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ABSTRACT 

TAR DNA Binding Protein-43 (TDP-43) is known to mediate 

neurodegeneration associated with amyotrophic lateral sclerosis (ALS) and 

frontotemporal lobar degeneration-ubiquitin (FTLD-U). The exact mechanism by 

which TDP-43 exerts toxicity in patient brains remains unclear. In a Drosophila 

model, we have identified robust gain of function phenotypes produced by 

misexpression of insect codon optimized wild type TDP-43 using the binary 

GAL4/UAS system, as well as direct promoter fusion constructs with glass 

promoter. Codon optimized TDP-43 misexpression causes robust phenotypes in 

the adult eye, wings and bristles in the notum. Compared to human transgenic 

flies, the codon optimized flies express more protein that forms higher molecular 

weight species. Both nuclear and cytoplasmic expression of TDP-43 were 

detected along with cytoplasmic aggregation. Further characterization of the 

adult retina shows a disruption of the morphology and function of the 

photoreceptor neurons along with acidic vacuoles that are positive for autophagy 

markers. Moreover, changes in the protein levels of mTOR signaling pathway 
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substrate were detected upon TDP-43 misexpression. Based on this observation, 

we believe that TDP-43 has the propensity to form toxic protein aggregates when 

too much protein is present via a gain-of-function mechanism. Such toxic 

overload leads to an increase in cellular protein degradation pathways like 

autophagy. The robust phenotypes seen with TDP-43 misexpression are ideal for 

genetic screens to identify new modifiers and therapeutic targets. The codon 

optimized TDP-43 model is a novel and improved model in Drosophila that can 

be used to better understand the exact disease mechanism of TDP-43 

proteinopathies. 
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CHAPTER I: TDP-43 MEDIATED NEURODEGENERATION 

 

1.1 TDP-43 Proteinopathies 

Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) is more commonly known as Lou 

Gehrig's disease in the United States, named after the famous baseball player 

who was diagnosed with the disease in the late 1930s. According to National 

Institute of Health studies, each year approximately 5000 people are diagnosed 

with this disease. It is a progressive motor neuron disease that specifically affects 

motor neurons involved in the control of voluntary movements. Particularly, the 

disease affects the upper motor neurons in the cerebral cortex and lower motor 

neurons in the medulla and the anterior horn of the spinal cord (Sabatelli et al., 

2013). Clinical symptoms of this disease start with muscle weakness in the limbs 

and progress to the respiratory system. The leading cause of death in these 

patients is respiratory failure (Gordon, 2013). Once patients are diagnosed, they 

can survive somewhere between 2 to 5 years based on disease progression 

(Gordon, 2013). ALS can be inherited, as there are many familial cases of ALS. 

However, it is not just a familial disease; there are many cases of sporadic ALS. 

The familial ALS only accounts for a subset of these cases, while a majority of 

the cases of ALS are sporadic. Many of these familial cases have led 

researchers to identify specific genes that are involved in this disease. Among 

these genes, mutations in superoxide dismutase 1 gene (SOD1), TDP-43 gene 

(TARDBP), fused in sarcoma gene (FUS) and C9ORF72 genes account for the 
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majority of familial cases (Gordon, 2013; Sabatelli et al., 2013). In addition, 

mutations in Vesicle-associated membrane protein-associated protein B/C gene 

(VAPB), charged multivesicular body protein 2B gene (CHMP2B), valosin-

containing protein gene (VCP), ubiquilin-2 gene (UBQLN2), and 

p62/sequestosome 1 gene (SQSTM1) have also been linked to familial ALS 

(Sabatelli et al., 2013).  

 

Frontotemporal lobar degeneration 

 Frontotemporal lobar degeneration (FTLD) is another progressive and 

degenerative disease that effects the frontal and temporal lobes (Riedl et al., 

2014). Unlike ALS, FTLD is known to cause dementia and was previously called 

frontotemporal dementia. It is one of the most common types of dementia other 

than Alzheimer’s disease. Due to the large variations in the subtypes of FTLD, 

the nomenclature was changed to include all of them under the same umbrella of 

FTLD. The different subtypes of FTLD are based on their symptoms and the 

component and pathology of the inclusion bodies. These subtypes include the 

behavioral variant FTLD, semantic dementia, progressive non-fluent aphasia, 

and FTLD with motor neuron disease (FTLD-MND), which is similar to ALS (Pan 

and Chen, 2013). These are considered to be on a spectrum of disorders due to 

considerable overlap among these subtypes. Based on the type of 

neuropathological proteins that are present in the inclusion bodies, FTLD-MND 

can be further subtyped into FTLD-Tau, FTLD-TDP or FTLD-FUS. Despite 

having these proteins in the inclusion bodies, no disease mutations have been 
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linked to either TDP-43 or FUS (Pressman and Miller, 2013). The most 

predominant among these is FTLD-TDP, which is induced by wild type TDP-43 in 

sporadic cases. To date, the only genetic mutations that have been associated 

with FTLD are microtubule associated protein tau gene (MAPT), valosin-

containing protein gene (VCP), and charged multivesicular body protein 2B gene 

(CHMP2B) (Pan and Chen, 2013). 

 

Diagnosis and current treatments 

Currently, the diagnosis of ALS is limited to very few biomarkers that 

indicate neuronal loss and neuroinflammation in cerebral spinal fluid (CSF). In 

CSF from ALS patients, TDP-43 protein appears in a lower concentration 

compared to normal patient samples (Turner et al., 2013). Certain cytokines, 

including interleukins 2, 6, 10 and 15, which are involved in neuroinflammatory 

pathways, appear at a higher concentration in ALS patients (Turner et al., 2013). 

In addition to CSF biomarkers, muscle biomarker Nogo-A is strongly expressed 

in ALS patients (Turner et al., 2013). Neurophysiological testing using 

electromyography (EMG) that assesses nerve conduction can also help diagnose 

ALS (Turner et al., 2013). However, EMG is not a very effective way to monitor 

disease progression.  Magnetic resonance imaging (MRI), used for structural 

imaging of the brain, has been widely used to diagnose ALS despite its 

limitations. ALS and FTLD patient brains show atrophy in the motor cortex in MRI 

scan (Pan and Chen, 2013; Turner et al., 2013). Recently, functional MRI (fMRI) 

studies, in addition to structural MRI scans, have helped demonstrate structural 
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and functional connectivity in ALS and FTLD brains and are a promising new 

method to diagnose these diseases (Turner et al., 2013). Moreover, similar to 

other neurodegenerative diseases like Alzheimer’s and Parkinson’s disease, post 

mortem tissues showing ALS pathology remain a concrete way to diagnose ALS. 

Similar to diagnostic biomarkers, current treatments for ALS are also limited. 

Riluzole, an anti-glutamatergic drug that reduces excitotoxicity, is the primary 

drug prescribed to ALS patients (Gordon, 2013). Riluzole has been shown to 

slow the disease progression, but has many side effects. In addition, 

multidisciplinary care, nutrition and gastrostomy are all used to help relieve 

symptoms and treat the patients (Gordon, 2013). During later stages of the 

disease, most of the patients are placed on ventilatory support (Gordon, 2013). 

While these treatments try to address the symptoms that arise from of the 

disease, it is not sufficient for proper treatment of the disease. Lack of 

therapeutic intervention is an important factor for continuation of basic research 

to better understand the molecular mechanism of the disease and find 

therapeutic targets.  

 

TDP-43 protein at a glance 

Transactive response DNA binding protein-43 (TDP-43) is encoded by 

TARDBP gene in the human genome. In recent years, TDP-43 has been 

identified as one of the major components of the inclusion bodies in the brain of 

patients with FTLD associated with tau-negative and unbiquitin-positive 

inclusions  and ALS (Lee et al., 2011; Mackenzie and Rademakers, 2008; 
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Neumann et al., 2006), among other neurodegenerative diseases (Arai et al., 

2009; Hasegawa et al., 2007; Higashi et al., 2007). TDP-43 was first identified in 

HIV-1 virus as a transcriptional repressor (Ou et al., 1995). TDP-43 is a highly 

conserved, ubiquitously expressed protein that contains two RNA recognition 

motifs, RRM1 and RRM2, a glycine-rich region, a nuclear localization signal and 

a nuclear export signal; illustrated in Figure 1.1 (Ayala et al., 2005; Buratti et al., 

2005; Chen-Plotkin et al., 2010; Gendron et al., 2010). Since its discovery, many 

researchers have studied the protein to identify its function. The exact function of 

TDP-43 is still unknown, however it is known to be involved in DNA/RNA binding, 

RNA metabolism, particularly in the regulation of RNA levels, RNA trafficking and 

splicing activity. It has recently been identified that TDP-43 preferentially binds to 

introns, 3’ untranslated regions and non-coding RNAs in the transcriptome, as 

well as a UG repeat motif in single-stranded RNA (Ayala et al., 2005). The 

glycine-rich region is involved in alternative RNA splicing and associate with the 

heterogeneous nuclear ribonucleoprotein (hnRNP) family of proteins (Buratti et 

al., 2005). 

 

TDP-43 in neurodegeneration 

Both familial and sporadic cases of these diseases have been associated 

with mutations in the TDP-43 gene. Most of the dominant missense mutations 

are present in the glycine-rich domain of TDP-43 (Lee et al., 2011; Nonaka et al., 

2009). However, most of the sporadic cases of ALS and FTLD involve non-

mutant, wild type TDP-43 mediated neurodegeneration. The predominance of 
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sporadic cases in these diseases, therefore, makes it an important task to better 

understand the mechanism of TDP-43 related pathogenesis that is independent 

of any dominant mutations. In the diseased state, TDP-43 is found to be 

ubiquitinated and phosphorylated, along with the presence of truncated C-

terminal fragments and insoluble inclusions (Bugiani, 2007; Chen-Plotkin et al., 

2010; Cohen et al., 2011; Gendron et al., 2010). Most importantly, the distinctive 

pathology of TDP-43 mediated neurodegeneration involves its mislocalization to 

the cytoplasm and the loss of normal nuclear expression (Lee et al., 2011; 

Neumann et al., 2006).  

