and thus we expected there to also be 

a reduction in the exon 7 deletion lines. Cacophony protein expression was also 

quantified in adult heads of the two approaches to cacophony rescue: UAS-Cacophony 

drive by D42-GAL4, and the x-duplication line where the cacophony allele has been 

duplicated with its endogenous promoter onto chromosome 3.  

Both deletion lines show a greater than 50% reduction in cacophony protein 

expression in both the larval CNS and adult heads (Figure A4). Western analysis thus far 

has only been performed on adult heads of the rescue constructs. Both modes of rescue 

show an increase in cacophony expression, compared to the parental deletion lines 

(Figure A4). However, the expression level is not significantly different between the two 
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modes of rescue. Expression levels of cacophony in larvae of the rescue constructs have 

not yet been measured.  

 

 

 

Figure A2. Of the fourteen reported cacophony isoforms, only one lacks exon 7. 

Image taken from http://flybase.org.  
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Figure A3.  Schematic representation of the removal of exon 7 from the coding region of 

cacophony using CRISPR-CAS. This method was used to generate the two deletion lines: 

cacexon7Δ(6) and cacexon7Δ(8). Figure used courtesy of Alex Law. 

 

 

Figure A4. Cacophony exon 7 deletion lines show a decrease in cacophony protein 

expression using Western analysis. All tissues analyzed came from male flies. Data 

presented represents the average and SEM of four replicates and was analyzed using 

ordinary one-way ANOVA with a Sidak’s multiple comparisons test (**** p<0.0001, 

***p<0.001, * p <0.05, ns = not significant). Figure used courtesy of Alex Law.  
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APPENDIX C  

Feeding Assays with Calcium Channel Agonists and Octopamine 
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BACKGROUND & RATIONALE 

TBPH mutants show a decrease in the expression of cacophony, the Type II 

voltage gated calcium channel, as well as cacophony – dependent locomotion defects and 

reduction in the frequency of spontaneous release at the NMJ.  In 2013, Armstrong et al 

showed that zebra fish embryos expressing human TDP-43 with an ALS associated 

mutation, G348C, presented shorter swimming durations, distances, and velocities 

(Armstrong and Drapeau, 2013). These animals also showed significantly reduced mEPC 

frequencies and amplitudes (Armstrong and Drapeau, 2013).  Application of either Bay K 

or FPL64176, both voltage gated calcium channel agonists, rescued both the impaired 

locomotion and the reduction in mEPC frequency and amplitudes (Armstrong and 

Drapeau, 2013), suggesting an interaction between TDP-43 and voltage gated calcium 

channels.  

All of these phenotypes were reminiscent of the phenotypes characterized in 

TBPH mutants (Figures 3.1 & 3.3).  We therefore tested whether feeding TBPH mutant 

larvae     (-)Bay K8644 or nefiracetam could rescue the larval crawling defect.  (-)Bay 

K8644 is an L type voltage gated calcium channel agonist (Endo et al., 2000; Ji et al., 

2014). Nefiracetam is an N/L type voltage gated calcium channel agonist (Yamada et al., 

1994).  Reduction in octopamine has also been reported to cause severe locomotion 

defects in Drosophila larvae (Saraswati et al., 2004). Though we did not know whether 

TBPH mutants showed a reduction in octopamine levels, I also tested whether feeding 

larvae octopamine could also restore larval crawling.  
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MATERIALS & METHODS 

 In order to test whether feeding Drosophila larvae Bay K, nefiracetam, or 

octopamine could rescue the crawling defects of TBPH mutants, I fed TBPH mutants 

food containing different concentrations of the drug. Drosophila food was prepared with 

9.6% yellow dye, as a mechanism to verify the larvae were, in fact, eating the food. A 96 

well plate was loaded with 0.5 mL of food + dye and Bay K, nefiracetam, or octopamine 

added at varying concentrations.  At least 10 third instar larvae were placed in each well 

and larvae left on the food for 5 hours. Larvae were then taken out of the food and 

crawling assays performed as previously described.   