 

The mechanism by which TDP-43 triggers neurodegeneration is still 

unknown. Many of these disease specific mutations have been linked to 

formation of toxic TDP-43 aggregates that mediate neurodegeneration. To date, 

TDP-43 mediated toxicity and disease pathology have been implicated to occur 

via its susceptibility to form these toxic protein aggregates via protein-protein 

interaction, hyperphosphorylation, ubiquitination, and cleavage of the prion-like c-

terminal fragments (Johnson et al., 2009). In addition, the increased load of toxic 

protein aggregates have been suggested to cause a defective protein 

degradation system, including autophagy and the ubiquitin proteasome system 

(Gendron and Petrucelli, 2011; Rubinsztein, 2006). Despite all the recent studies, 

the current knowledge regarding the exact mechanism of action of TDP-43 

mediated neurodegeneration remains unclear. 

 



7 

1.2 Animal Models for TDP-43 Proteinopathies 

In order to better understand and study TDP-43 proteinopathies, many 

animal models have been generated using both vertebrate and invertebrate 

organisms. To study TDP-43 in mammalian systems, many transgenic animal 

models have been generated in mice and rats (Gendron and Petrucelli, 2011). 

The majority of these models report increased ubiquitin staining or inclusions that 

are a major hallmark of TDP-43 mediated pathology. Many of these also report 

loss of nuclear TDP-43 functions or the presence of cytoplasmic TDP-43 (Igaz et 

al., 2011; Stallings et al., 2010; Tsai et al., 2010; Wegorzewska et al., 2009; Xu 

et al., 2010).  Additionally, toxic TDP-43 cleavage products are present in a few 

of these models (Stallings et al., 2010; Tsai et al., 2010; Wegorzewska et al., 

2009). Almost all of the reported animal models show some kind of 

neurodegenerative phenotype in cortical and motor neurons (Wegorzewska et 

al., 2009), in axons and neurons of the spinal cord (Xu et al., 2010), in Purkinje 

cell along with loss of CA3 hippocampal neurons (Wils et al., 2010), loss of 

neurons in hippocampal dentate gyrus and neocortex (Igaz et al., 2011) and 

decreased hippocampal volume (Tsai et al., 2010) among many others. The 

animal models of TDP-43 that are currently available vary in which promoter is 

utilized to drive the expression of the transgene. Some of these models use PrP 

promoter to drive wild type and mutant TDP-43 constitutively, while others use 

CaMKII and TRE (CaMKII-tTA) drivers to express wild type, mutant and partially 

deleted constructs of TDP-43 both constitutively and conditionally (Igaz et al., 

2011; Stallings et al., 2010; Tsai et al., 2010; Wegorzewska et al., 2009). In 
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addition to these mammalian models, there are also many invertebrate models of 

TDP-43 available.  Caenorhabditis elegans models that overexpress human 

TDP-43, as well as nematode ortholog TDP-1, are used to study TDP-43 

mediated mechanism for neurodegeneration. These C. elegans models show 

neuronal toxicity, motor defects and TDP-43 phosphorylation mediated toxicity of 

wild type and mutant TDP-43 in the motor neurons (Ash et al., 2010; Liachko et 

al., 2010; Vaccaro et al., 2012; Zhang et al., 2012). A loss of function model for 

zebrafish ortholog of TARDBP shows locomotion defects with shorter motor 

axons. Along with C. elegans and zebrafish (Schmid et al., 2013), Drosophila 

melanogaster models are also used to study the molecular mechanism of TDP-

43 in neurodegenration and are discussed in more detail in chapter III.  

 

1.3 Drosophila Models for Neurodegeneration 

Drosophila melanogaster, commonly known as the fruit fly, has a very 

short life cycle. Under laboratory conditions, flies can live up to 30-40 days on 

average. Adult females lay embryos that undergo larval and pupal stages and 

develop into adult flies in approximately 9-10 days at room temperature. 

Drosophila is fairly inexpensive and easy to maintain in the laboratory. There are 

many advantages in using a Drosophila model to study neurodegeneration. 

Despite having a much smaller genome size compared to humans, many of the 

human genes have fly homologs, as they are evolutionarily conserved (Bellen et 

al., 2004). In addition, many of the important signaling pathways are also 

conserved between fly and human, such as the Notch pathway, the wingless/Wnt 
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pathway and the transforming growth factor-β (TGF-β)/decapentaplegic pathway 

(Adams et al., 2000). Drosophila has been studied in many fields of biological 

sciences for many years and as a result there are various tools that are widely 

available (Bier, 2005). Many of these tools allow for genetic manipulation that can 

help us study the molecular functions of genes in an in vivo system. There are 

many genetic mutants and genetic knockdown using RNAi allows for loss of 

function studies. On the other hand, many tools allow overexpression of certain 

genes for gain of function studies (Bilen and Bonini, 2005; Muqit and Feany, 

2002; Sang and Jackson, 2005).  One such tool is the GAL4/upstream activation 

sequence (UAS) binary system (Brand and Perrimon, 1993). The yeast 

transcription activator protein GAL4 can bind to the UAS and allow the 

transcription of the gene attached to the UAS in a tissue specific manner (Figure 

1.2). The direct promoter fusion construct is another way to overexpress a certain 

gene. The selected gene can be directly subcloned into a vector containing the 

tissue specific promoter and drive its expression. Many of these vectors are 

easily available through the Drosophila genomic resource center (DGRC). All of 

these reasons contribute significantly to the generation of many fly models to 

study neurodegeneration.  

 

Drosophila eye as a model 

Many neurodegenerative disease models utilized the Drosophila eye as a 

tissue of choice for the study of gene expression. The fly eye development 

occurs in multiple stages that are highly regulated by important signaling 
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pathways and are well characterized. The Drosophila compound eye is a highly 

specialized structure that is composed of ~750-800 ommatidia. Each 

ommatidium consists of 8 photoreceptor neurons that are similar to mammalian 

photoreceptor neurons. In addition there are different types of supporting cells 

that include 4 cone cells, primary, secondary and tertiary pigment cells and 

interommatidial bristle cells (Carthew, 2007; Kumar, 2001, 2011; Tsachaki and 

Sprecher, 2012). The differentiation of these different types of cells from 

epithelial precursor cells occurs in a spatial and temporal manner throughout eye 

development. The specification of the compound eye requires seven nuclear 

factors or eye specific genes that are evolutionarily conserved between fly and 

human. These factors form a complicated regulatory network that determines the 

fate of the precursor cells (Carthew, 2007; Kumar, 2011). The initial phase of eye 

development occurs early in the larval stage. In the eye imaginal disc, the 

transition from proliferation state to differentiation state occurs at a dorsoventral 

groove, called the morphogenetic furrow. During the pupal stage, cone cells 

recruit primary pigment cells. After differentiation, the cone cells and the primary 

pigment cells expand further while constraining the interommatidial precursor 

cells (IPCs). The IPCs further differentiate into the secondary and tertiary 

pigment cells, as well as interommatidial bristle cells (Carthew, 2007; Kumar, 

2001; Tsachaki and Sprecher, 2012). A large portion of Drosophila genes are 

involved in this intricate process of development. 
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A gene that is expressed in the eye can interact with the specific pathways 

involved in the developmental process. Such interactions can show a phenotype 

in either the external or internal structures of the adult retina. The fly eye is 

dispensable and not required for its survival under laboratory conditions. This has 

a huge advantage when modeling neurodegeneration in the eye, as many of 

these toxic proteins induce severe degenerative phenotypes (Muqit and Feany, 

2002; Sang and Jackson, 2005). Despite causing toxicity, these flies are able to 

survive into adulthood and can be used to create stable lines expressing a 

desired gene. In addition, the architecture of the external fly eye is easily visible 

under light microscopes, allowing convenient detection of any phenotype that 

might arise from expressing or knocking down a certain gene. These phenotypes 

are often easily scored under light microscopes and allow for detection of any 

chemical or genetic modifiers of a gene expressed in the retina. 

  

Neurodegeneration in flies 

One of the earliest models of neurodegeneration in Drosophila studied 

expanded polyglutamine proteins. Bonini and colleagues reported glutamine-

repeat expansion in a Spinocerebellar ataxia type 3 (SCA3) model that showed 

degenerative phenotypes along with nuclear inclusions in the fly retina (Warrick 

et al., 1998). Separately, Jackson and colleagues reported that a novel 

Drosophila model of polyglutamine –expanded human Huntington protein, known 

to cause Huntington’s disease, showed degenerative phenotypes in the 

photoreceptor neurons of the retina (Jackson et al., 1998). They also showed 
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that Drosophila Apaf-1 can block polyglutamine aggregation and pathology, while 

Bonini and colleagues showed that neurodegeneration mediated by 

polyglutamine can be suppressed by the hsp70, a known molecular chaperone 

(Sang et al., 2005; Warrick et al., 1999). Alzheimer’s disease models with human 

tau were also reported to induce degenerative phenotypes in flies. Jackson and 

colleagues reported that human wild type tau interacted with wingless signaling 

pathway to induce neurofibrillary tangles (Jackson et al., 2002). Since then, many 

new Drosophila models for Alzheimer’s disease related neurodegeneration have 

been generated that include tau, amyloid-beta and gamma-secretase models 

(Finelli et al., 2004; Fulga et al., 2007; Guo et al., 2003; Iijima et al., 2004; 

Jackson et al., 2002; Kosmidis et al., 2010). Tauopathies have been extensively 

studied in Drosophila. There are many studies that look at genomic screens in a 

tauopathy model to identify genetic modifiers of tau (Ambegaokar and Jackson, 

2011; Karsten et al., 2006; Shulman and Feany, 2003). In addition, tau 

hyperphosphorylation has also been implicated to cause neurotoxicity 

(Chatterjee et al., 2009; Steinhilb et al., 2007a; Steinhilb et al., 2007b). The role 

of TOR mediated cell-cycle activation and autophagy has also been studied in 

tauopathy models of neurodegeneration (Khurana et al., 2006).  

 

The first Drosophila model of Parkinson’s disease was reported by Feany 

and colleagues, showing wild type and mutant α-synuclein mediated 

intraneuronal inclusions and neurodegeneration in flies (Feany and Bender, 

2000). There are also models of mutant human Parkin that causes toxicity 
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through selective loss of dopaminergic neurons in flies (Sang et al., 2007). Parkin 

mutants have been found to be responsible for mitochondrial pathology and 

muscle degeneration in flies (Greene et al., 2003). Moreover, Pink-1, also 

involved in Parkinson’s disease, has been shown to interact with Parkin and is 

required for mitochondrial function (Clark et al., 2006). Over the last decade, 

many other neurodegenerative disease models in Drosophila have been 

reported. Some of these models of neurodegenerative proteins, which include 

ataxin-3, a protein involved in spinocerebellar ataxia (Bilen and Bonini, 2007), 

VAP33 (Ratnaparkhi et al., 2008) and SOD1 (Watson et al., 2008), are involved 

in ALS. There have been many reports of TDP-43 proteinopathy models in 

Drosophila that study both the fly homologue and the human TDP-43 protein. 

Chapter III contains a more detailed overview of these Drosophila models of 

TDP-43 proteinopathies. The genetic tools of Drosophila have allowed for 

extensive studies on neurodegenerative diseases. Many of these have tried to 

understand the molecular mechanism and performed genetic screens to help us 

identify the role these toxic proteins play in neurodegeneration.  
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FIGURES 

Figure 1.1. Schematic of the TDP-43 protein 

 

The ubiquitously expressed TDP-43 protein contains two RNA recognition motifs 

(RRM), a glycine-rich region, a nuclear localization signal (NLS), and a nuclear 

export signal (NES). The majority of the disease related mutations are found in 

the glycine-rich region near the c-terminus. 
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Figure 1.2. The GAL4-UAS binary system 

 

The GAL4-UAS binary system allows transcription and expression of a gene of 

interest in the desired tissue or region in spatio-temporal manner. In flies 

expressing the GAL4 driver and the UAS sequence, the tissue specific promoter 

will drive the expression of the GAL4 protein. The GAL4 protein then binds to the 

UAS sequence and activates the expression of the desired gene downstream of 

the UAS sequence.  
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CHAPTER II: MATERIALS AND METHODS 

 

2.1 Fly Stocks and Genetics 

Drosophila is easily maintained under laboratory conditions in bottles and 

vials containing fly food media. The flies were given the standard Drosophila 

Jazzmix medium (Applied Scientific, Fisher Scientific, Pittsburgh, PA, USA) that 

contains cornmeal, yeast and sugar. For long term storage, the food was kept in 

4ºC temperature. All flies were maintained and most crosses were set at room 

temperature (22ºC) unless otherwise specified.  

 

Codon optimized TDP-43 flies 

The codon optimized TDP-43 gene was synthesized from DNA2.0. 

Drosophila kozak sequence was added upstream of the start codon for the TDP-

43 gene. These constructs were subcloned into the modified Drosophila 

pExpress upstream activation sequence (UAS) expression vector (pEx-UAS) and 

glass (pEx-gl) expression vectors (Exelixis, San Francisco, CA, USA). These 

vectors contain an Ampicillin resistance sequence, origin of replication, inverted 

repeat sequence and a mini w+ background, all upstream of the Hsp70 TATA box 

promoter. Downstream of the UAS or glass sequence, the multi-cloning site is 

present and the codon optimized TDP-43 constructs were subcloned into that 

region using the restriction endonucleases Not1 and Xba1 sites (Figure 2.1). The 

expression vectors containing the codon optimized TDP-43 were then 

microinjected into the flies to obtain transgenic flies (BestGene, Chino Hills, CA, 
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USA). We obtained multiple lines of the codon optimized flies. However, upon 

initial observations, only a subset of those were used in most of the experiments. 

 

We have made a stable line expressing the TDP-43 gene under the 

SevEP-GAL4 driver (expressed in R7 and R8 photoreceptor neurons) (Therrien 

et al., 1999). The SevEP-GAL4 driver was recombined with UAS TDP-43CO to 

obtain stable transgenic flies expressing w1118;SevEP-GAL4,UAS-TDP-

43CO/CyO;+. In addition, we used the GMR-GAL4 (eye specific) driver on the X-

chromosome to express a UAS containing gene in addition to codon optimized 

TDP-43 in the retina. GMR-GAL4 driver was placed in trans to the gl-TDP-43CO 

expressed on the second chromosome to generate GMR-GAL4;gl-TDP-

43CO/CyO transgenic flies.  

 

Genotypes 

Flies expressing human wild type TDP-43 using the UAS promoter (Lu et 

al., 2009) were obtained from Dr. Fen-Biao Gao (University of Massachusetts, 

Worcester, MA, USA). Eq-GAL4 (bristle driver) (Tang and Sun, 2002) was 

obtained from Hugo J. Bellen (Baylor College of Medicine, Houston, TX). The 

following stocks were obtained from Bloomington Stock Center (Bloomington, 

Indiana University, IN, USA): w1118;UAS-LacZ, w1118,GMR-myr-mRFP, 

y1,w1118;Sp/CyO;eGFP-ATG5, y1,w1118;UASp-GFP-mCherry-ATG8,GMR-

GAL4(X) (eye specific), w1118;SevEP-GAL4 (R7 and R8 in photoreceptor cells), 

y1,w1118;Rh1-GAL4/CyO (expressed in R1-R6 photoreceptor cells), 
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w1118,beadexMS1096-GAL4 (wing driver), w1118;Scabrous-GAL4 (sensory organ 

precursor and wing discs driver), y1,w*; CCAP-GAL4 (driver expressed in 

CCAP/bursicon neurons in ventral nerve cord and subesophageal ganglion in 

adult brain).  

 

2.2 Immunohistochemisty 

The immunohistochemistry experiments were performed in the adult retina 

and imaginal eye discs from third instar larvae. The dissections were done under 

a light microscope (Leica Microsystems, Buffalo Grove, IL, USA). Using fine 

forceps and tungsten needles (Fine Science Tools, Foster City, CA, USA), the 

third instar larval eye discs were dissected in 1X PBS solution. Following 

dissections, the imaginal eye discs were immediately transferred and fixed in 4% 

paraformaldehyde for 1 hour on ice. The tissue was blocked in 0.8% PBS+Triton-

X+BSA for 2 hours at room temperature (22ºC). Immediately after blocking, the 

tissue was incubated with primary antibody overnight at 4°C. The next day, the 

tissue was washed in 0.1% PBS+Triton-X 5 times in 10 minutes intervals. Next, 

the tissue was incubated in secondary antibody for 2 hours at room temperature 

(22ºC). The tissue was washed again in 0.1% PBS+Triton-X 5 times in 10 

minutes intervals. Finally, the tissue was mounted on glass slides with 

Vectashield (Vector Laboratories, Burlingame, CA, USA), covered with a 

coverslip and sealed with nail polish.  
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The adult eye was stained in a similar protocol with some modifications. 

The fly heads were decapitated and a cut was made along the edges of the adult 

retina with a blade. The retina was immediately transferred to 4% PFA on ice and 

kept for 1 hour. After approximately 45 minutes of incubation, the remnants of the 

medulla, the lamina, excess tissue surrounding the cornea were removed. 

Following incubation in fixative, in an additional step, the adult retina was washed 

in 0.5% PTX for 3 hours to reduce autofluorescence. The washes following 

antibody incubation were done in 0.5% PBS+Triton-X. To prevent damages to 

the tissue, the adult eye was mounted in a well created by two coverslips on the 

glass slide, covered with an additional coverslip and sealed with nail polish. The 

tissues were imaged the next day using a confocal microscope. The z-stack 

images were obtained at 0.5 µM difference and analyzed using LSM Image 

Browser and ImageJ software from NIH. Figure 2.2 illustrates the specific area of 

the tissue that was imaged.  

 

Tissues were stained with following antibodies: mouse monoclonal anti-

TDP-43 antibody (1:500, Abcam, Cambridge, MA, USA), rabbit polyclonal anti-

TDP-43 antibody (1:500, Proteintech, Chicago, IL,USA), rat monoclonal anti-Elav 

(1:20, DSHB, University of Iowa, Iowa City, IA, USA), mouse monoclonal anti-

GFP (1:400, Millipore, Billerica, MA, USA), Alexa Fluor 633-conjugated Phalloidin 

(1:30, Invitrogen, Grand Island, NY, USA), Alexa Fluor 488 conjugated chicken 

anti-rat (1:400, Invitrogen, Grand Island, NY, USA) Alexa Fluor 568 conjugated 
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goat anti-rabbit (1:400, Invitrogen, Grand Island, NY, USA) and Alexa Fluor 568 

conjugated goat anti-mouse (1:400, Invitrogen, Grand Island, NY, USA).  

 

2.3 Immunoblotting 

The protein samples were collected from fly eye expressing the human 

TDP-43 protein. Approximately 50 fly heads were harvested and homogenized 

on ice for 1 min in homogenization buffer (10mM Tris-HCl, 0.8 M NaCl, 1 mM 

EGTA, pH 8.0 and 10% sucrose) along with 1X PhosSTOP phosphatase and 1X 

cOmplete protease buffer (Roche Applied Science, Indianapolis, IN, USA).  The 

homogenized samples were then centrifuged at 4°C for 15 min at 18,000g. The 

supernatant was collected and the pellet was discarded. To prepare the sample, 

equal parts of the supernatant and Laemmle sample loading buffer including β-

mercaptoethanol (Bio-Rad, Hercules, CA, USA) was added for each sample. For 

higher molecular weight species detection, the fly head were homogenized in 1X 

PBS along with the same protease and phosphatase inhibitors. Also, non-

reducing sample loading buffer (Nupage sample buffer, Life Sciences, Grand 

Island, NY, USA) was added to the supernatant without β-mercaptoethanol. 