RESULTS 

 Third instar TBPH mutants (tbphΔ) and heterozygote TBPH mutants (tbphΔ/+) 

were placed on food containing increasing concentrations of (-)Bay K8466. After 5 

hours, the total larval crawling distance was measured over 5 minutes. There was no 

significant increase in distance crawled by TBPH mutants at any concentration, though 

there was an increase in distance of larvae fed on concentrations from 10-50 µM (Figure 

A5A).  

 TBPH mutants placed on increasing concentrations of nefiracetam showed the 

greatest increase in crawling distance on 10 µM (Figure A5B). On food containing no 

drug, TBPH mutants crawled 3 cm (Figure A5B). On 10 µM nefiracetam, TBPH mutants 
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on 10 µM nefiracetam crawled 10 cm (Figure A5B). A complete rescue was never 

achieved, however.  

 Finally, TBPH mutants placed on food containing octopamine showed a 

significant increase in crawling distance when placed on 20 mM octopamine (Figure 

A5C).  Animals did not crawl, and many did not survive, when fed on food containing 50 

mM octopamine (Figure A5C). However, these results proved difficult to replicate and 

thus no further studies were pursued.  

DISCUSSION 

 Within the context of the data presented in Chapters 3 & 4, the experiments 

described here were carried out prior to the more detailed characterization of the 

locomotion defects of TBPH mutants, the screen which lead to the identification of the 

AVM001b/2b cells, and the analysis of motor bursts in TBPH mutants. These 

experiments were also carried out with limitations: there was no easy way to quantify the 

amount of drug that entered each individual larva and the results from octopamine 

feeding proved difficult to replicate. Had a full rescue of the TBPH mutant crawling 

defect been achieved, further experiments would have been performed. It is possible that 

the increase in crawling distance of TBPH mutants on 10 µM nefiracetam could have 

been achieved by modulation of motor bursts. Whether a chronic exposure of the animal 

to this concentration of nefiracetam could have sustained the rescue is not known, but 

would be a potential future direction.   
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Figure	A5.	TBPH mutant larvae show defective motor behavior when fed on voltage 

gated calcium channel agonists or octopamine. A. TBPH null mutants do not show 

improved crawling when placed for 5 hours on food containing (-)Bay K8644, compared 
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to the heterozygote control animals. B. TBPH mutants show moderate increase in 

crawling distance when placed for 5 hours on food containing 10 µM nefiracetam. C. 

TBPH mutants show increased crawling distance when placed for 5 hours on food 

containing 20 mM octopamine. The majority of larvae did not survive being placed on 

food containing 50 mM octopamine. Data shown represent the mean and SEM of at least 

10 animals. 	
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APPENDIX D  

Deletion of PKA-C3 Produces Decreased Amplitudes and Frequencies of Spontaneous 
Release at the NMJ. 

	

  

Data presented here was collected in collaboration with Elizabeth Sunderhaus, an OHSU 

PhD candidate in MMG in the lab of Doris Kretzschmar.  
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RATIONALE 

PKA-C3 is the C3 catalytic subunit of Protein Kinase A and is regulated by 

Drosophila Swiss Cheese (SWS) protein (Bettencourt da Cruz et al., 2008). SWS is the 

Drosophila ortholog of Neuropathy Target Esterase (NTE), which plays a functional role 

in organophosphate induced delayed neuropathy (Bettencourt da Cruz et al., 2008). Key 

characterizations of this delayed neuropathy are degeneration of long axons in the central 

and peripheral nervous systems (Bettencourt da Cruz et al., 2008). Mutations in the 

human homolog of PKA-C3, called PRKX, were also sufficient to drive hereditary 

spastic paraplegia.  

Little is known about the endogenous function of PKA-C3 and its orthologs. The 

Kretzschmar lab generated a PKA-C3 deletion fly line (BRL6). Deletion of PKA-C3 

caused crawling defects in third instar larvae (Kretzschmar lab, unpublished 

observations). We therefore tested whether this crawling defect was concomitant with 

changes in evoked and spontaneous neurotransmitter release at the NMJ. 