 

Following a brief pulse centrifugation, samples were loaded on 4-20% 

SDS-PAGE gels (Bio-Rad, Hercules, CA, USA) for electrophoresis in 1X Tris-

Glycine+SDS buffer. To determine the molecular weights, the Precision Plus 

Protein Dual Color Standards (Bio-Rad, Hercules, CA, USA) were used. The gel 

electrophoresis was run at a constant 90 V for approximately one and half hours. 
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Immediately after the gel electrophoresis, the gel containing the proteins was 

transferred to the supported nitrocellulose membrane (Bio-Rad, Hercules, CA, 

USA) for 3 hours on ice. For transfer, 1X Tris-Glycine+Methanol buffer was used 

and it was run at a constant 200 mA. The membrane was pre-soaked in the 1X 

Tris-Glycine+Methanol buffer along with the filter papers for better transfer of the 

proteins. Following transfer, the membranes were blocked in 5% milk for 1 hour 

at room temperature (22°C) and incubated with primary antibodies overnight at 

4°C. The next day, membranes were washed in 1X TBS+Tween 6 times in 5 

minutes intervals. Immediately after, the membranes were incubated with the 

secondary antibody for 2 hours at room temperature (22°C). Next, the 

membranes were washed again in 1X TBS+Tween 6 times in 5 minutes intervals. 

For chemiluminescence reaction, the membranes were exposed to ECL (GE 

Healthcare) for 5 minutes and developed immediately after.  

 

The following antibodies were used: mouse monoclonal anti-TDP-43 

antibody (1:1000, Abcam, Cambridge, MA, USA), mouse monoclonal anti-tubulin 

antibody (1:1000, DSHB, University of Iowa, Iowa City, IA, USA), rabbit 

monoclonal phospho-4E-BP1 (Thr37/46) antibody (1:1000, Cell Signaling, 

Boston, MA, USA), rabbit polyclonal phospho-p70-S6K (Dros Thr398) antibody 

(1:1000, Cell Signaling, Boston, MA, USA), rabbit polyclonal phospho-AKT (Dros 

Ser505)  antibody (1:1000, Cell Signaling, Boston, MA, USA), secondary anti-

mouse IgG-HRP (1:2000, GE Healthcare) and secondary anti-rabbit IgG-HRP 

(1:2000, GE Healthcare). 
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2.4 Lysotracker Staining 

LysoTracker staining was done using imaginal eye discs from the third 

instar larvae. To prepare, the LysoTracker Red DND-99 (Invitrogen) was diluted 

in 1X PBS solution to prepare a 100 nM solution. The larval eye discs were 

dissected in 1X PBS solution using a light microscope (Leica Microsystems, 

Buffalo Grove, IL, USA). No fixative was added to the eye discs. The tissues 

were stained with 100 nM LysoTracker solution for 2 minutes. This was followed 

by a quick 1 minute wash in 1X PBS. The tissues were mounted on a glass slide 

with a drop of 1X PBS solution. Vectashield was not added to the tissues. The 

coverslip was placed on top of it and sealed with nail polish. Only one eye disc 

was placed on each slide to prevent long incubation time. The tissues were 

visualized immediately using a confocal microscope. The z-stack images were 

obtained at 0.5 µM difference and analyzed using the LSM Image Browser and 

ImageJ software from NIH.  

 

2.5 Electroretinogram 

ERG was recorded in external retina of 1 day old flies following previously 

described methods (Fabian-Fine et al., 2003; Williamson et al., 2010). 

Approximately 15 female flies were collected post-eclosion and the experiment 

was performed the next day.  The flies were anesthetized in carbon dioxide and 

placed on their sides on a glass slide with a thin layer of Elmer’s non-toxic glue. 

The glue helps minimize the movements of the fly. The ERG recordings were 

collected immediately after from the exposed right eye. Both the reference and 
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recording electrodes were made of glass pipettes. The electrodes were filled with 

3M KCl.  The slightly broken reference electrode was placed in the thorax of the 

fly, while the recording electrode was placed on the cornea of the eye. Using a 

computer controlled white light-emitting diode system (MC1500; Schott), the light 

stimulus was provided to the exposed retina with the electrodes. The light 

stimulus was provided in 1 second pulses, with a 3 second resting period in 

between. The data were recorded using Clampex software (version 10.1; Axon 

Instruments) and measured and analyzed using Clampfit software (version 10.2; 

Axon Instruments). 

 

2.6 Optical Neutralization and Pseudopupil 

On a glass slide, a small drop of clear nail polish was placed to mount the 

fly head. Female fly heads were decapitated and immediately placed on the nail 

polish at approximately 45°angle, so that the fly heads were at an incline with the 

eye pointing upwards. Once the nail polish dried, a drop of immersion oil (Cargille 

Labs, Cedar Grove, NJ, USA) was placed on the eye. The immersion oil allowed 

the eye to be optically neutralized. The glass slide was placed under a 40X oil-

immersion objective. To observe the pseudopupil, light was passed from below 

using a condenser with a small aperture.  

 

2.7 Microscopy 

For general fly husbandry and dissection, a light microscope was used 

(Leica Microsystems, Buffalo Grove, IL, USA). For optical neutralization and 
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pseudopupil, a Nikon Eclipse 800 upright microscope (Nikon Instruments, 

Melville, NY, USA) was used. To obtain high resolution images of the adult eye, 

wing and bristle pictures, a Nikon AZ100M microscope equipped with a Nikon 

DS-Fi1 digital camera (Nikon Instruments, Melville, NY, USA) was used. Adult 

female flies were anesthetized using carbon dioxide and placed on their side on 

a glass slide containing clear nail polish. Only the left fly eye was imaged 

immediately after mounting. For the images of the bristles, the female flies were 

also mounted on a glass slide with clear nail polish, but on their abdomen. The 

left wing from adult females were cut with a fine scissor and placed on a glass 

slide without any adhesive. A series of high resolution images were taken as z-

stacks that covered the entire depth of the tissue using the Nikon NIS-Elements 

AR 3.0 software. Extended depth of focus (EDF) images were obtained using the 

tool also called EDF that combines all the images from different z-stack planes 

and creates a focused image. Once the EDF images were created, a tool for 

volumetric visualization allowed us to obtain volumetric images that can be 

viewed from different angles. Images represented are visualized from the anterior 

end of the adult eye.  

 

The adult flies were not prepared or dehydrated for the scanning electron 

microscope (SEM) images. The flies were simply anesthetized using carbon 

dioxide and placed on the special cylindrical mounts using clear nail polish. 

Similar to the colored images obtained, the flies were placed on their sides so 

that the left eye could be imaged. Since the flies were not prepared for long term 



25 

preservation, the eye typically collapsed within 15 minutes of mounting, losing its 

internal pressure and structural integrity. Therefore, only one fly was prepared at 

a time and imaged immediately after using the JSM-6510LV SEM (JEOL USA, 

Peabody, MA, USA).  

 

For confocal images, the samples were prepared as previously described 

in the 2.2 Immunohistochemistry section. The confocal images were taken with 

a Zeiss LSM 510 UV META laser scanning confocal microscope using 40X water 

and 63X oil-immersion high resolution objectives. These images were analyzed 

using the LSM Image Browser and NIH ImageJ software. 

 

2.8 Quantification and Statistical Analysis 

Quantification of LysoTracker staining was performed using the NIH 

Image J software. The z-stack projection images were corrected for background 

noise and converted to 8-bit images for color depth reduction. The images were 

then adjusted for detection threshold. Using the “analyze particles” tool for 

automated quantification, total number of particles were collected. The total 

particle count was then divided by the total area (calculated using the “measure” 

tool) to get the puncta count for each sample. Approximately 15 samples were 

used for each genotype. The histograms represent mean±SEM and were plotted 

using SigmaPlot (version 10.1) software. The statistical analysis was performed 

using paired Student’s t-test with two-tailed distribution of equal variance. 
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For the ERG quantification, the values of the on transient and 

depolarization were obtained using the Clampfit software. Approximately 15 

female flies were used for each genotype. The calculations were made using 

Microsoft Excel software and the histograms represent mean±SEM values that 

were plotted using SigmaPlot (version 10.1). Using the same software, statistical 

analysis was performed using one-way ANOVA with Bonferroni’s correction. 

 

The quantification of immunoblots probed with different antibodies was 

analyzed using the ImageJ software. Using the “gels” tool under analyze, the 

area under the curve was measured for each individual lane. The area for each 

band of specific antibody was divided by the area for the corresponding band of 

tubulin antibody that was used as a loading control. Therefore, each antibody 

intensity was compared to the loading control of each individual lane. The 

histograms represent the mean±SEM for each genotype. For these data, the 

statistical analysis was also performed using paired Student’s t-test with two-

tailed distribution of equal variance. 
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FIGURES  

Figure 2.1. pExpress UAS/glass vector 

 

The pExpress UAS and glass vectors were used to generate the codon 

optimized TDP-43 flies. The vectors are approximate 9000 bp in length. Along 

with the UAS or glass sequence, the vectors contain multiple regions of interest, 

including the ampicillin resistant sequence, origin of replication (Ori), inverted 

repeat sequence, mini w+ sequence and multi cloning sites. The TDP-43 gene 

was inserted into the multi cloning site using Not1 and Xba1 restriction enzymes. 
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Figure 2.2. Schematic of larval eye disc and adult eye 

 

(A) The third instar larval eye disc. The morphogenetic furrow develops along the 

dorsal-ventral invagination. Posterior to the morphogenetic furrow, the neuronal 

photoreceptor cells mature and project their axons to the larval laminal plexus. 

The area marked by the rectangle was used to image these photoreceptor 

neurons. (B) The adult retina is a convex shaped tissue that contains the cone 

cells, pigment cells, interommatidial bristle cells and photoreceptor neurons that 

project axons to the lamina. For immunostaining, the lamina and medulla, along 

with the cornea, were removed. Areas marked by the rectangles were used to 

image the rhabdomeres/photoreceptor neurons. 
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CHAPTER III: ROBUST PHENOTYPES OF THE CODON OPTIMIZED TDP-43 

DROSOPHILA MODEL 

 

3.1 Introduction 

Current Drosophila models for TDP-43 proteinopathies 

There are many Drosophila transgenic models for TDP-43 that have been 

used to study the role of TDP-43 in neurodegeneration. These models include 

loss of function, gain of function, deletions and RNAi transgenic models. The 

TDP-43 ortholog of the fly is known as TBPH, which is similar to human TDP-43 

in structure and function (Gendron and Petrucelli, 2011; Stallings et al., 2010; 

Tsai et al., 2010; Vaccaro et al., 2012; Wegorzewska et al., 2009). There are 

many Drosophila models of the fly TDP-43 as well. Among many advantages of 

studying transgenic fly models is tissue specific expression of the transgene. 

There have been many studies that looked into the mushroom bodies, motor 

neurons, neuromuscular junction, eye, muscle, glial and pan-neuronal expression 

of TDP-43 (Elden et al., 2010; Estes et al., 2011; Feiguin et al., 2009; Godena et 

al., 2011; Guo et al., 2011; Li et al., 2010; Lin et al., 2011; Lu et al., 2009; Miguel 

et al., 2011; Ritson et al., 2010). One of the earliest models to characterize TDP-

43 mediated affect was studied by Gao and colleagues that reported that TDP-43 

was essential to maintain the structural integrity of dendrites and a loss of 

function mechanism compromised the diseased neurons (Lu et al., 2009). 

Similarly, Baralle and colleagues also reported the loss of function mechanism 

for fly homologue of TDP-43 induced deficiency in locomotion and anatomical 
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defects of the neuromuscular junctions (Feiguin et al., 2009). To identify possible 

disease mechanism, loss of the normal function of TDP-43 has also been linked 

to a downregulation of histone deacetylase-6 (HDAC6), which is known to 

regulate chromatin structure, bind to ubiquitinated proteins and is required for the 

formation of stress granules (Fiesel et al., 2010). Wu and colleagues studied an 

overexpression model for human TDP-43 and found that increased expression of 

TDP-43 is neurotoxic and led to aberrant regulation of TDP-43 (Li et al., 2010). 

 

It has recently been shown that TDP-43 interacts with many different 

RNAs using CLIP-sequence methods. Some Drosophila models of TDP-43 have 

shown specific proteins that interact with TDP-43 and contribute to disease 

related mechanism. Gitler and colleagues showed that TDP-43 interacts with 

ataxin 2, a protein known to cause spinocerebellar ataxia type 2, and proposed a 

possible disease mechanism (Elden et al., 2010). Another TDP-43 interacting 

protein, ubiquilin 1, has been shown to increase the severity of TDP-43 mediated 

toxicity in a cell-autonomous mechanism (Hanson et al., 2010). Disease specific 

mutant TDP-43 has been shown to interact with valosin-containing protein (VCP), 

a ubiquitin segregase protein involved in neurodegeneration, and mediate a gain 

of function mechanism for toxicity (Ritson et al., 2010). Mutant Drosophila TDP-

43 has also been reported to regulate the expression of micro RNAs, specifically 

miR-9a, which proposes a novel role of TDP-43 in neuronal specification (Li et 

al., 2013). In the Drosophila neuromuscular junction, Feiguin and colleagues 

have shown that mutant TDP-43 interacts with Futsch/MAP1B RNA to regulate 
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its level and cause synaptic defects (Godena et al., 2011). In addition to these 

potential interactions, Panday and colleagues have shown TDP-43 to possibly 

interact with FUS/TLS, a protein also linked to ALS (Lanson et al., 2011). 

Separately, McCabe and colleagues reported that FUS and TDP-43 function 

together in vivo and the combined molecular pathways involving these proteins 

might be disrupted in ALS (Wang et al., 2011).  

 

Phosphorylation of TDP-43 has also been studied in Drosophila models of 

TDP-43 proteinopathies.  Tu and colleagues have suggested that 

hyperphosphorylation serves as a defense mechanism against TDP-43 

aggregation (Li et al., 2011). However, Jackson and colleagues have shown that 

disease specific mutant TDP-43 gets phosphorylated by casein kinase Iε, CKI, 

which leads to increased oligomerization and toxicity in vivo (Choksi et al., 2014) 

. Moreover, Perez and colleagues, identified CKI inhibitors to be a potential 

therapeutic drug (Salado et al., 2014).  

 

Drosophila model with codon optimized TDP-43 

We have generated multiple codon optimized human wild-type TDP-43 

transgenic flies to investigate TDP-43 mediated neurodegeneration. Typically, for 

protein translation, there is at least one codon (3-base pair sequence) that codes 

for a specific amino acid in a polypeptide chain generated from an mRNA 

transcript. For some amino acids, there are more than one codon that can code 

for that specific amino acid. Previously, it has been shown that efficiency of 
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mRNA transcription or translation depends on the cellular environment and 

altering the codon used to code for a particular amino acid can also affect the 

protein translational efficiency. In Drosophila, codon bias, where certain codons 

are “preferred” over others, can lead to an optimized expression of protein. To 

generate these codon optimized flies, certain coding regions have been altered in 

the human TARDBP gene for optimal Drosophila cellular environment. These 

codon optimized transgenic lines express TDP-43 protein that is identical in 

amino acid sequence to human TDP-43 protein, only the codons in the 

DNA/RNA are altered for optimization of the Drosophila transcriptional and 

translational machinery. 

 

The codon optimized transgenic lines utilize the yeast GAL4/UAS binary 

system, as well as glass promoter direct fusion construct specifically to study 

TDP-43 mediated effects in Drosophila retina (Figure 3.1 A-B). The human TDP-

43 gene is inserted in either the second or third chromosome of the fly. TDP-43 is 

expressed in a mini w+ background and can easily be maintained using genetic 

balancers for second and third chromosomes. We have generated multiple 

versions of both the glass direct fusion construct and the GAL4 driven UAS 

constructs. The codon optimization allows for a better expression of human TDP-

43 gene in a fly model. While all the currently available models allow TDP-43 to 

be studied in an in vivo system, many of these do not show robust phenotypes 

for wild type TDP-43. Currently, most proteins are known to interact with mutant 
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forms of TDP-43, limiting the understanding of TDP-43 pathology mediated by 

wild type TDP-43 in sporadic cases of ALS and FTLD. 

 

3.2 Results 

Codon optimized TDP-43 misexpression in the Drosophila eye causes 

robust phenotypes 

In order to study the effects of TDP-43 misexpression, initially we 

expressed TDP-43 in the Drosophila eye using 2 different eye-specific glass 

multimer reporter (GMR)-GAL4 drivers: GMR-GAL4 on the X-chromosome 

(Freeman, 1996) and GMR-GAL4 on the second chromosome (summarized in 

Table 3.1). The TDP-43 misexpression using the eye specific promoter utilizes 

only one copy of the TDP-43 gene. All 8 different lines generated with the UAS 

vector were tested at two different temperatures. We found that when using both 

of the drivers at lower temperature (18°C), some lines show lethality. However, 

some of the lines have some progeny that escape and they show a robust eye 

phenotype that consists of depigmentation, irregularities in interommatidial 

bristles, loss of volume leading to flattened surface and necrotic patches or 

hypermelanization that worsens with age (Figure 3.2). At a higher temperature 

(25°C), most of the lines show lethality upon TDP-43 misexpression (Table 3.1). 

Despite only having one copy of the gene expressed, the expression of the TDP-

43 protein leads to lethality in flies. To bypass such strong expression of the 

protein, we generated direct fusion constructs (with eye-specific glass promoter) 

that bypass the GAL4-UAS system, as well as used milder GAL4 drivers to 
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induce lesser expression of TDP-43. All of these lines utilize only one copy of 

TDP-43 gene to drive the expression and are viable.  

 

Unlike the previously characterized human wild-type transgenic flies that 

we and others have studied, these misexpressed codon optimized TDP-43 

transgenic flies show a robust eye phenotype. At 10 days post-eclosion, TDP-43 

expressed using the glass direct promoter fusion constructs causes 

depigmentation, mild roughness, disruption of polarity and loss of interommatidial 

bristles (Figure 3.3 D and H). The codon optimized TDP-43 misexpressed using 

a different eye promoter that is milder and only expresses in a subset of 

photoreceptor neurons (R3, R4 and R7) and in cone cells, Sevenless EP-GAL4 

(SevEP-GAL4), shows a similar, but milder phenotype of the eye (Figure 3.3 C 

and G). The previously reported human TDP-43 transgenic flies, expressed in 

the fly eye using the GMR-GAL4 driver (Figure 3.3 B and F) did not show a 

robust eye phenotype and appear to be similar to the wild-type Canton S flies 

(Figure 3.3 A and E). As mentioned before, the codon optimized TDP-43 

expressed with GMR-GAL4 driver shows lethality (Figure 3.2).  

 

The phenotype observed with heterozygous gl-TDP-43 codon optimized 

flies is age dependent. At 1 day post-eclosion, the phenotype seems milder 

(Figure 3.3 J), but it worsens by day 10 (Figure 3.3 D and H). Unlike the 

heterozygous expression of TDP-43, the homozygous codon optimized gl-TDP-

43 flies are lethal with few escapers that die within 3 to 4 days post-eclosion. At 1 
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day post-eclosion, the homozygous flies show a very strong phenotype with 

apparent necrotic patches or hypermelanization that worsen with age (Figure 3.3 

K). Both hetero- and homozygous codon optimized TDP-43 flies appear to have 

lesser eye volume than wild-type Canton S flies (Figure 3.3 L-N). These 

observed phenotypes indicate that codon optimized wild-type TDP-43 transgenic 

flies have a more robust phenotype when expressed in the eye compared to 

human wild-type TDP-43 transgenic flies. 