RESULTS 

Evoked and spontaneous neurotransmitter release was measured at the NMJs of 

BRL6 and control (w1118) third instar larvae. To test whether knocking down PKA-C3, 

using RNAi, would have an affect on synaptic physiology, I also measured EJPs and 

mEPPs from animals expressing UAS-PKAC3RNAi under the control of three different 

GAL4 drivers: ElaV (a pan-neuronal driver), NT (natalisin expressing interneurons that 

endogenously express PKA-C3), and OK371 (a motor neuron driver).  
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Deletion of PKA-C3 showed no affect on EJP amplitude, compared to control 

animals (Figure A6A). Knockdown of PKA-C3 in all neurons, using ElaV-GAL4, also 

had no affect on EJP amplitudes (Figure A6A). Knockdown of PKA-C3 in natalisin 

interneurons, using NT-GAL4, non-significantly increased EJP amplitudes (Figure A6A).  

Finally, knockdown of PKA-C3 in motor neurons, using OK371-GAL4, significantly 

increased EJP amplitudes (Figure A6A). 

  Amplitudes and frequencies of mEPPs were then measured in all fly lines as 

previously described. mEPP amplitudes were significantly reduced in animals with 

deleted PKA-C3 (Figure A6B). Knockdown of PKA-C3 had no affect on mEPP 

amplitudes (Figure A6B). It is interesting to note that knockdown of PKA-C3 in motor 

neurons caused an increase in EJP amplitude, but no change in mEPP amplitude, 

indicating an increase in quantal content. Increased quantal content indicates an 

activation of synaptic homeostatic processes at the NMJ.  

Frequencies of spontaneous release were significantly reduced in PKA-C3 

deletion animals, as well as those in which PKA-C3 was knocked-down in all neurons 

(Figure A6C). Knockdown of PKA-C3 in natalisin neurons and motor neurons had no 

affect on mEPP frequency.  

SUMMARY 

Interpretation of these results is limited by the absence of rescue constructs, 

especially a rescue of PKA-C3 in the BRL6 deletion lines.  Therefore, none of the 

reported results can be solely attributed to the loss of PKA-C3. However, these results 
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show evidence that deletion of PKA-C3 causes significant defects on the amplitude and 

frequency of spontaneous release at the NMJ.  

Knockdown of PKA-C3 in a variety of cell types also caused modest effects on 

EJP amplitude and mEPP frequency. Animals with knocked down PKA-C3 in motor 

neurons showed an increase in EJP amplitudes and unchanged mEPP amplitudes, 

indicating an increase in quantal content at the NMJ (Figure A6). Increased quantal 

content is an indicator of activated synaptic homeostasis processes, in response to 

synaptic challenges, at the NMJ. This was the only construct to show such a response.  

While knockdown of PKA-C3 in motor neurons or natalisin interneurons, using 

OK371-GAL4 or NT-GAL4 respectively, was not sufficient to decrease mEPP 

frequency, knockdown in all neurons with ElaV-GAL4 did produce a decrease in mEPP 

frequency. It is unclear why knockdown in all neuron is sufficient, but only in motor 

neurons is not sufficient, to cause a decrease in mEPP frequency. 

Finally, natalisin interneurons endogenously express PKA-C3. While knockdown 

of PKA-C3 in natalisin neurons increased EJP amplitudes, this increase was not 

significant. Amplitudes and frequencies of mEPPs were also not changed in these 

animals, suggesting that these interneurons do not function to directly regulate motor 

neuron physiology at the NMJ.  
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Figure A6. Synaptic physiology at the larval NMJ is defective in PKA-C3 deletion 

and knock down animals. A. EJP amplitude is unchanged in the PKA-C3 deletion line 

and most of the knock down lines. It is significantly increased in OK371>PKAC3RNAi 

knock down animals (carnation). B. The mEPP amplitude is reduced in PKA-C3 deletion 

animals (cayenne). It is unchanged in all knock down animals. C. The mEPP frequency is 

reduced in PKA-C3 deletion animals (cayenne) and ElaV>PKAC3RNAi knock down 

animals. All experiments were carried out in 1 mM calcium. Data represent the mean and 

SEM of at least 8 animals and were analyzed using ordinary one-way ANOVA with a 

Sidak’s multiple comparisons test (*** p<0.01, ** p< 0.05, * p <0.1).  	
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