 

Codon optimized TDP-43 misexpression in wings causes inflation defects 

and loss of bristles in Drosophila notum 

To further characterize the codon optimized TDP-43 mediated effect, we 

used several wing and bristle drivers to overexpress TDP-43. The codon 

optimized TDP-43 misexpressed using the wing specific driver beadexMS1096-

GAL4 (bxMS1096-GAL4) leads to pharate adults (unable to eclose from the pupal 

case) with smaller, necrotic wings (Figure 3.4 C). Unlike the codon optimized 

TDP-43 transgenic lines, the human wild-type TDP-43 misexpressed using 

bxMS1096-GAL4 leads to viable adults, but with crumpled wings (Figure 3.4 B). 

The scabrous-GAL4 (sca-GAL4) driver is expressed in sensory organ precursors 

and in wing disc through late larval and pupal stages. Previously, we have used 

this driver to misexpress fly DVAP33, a gene linked to ALS8, that showed a loss 

of notal macrochaetae (Ratnaparkhi et al., 2008). Unlike the previous model, 

both human wild-type TDP-43 and codon optimized TDP-43 misexpression had 

no effect on macrochaetae, but the codon optimized wild-type TDP-43 produced 
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pharate adults with necrotic wings that are unable to expand (Figure 3.4 F). 

Vanden Broeck et al. previously showed that both up and downregulation of the 

fly dTDP-43 cause selective apoptosis in the crustacean cardioactive peptide 

(CCAP)/bursicon neurons (Vanden Broeck et al., 2013). Loss of CCAP/bursicon 

neurons have been shown to cause pupal lethality with escapers that show wing 

expansion defect phenotypes (Park et al., 2003). Upon expression of wild-type 

TDP-43 in the CCAP/bursicon neurons using CCAP-GAL4, we observed a 

similar wing expansion defect in 1 day post-eclosion adults (Figure 3.3 H). 

Misexpression of codon-optimized TDP-43 in CCAP/bursicon neurons showed 

smaller, necrotic and swollen wings compared to control flies (Figure 3.4 I). 

Since we failed to see an effect of TDP-43 on macrochaetae using sca-GAL4, we 

used another bristle specific driver equate-GAL4 (eq-GAL4) to misexpress 

human and codon optimized wild-type TDP-43 in the Drosophila notum. Both 

control and human wild-type TDP-43 flies show normal macrochaetae formation 

(Figure 3.4 J and K). However, codon optimized TDP-43 shows a dramatic loss 

in notal macrochaetae (Figure 3.4 L, white arrows). Moreover, the bristles 

present exhibit the singed phenotype that is marked by the thinning and curling of 

the bristles towards the tip (Figure 3.4 L, black arrows). These results suggest 

that misexpression of codon optimized wild-type TDP-43 transgenic fly causes 

smaller wings with abnormal morphology and bristle irregularities in the 

Drosophila notum. 

 



37 

Misexpression of codon optimized TDP-43 mimic cellular and molecular 

phenotypes seen in pathological disease state 

Since we observed a more robust phenotype with the codon optimized 

wild-type TDP-43, we wanted to investigate the protein levels in these flies. Using 

the various glass direct promoter fusion lines and the SevEP-GAL4 driver, we 

overexpressed TDP-43 in the fly eye and evaluated total protein level by 

immunoblotting. Compared to the GMR-GAL4 driven human TDP-43 transgenic 

flies, the codon optimized flies express more monomeric total TDP-43 protein in 

multiple gl-TDP-43 lines (Figure 3.5 A, lane 5, 6 and 7). Of these, the gl-TDP-

43CO3 was previously used to demonstrate the robust eye phenotype and it is 

also the line that was used in the subsequent experiments. Unlike the gl-TDP43 

lines, the SevEP-GAL4 driven codon optimized line did not show an increase in 

total TDP-43 expression, which is expected since it is only expressed in a subset 

of photoreceptor neurons (Figure 3.5 A, lane 8). We used the gl-TDP-43CO3 line 

and the stable recombinant Sev-EP-GAL4, UAS-TDP-43CO line to further 

investigate the expression of higher molecular weight species of TDP-43. We 

were able to detect higher molecular weight species of TDP-43 in SDS-PAGE 

under non-denaturing conditions in the codon-optimized lines, specifically gl-

TDP-43CO3. Along with the detection of higher molecular weight species, which is 

absent in human TDP-43 flies, we also observed the 35 kD and 15 kD  truncated 

fragments in the codon optimized flies that are claimed to be the toxic component 

of the TDP-43 aggregates (Figure 3.5 B). 
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We wanted to further investigate the localization of the protein in the 

neuronal cells. In third instar larvae imaginal eye disc, we co-stained with TDP-43 

and a neuronal nuclear marker Elav and observed both nuclear and cytoplasmic 

expression of TDP-43 in all the lines. However, the codon optimized flies show 

presence of more protein and the gl-TDP-43CO3 flies show a more robust 

mislocalization of TDP-43 in the cytoplasm along with cytoplasmic aggregates 

(Figure 3.6 C, white arrows). The mislocalization of TDP-43 to the cytoplasm is 

easier to visualize in the posterior view of the eye disc, which was analyzed using 

methods previously described (Figure 3.6 E-H). Our observations led us to 

determine that TDP-43 has the propensity to form toxic protein aggregates when 

too much protein is present via a gain of function mechanism. 

 

3.3 Conclusions 

In order to better understand the pathogenic mechanism, many animal 

models have been generated in both vertebrate and invertebrate models of TDP-

43. These animal models include deletions, RNAi mediated suppression, loss of 

function and gain of function models. Although the majority of the cases of ALS 

and FTLD-U are sporadic and involve non-mutant, wild-type TDP-43 mediated 

neurodegeneration, many of these models study the dominant disease specific 

mutants. The predominance of sporadic cases in these diseases therefore 

makes it important to better understand the mechanism of wild-type TDP-43 

related pathogenesis that is independent of any dominant mutations. There have 

been some reports, both in sporadic and familial cases of FTLD-U, that there is 
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an increased expression of TDP-43 in patient brains. There is a possibility that 

TDP-43 has a dose-dependent effect on its propensity to form toxic aggregates. 

We utilized Drosophila melanogaster as an animal model to create a codon 

optimized wild-type TDP-43 transgenic line that expresses an increased level of 

TDP-43 as it is optimized to have a better expression in the invertebrate model. 

Compared to previously characterized human wild-type TDP-43 transgenic lines, 

these codon optimized TDP-43 lines form toxic cytoplasmic aggregates that 

gives rise to very robust phenotype when expressed in the Drosophila retina, 

wing, and bristle. The codon optimized wild-type TDP-43 model mimics the 

disease pathology and is an ideal tool to investigate the mechanism of 

pathogenesis irrespective of the dominant mutants that are associated with 

familial cases. 
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FIGURES 

Figure 3.1. Schematic of codon optimized TDP-43 constructs  

The codon-optimized TDP-43 constructs are used to create the transgenic codon 

optimized TDP-43 lines. The two types of lines generated use: (A) eye-specific 

glass direct fusion promoter vector and (B) UAS vector that requires a tissue 

specific GAL4 driver for TDP-43 expression. 
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Figure 3.2. Misexpression of codon optimized TDP-43 using GMR-GAL4 

driver induces robust phenotype in the external eye 

 

All flies are grown at 18°C and images were taken 1 day post eclosion. (A) 

Control wild type eye. (B) Control promoter-only eye. (C - F) Escapers from 4 

different lines of heterozygous codon optimized TDP-43 misexpression using 

eye-specific promoter (C and D: GMR-GAL4 on the X-chromosome and E and F: 
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GMR-GAL4 on the second chromosome). Upon TDP-43 misexpression, the eyes 

show severe depigmentation, irregularities in bristles, and necrotic patches or 

hypermelanization. Scale bar 50 µM. 
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Figure 3.3. Misexpression of codon optimized TDP-43 induces 

depigmentation and irregularities in bristles as compared to 

existing human wild-type TDP-43 lines 

  

Transgenic flies stably express human wild-type TDP-43 and human codon 

optimized TDP-43 using eye promoters. All stocks were kept and maintained at 

room temperature (22°C). (A-D) Photomicrograph and (E-H) scanning electron 
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microscopy (SEM) images of the adult retina at 10 days post-eclosion (Scale bar 

50 µM). (A and E) Control wild-type Canton S fly. Compared to existing human 

wild-type TDP-43 transgenic flies (B and F), the codon optimized wild-type TDP-

43 flies exhibit a robust eye phenotype including depigmentation, disruption in 

the planar polarity and loss of bristles using both glass direct fusion promoter (D 

and H) and the milder GAL4 driver (SevEP-GAL4, a selective R3, R4 and R7 

photoreceptor neuron driver) (C and G). The robust phenotype mediated by 

codon optimized TDP-43 is both age and dose dependent (I-N). At 1 day post-

eclosion, codon optimized TDP-43 (J) shows less depigmentation compared to 

10 days post-eclosion (D). At 1 day post-eclosion, the homozygous codon 

optimized TDP-43 expression (K) shows a dramatically more robust phenotype 

with some necrosis compared to heterozygous codon optimized TDP-43 (J). In 

addition, compared to wild-type Canton S flies (I and L), both hetero- and 

homozygous codon optimized TDP-43 show decreased eye volume (M and N 

respectively). Scale bar 100 nM.  

 

Genotypes: (A and E) Canton S, (B and F) w1118/+;GMR-GAL4/+;UAS-hTDP-

43WT/+, (C and G) w1118/+;SevEP-GAL4,UAS-TDP-43CO/+;+, (D and H) 

w1118/+;gl-TDP-43CO3/+;+, (I and L) Canton S, (J and M) w1118/+;gl-TDP-

43CO3/+;+, (K and N) w1118;gl-TDP-43CO3;+. 
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Figure 3.4. Misexpression of codon optimized TDP-43 leads to wing 

expansion defects and swelling, as well as singed and loss of 

bristles in the Drosophila notum 

 

Misexpression of both codon optimized and non-codon optimized human TDP-43 

in wings and bristles of transgenic flies. All crosses set and flies maintained at 

room temperature (22°C).  (A-C) Codon optimized TDP-43 expressed in the 

wings using wing specific driver bxMS1096-GAL4 leads to pharate adults with 

smaller, swollen and necrotic wing (C), as compared to healthy, viable adults 

expressing non-codon optimized human wild-type TDP-43 with crumpled wings 
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(B) and normal wings with driver alone (A). (D-F) Using sensory neuron specific 

sca-GAL4 driver to drive the expression, non-codon optimized human wild-type 

TDP-43 flies (E) have normal wings, similar to driver alone (D), but codon 

optimized TDP-43 causes pharate adults with smaller, necrotic wings with 

expansion defect (F). (G-I) CCAP-GAL4, expressed in CCAP/ bursicon neurons 

in ventral nerve cord and subesophageal ganglion in the adult brain, driven 

expression of codon-optimized TDP-43 (I) as well as non-codon optimized 

human wild-type TDP-43 (H) also exhibits similar wing expansion defect 

phenotype, compared to driver alone (G). (J-L) A bristle specific driver, eq-GAL4, 

causes a dramatic loss of bristles (white arrows) and singed bristles (black 

arrows) with codon optimized TDP-43 flies (L), while non-codon optimized 

human wild-type TDP-43 (K) and driver alone (J) develop normal bristles.  

 

Genotypes: (A) w1118,bxMS1096-GAL4/+;+;+, (B) w1118,bxMS1096-GAL4/+;+;UAS-

hTDP-43WT/+, (C) w1118,bxMS1096-GAL4/+;+;UAS-TDP-43CO/+, (D) w1118/+;sca-

GAL4/+;+, (E) w1118/+;sca-GAL4/+;UAS-hTDP-43WT/+, (F) w1118/+;sca-

GAL4/+;UAS-TDP-43CO/+, (G) y1,w*/+;CCAP-GAL4/+;+, (H) y1,w*/+;CCAP-

GAL4/+;UAS-hTDP-43WT/+, (I) y1,w*/+;CCAP-GAL4/+;UAS-TDP-43CO/+, (J) 

w1118/+; eq-GAL4/+;+;+, (K) w1118/+; eq-GAL4/+;+;UAS-hTDP-43WT/+, (L) w1118/+; 

eq-GAL4/+;+; UAS-TDP-43CO/+. 
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Figure 3.5. Codon-optimized TDP-43 transgenic fly expresses higher 

levels of protein 

 

(A) Western blot analysis comparing the total TDP-43 levels in human wild-type 

TDP-43 (lane 2) to the different codon-optimized TDP-43 lines generated (lane 3-

8) and wild-type Canton S flies (lane 1). All transgenic flies are expressing only 

one copy of the TDP-43 gene. Among the different codon-optimized TDP-43 

lines, gl-TDP-43CO3, gl-TDP-43CO4 and gl-TDP-43CO5 (lane 5, 6 and 7 

respectively) have the highest expression, an almost 2-fold increase compared to 

non-codon optimized human wild-type TDP-43 (lane 2). Codon optimized TDP-

43 expression driven with a milder driver, SevEP-GAL4, does not show 

increased expression of the total protein (lane 8). β-tubulin is presented as a 

loading control. (B) Codon optimized TDP-43 (gl-TDP-43CO3, lane 3) exhibits 

higher molecular weight species of TDP-43, as well as the known 35 kD and 15 

kD truncated fragments, compared to human wild-type TDP-43 (lane 2) or the 
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milder expression (SevEP-GAL4 driven) of codon optimized TDP-43 (lane 4). 

Lane 1 is wild-type Canton S control. β-tubulin is presented as a loading control.  

 

Genotypes: (A) w1118;+;+, w1118;GMR-GAL4/+;UAS-hTDP-43WT/+, w1118;gl-TDP-

43CO1/+;+, w1118;+;gl-TDP-43CO2/+, w1118;gl-TDP-43CO3/+;+, w1118;gl-TDP-

43CO4/+;+, w1118;gl-TDP-43CO5/+;+, w1118;SevEP-GAL4,UAS-TDP-43CO/+;+ (lane 

1-8, respectively). (B) w1118;+;+, w1118;GMR-GAL4/+;UAS-hTDP-43WT/+, w1118;gl-

TDP-43CO3/+;+, w1118;SevEP-GAL4,UAS-TDP-43CO/+;+ (lane 1-4, respectively). 
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Figure 3.6. Codon-optimized TDP-43 transgenic flies show robust 

mislocalization of TDP-43 to the cytoplasm and form 

aggregates in larval eye discs 

 

(A) is a schematic of the third instar larval eye imaginal disc (from the apical 

view); area in the rectangle is the area imaged. (B-E) Confocal images of the eye 

discs stained with neuronal nuclear marker Elav (green) and TDP-43 (red). There 

is a greater expression of both nuclear and cytoplasmic TDP-43 in codon 

optimized lines (D and E) as compared to human wild-type TDP-43 (C). The 

codon optimized flies exhibit a more robust mislocalization and aggregation of 

cytoplasmic TDP-43; white arrows in (D). (B) is wild-type Canton S as control 

(scale bar 10 µM). (F) is a schematic of the eye disc from the posterior view to 

better visualize the nuclear and cytoplasmic localization. (G-J) represents the 

posterior view of the eye discs to show nuclear and cytoplasmic TDP-43 

expression. The area marked with green fluorescence is the nuclear region (Elav 

staining) and the surrounding area is cytoplasmic as illustrated by the schematic. 
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The codon optimized flies (I and J) show increased mislocalization of TDP-43 to 

the cytoplasm (Scale bar 5 µM).  

 

Genotypes: (A and E) Canton S, (B and F) w1118;GMR-GAL4/+;UAS-hTDP-

43WT/+, (C and G) w1118;gl-TDP-43CO3/+;+, (D and H) w1118;SevEP-GAL4,UAS-

TDP-43CO/+;+. 
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Table 3.1. Summary of TDP-43 misexpression in the fly eye 

 

 

Eight different lines of the codon optimized TDP-43 transgenic flies were 

generated using the UAS vector that allows for tissue specific expression. All the 

different UAS-TDP-43CO lines generated were crossed to two different GMR-

GAL4 lines. All of these transgenic flies only express one copy of the TDP-43 

gene. The flies were maintained at two different temperature (18°C and 25°C). At 

a higher temperature, lethality was observed upon TDP-43 expression for most 

lines. At a lower temperature, lethality was observed only in a few lines. Some of 

the lines maintained at lower temperature produced escapers and stable progeny 

that all show robust eye phenotype. 
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CHAPTER IV: MISEXPRESSION OF TDP-43 AND AUTOPHAGY 

 

4.1 Introduction 

Autophagy in neurodegeneration 

One of the hallmarks of neurodegenerative diseases is the presence of 

misfolded protein aggregates. These aggregates trigger cellular stress and cells 

have an innate mechanism to clear such toxic aggregates. Autophagy is a 

cellular process by which cytosolic components, including protein aggregates, 

are engulfed into a multimembrane vesicle and fused with the 

endosomal/lysosomal compartments to be degraded (Kundu and Thompson, 

2008; Lamark and Johansen, 2012; Mizushima, 2007). Autophagy was first 

described by Ashford and Porter in rat liver cells when these cells were treated 

with glucagon (Ashford and Porter, 1962). There are many known functions of 

autophagy in eukaryotic cells in addition to clearing toxic aggregates. Autophagy 

plays a role in embryonic development and in post-development cellular 

differentiation (Mizushima and Levine, 2010). In mature cells, autophagy is vital 

for maintenance of cellular homeostasis and quality control (Kundu and 

Thompson, 2008; Mizushima, 2007). In Drosophila, autophagy takes place in 

larval fat bodies and salivary glands. Additionally, the ubiquitin proteosomal 

system (UPS) provides another cellular mechanism for misfolded protein 

degradation.  A disruption in the autophagy process or the proteosomal system 

can lead to cellular imbalance and has been linked to many neurodegenerative 

diseases, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s 
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disease and ALS (Lamark and Johansen, 2012; Pandey et al., 2007; Wong and 

Cuervo, 2010). In patients with Alzheimer’s disease, autophagic vacuoles, 

including autophagosomes, multivesicular bodies (MVB) and lysosomes, 

accumulate (Filimonenko et al., 2007). In addition, many animal models of 

neurodegeneration also show autophagic dysfunction. In mice models with 

presenilin mutation, a protein involved in Alzheimer’s disease pathology, as well 

as Parkinson’s disease models, it has been shown that dysfunction of the 

lysosomal proteasome system and accumulation of autophagic vacuoles 

contributes to the pathology (Lee et al., 2010). These phenotypes are also 

observed in ALS mice models of SOD1 (Morimoto et al., 2007). It has been well 

established that autophagic dysfunction is a major player involved in toxic protein 

mediated neurodegeneration (Wong and Cuervo, 2010). 

 

Autophagy signaling and machinery 

There are three types of autophagy: chaperone-mediated autophagy, 

microautophagy, and macroautophagy (Mizushima, 2007). Chaperone-mediated 

autophagy, mostly seen in higher eukaryotes, requires the cytosolic protein to 

bind to cytosolic chaperones and integrate with the lysosome through lysosomal-

associated membrane protein (LAMP-2) (Kundu and Thompson, 2008). In 

microautophagy, lysosomal membranes engulf cytosolic components and form 

new smaller vesicles within the acidic lumen to carry out the degradation process 

(Lamark and Johansen, 2012; Mizushima, 2007). The most predominant form of 

autophagy is macroautophagy, which requires a newly synthesized double 
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membrane to form a vesicle known as autophagosome. Autophagosomes then 

fuse with lysosomes or with late endosomes to form autolysosomes or 

amphisomes, respectively (Kundu and Thompson, 2008). Autophagy requires 

three major steps: induction of autophagy, formation of the autophagosome and 

degradation. In the induction step, the isolation membrane is formed and involves 

key autophagic genes that translate autophagy-related proteins (Atg) such as 

Atg8 (LC3) and Atg5. The next step is for the membrane to engulf the cytosolic 

components that are going to be degraded and form a double membrane, giving 

rise to the autophagosome, where Atg5 is still present. The last step is for the 

autophagosome to fuse with acidic lysosomes to form the autolysosome, which is 

recognized by the presence of Atg8 (Kundu and Thompson, 2008; Lamark and 

Johansen, 2012; Mizushima, 2007; Ravikumar et al., 2010; Scott et al., 2007; 

Yang and Klionsky, 2010).  

 

Autophagy is typically inhibited by target of rapamycin when ample 

nutrients are present. Target of rapamycin (TOR), a serine/threonine kinase 

involved in cell growth, cell proliferation, cell survival and protein synthesis, is 

known to inhibit Atg1, a kinase involved in autophagosome formation earlier in 

the process (Neufeld, 2010; Scott et al., 2007). The involvement of autophagic 

dysfunction in neurodegeneration has recently been a major focus for 

understanding disease mechanisms. Under nutrient depletion, starving 

conditions, TOR no longer inhibits Atg1 and autophagy mediated clearance can 

take place. In addition to bulk degradation of the cytosolic components by 
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autophagy, a more selective form of autophagy is also present that can occur in 

mitochondria, also known as mitophagy, and peroxisomes (Nair and Klionsky, 

2005). Selective autophagy requires adapter molecules, such as 

p62/sequestosome 1 (SQSTM1) (Pankiv et al., 2007) or ALFY (Filimonenko et 

al., 2010). The fly homologue of ALFY is known as blue cheese and is known to 

be involved in a more selective autophagy rather than starvation induced 

autophagy (Finley et al., 2003). 

 

Autophagy in TDP-43 proteinopathies 

As mentioned before, autophagy has been suggested to be involved in 

many neurodegenerative diseases, including ALS (Wong and Cuervo, 2010). In 

patients with sporadic ALS, accumulation of autophagosomes was observed in 

the spinal cord (Sasaki, 2011). Since the initial observation in these patients, 

many have looked into the role of autophagy in animal models. The 

neurodegenerative pathology involving autophagic dysfunction is well 

documented. Full length and c-terminal fragments of TDP-43 have also been 

shown to induce mitochondrial specific autophagy or mitophagy (Temiz et al., 

2009). Oddo and colleagues reported that the toxic c-terminal TDP-43 fragment 

accumulation increases when autophagy is inhibited and the inhibition of mTOR 

by rapamycin rescues the phenotype (Caccamo et al., 2009). Rapamycin has 

also been shown to slow down motor dysfunction and rescue learning and 

memory impairment in a mouse model of TDP-43 (Wang et al., 2012).  
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Additionally, others have shown that autophagy inhibition by 3-

methyladenine blocked degradation of wild type and mutant TDP-43 mutually by 

the ubiquitin proteosomal system (UPS) and autophagic degradation 

mechanisms (Wang et al., 2010). Hu and colleagues were one of the first groups 

to report that TDP-43 aggregates colocalize with autophagic markers and is 

downregulated when p62/SQSTM1 is overexpressed (Brady et al., 2011). Since 

then, there have been reports that link TDP-43 downregulation along with loss of 

Atg7, leads to an impairment of autophagy and accumulation of p62, suggesting 

that TDP-43 plays a role in the regulation of autophagy (Tashiro et al., 2012). 

Recently, Shaw and colleagues reported that soluble TDP-43 is degraded by 

UPS, while larger aggregates require autophagy for clearance (Scotter et al., 

2014). The role of autophagy in TDP-43 mediated neurodegeneration is still 

unclear. Further investigations on how the autophagy mechanism regulates 

these large aggregates and the role TDP-43 plays in activating autophagy are 

needed. 

 

4.2 Results 

Morphological and functional disruption of the photoreceptor neurons 

upon TDP-43 misexpression 

In other Drosophila models of neurodegenerative disease that study the 

retina, such as Huntington’s disease, it has been found that expressing toxic 

proteins in the eye causes an alteration in the photoreceptor neurons (Jackson et 

al., 1998). As mentioned before, the robust external eye phenotype led us to 
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hypothesize that the internal structures of the eye might also be affected by TDP-

43 misexpression. Therefore, the next logical step was to look at the internal 

morphology of the photoreceptor cells. One of the advantages of using a 

Drosophila model is that there are many easy techniques available that allow one 

to look at the inner structures of the eye. With a light microscope we can 

visualize the photoreceptor cells using a technique called optical neutralization. 

This technique allows the cornea of the eye to be neutralized using immersion 

oil, which has the same refractive index as the cornea. The neutralization permits 

easy visualization of the inner structures of the rhabdomere. Upon codon 

optimized TDP-43 misexpression in the eye, the photoreceptor cells exhibit an 

altered morphology, where they appear to be more flat compared to wild type 

controls (Figure 4.1 C, yellow arrows). This means that TDP-43 misexpression 

is affecting the photoreceptor neurons in the eye.  

 

To investigate further, we utilized the glass direct fusion line and observed 

the degenerative phenotype in as early as 1 day post-eclosion flies expressing 

codon optimized TDP-43. Adult eyes were stained with fluorescent phalloidin, 

which stains the F-actin in cells and TDP-43 antibody. The gl-TDP-43CO3 flies 

exhibit an altered morphology of the photoreceptor neurons, which appear to be 

flattened and have a disruption in rhabdomere separation (Figure 4.1 I, white 

arrows) when visualized in tangential view of the adult retina. TDP-43 did not co-

localize with the rhabdomere structures, but seems to be expressed in eye. To 

further characterize this phenotype, we also looked at the longitudinal view of the 
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adult retina. Most notably, the retina thickness is lessened and the rhabdomere 

length is shorter in gl-TDP-43CO3 flies. Along with Phalloidin, the retina was also 

stained with Elav, a neuronal nuclear marker, and TDP-43 antibody. Similar to 

what was observed in the larval eye imaginal discs (refer to chapter III), the 

localization of TDP-43 is observed in the nucleus and cytoplasm of these 

photoreceptor cells. Upon codon-optimized TDP-43 misexpression, there is a 

disruption in the normal length and morphology of these photoreceptor neurons 

as well as the presence of large vacuolar structures (Figure 4.2 F-I, white arrow 

heads).  

 

These morphological disruptions led us to look further into the 

physiological effect of these photoreceptor neurons due to TDP-43 

misexpression. Using extracellular electroretinogram (ERG) recordings that 

measure the response of photoreceptors to a light stimulus, we looked at the 

effects of TDP-43 misexpression, compared to both wild-type Canton S and 

GMR overexpressing RFP controls (Figure 4.2 J-L). At 1 day post-eclosion, the 

gl-TDP-43CO3 flies show a reduction in both the amplitude of ERG on transient 

(n=15 and p<0.01 compared to Canton S and p<0.01 compared to GMR-RFP) 

and depolarization (n=15 and p<0.01 compared to Canton S and p<0.01 

compared to GMR-RFP) compared to controls (Figure 4.2 M and N). Taken 

together, these results suggest that codon optimized wild-type TDP-43 

misexpression causes structural and functional degenerative phenotypes in the 

adult retina.  
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TDP-43 misexpression induced vacuoles are similar to autophagic 

intermediates 

The presence of large vacuolar structures in the adult retina was a 

distinctive feature of the misexpression of codon optimized TDP-43. Recently, 

autophagy has been implicated to be involved in many neurodegenerative 

diseases, including ALS. We wanted to see if these vacuoles could possibly be a 

representation of autophagic intermediates. We used a live imaging technique in 

larval eye discs using LysoTracker, a detector of lysosomes or other acidic 

organelles that are indicative of induction of autophagy. Upon TDP-43 

misexpression, we detected more acidic punctae compared to control and these 

acidic vacuoles are more elongated and larger in size compared to control 

(Figure 4.3 C, white arrows and 4.3 D).  

 

One of the characteristics of neurodegenerative disease is the 

accumulation of misfolded protein aggregates and autophagy is one of the 

cellular process that degrades these unwanted protein aggregates. Jackson and 

colleagues reported tau induced autophagy and found accumulation of larger 

autophagic intermediates termed giant autophagic bodies (GAB). GABs are 

typically larger and less acidic then most intermediates or autophagosomes 

(Bakhoum et al., 2014). Similar to the previous observations with tau 

misexpression, TDP-43 misexpression also leads to the presence of vacuoles 

that are indicative of autophagic intermediates. Whether or not these vacuoles 

are similar to GABs remains to be determined. As previously observed, we 
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wished to characterize the large vacuoles that we observed in the adult retina. 

Using a GMR-GAL4 driver in trans to the gl-TDP-43CO3 line, we coexpressed 

codon optimized TDP-43 and a key autophagy protein, Atg5, that is responsible 

for the formation of the autophagosomes. We found that these large vacuoles in 

the adult retina were positive for Atg5 and it co-localized with TDP-43 (Figure 4.4 

B-E).  

 

Mature autolysosomes are known to be acidified and we wanted to 

determine the relative acidity of the lysosomes that we had observed in the 

imaginal eye disc. We used a genetic marker, Atg8-mCherry-GFP, which is a 

tandem reporter. Expression of this gene allows the detection of Atg8, a 

autophagic protein that is localized in autophagic intermediates, using the 

mCherry signal. In addition, a pH sensitive GFP is tagged to the Atg8 gene. This 

pH sensitive GFP only emits signal at a neutral pH. Upon coexpression of gl-

TDP-43CO3 with this genetic marker, we found that of all the punctate positive for 

Atg8 mCherry, only a subset of the relative smaller punctae were also stained 

with GFP, indicating non-acidic compartments (Figure 4.4 G-I, arrow heads). 

Majority of the punctae, which were larger in size, were only fluorescent for Atg8 

mCherry (Figure 4.4 G-I, white arrows), indicating more acidic mature 

autolysosomes. From these observations, we concluded that misexpression of 

codon optimized TDP-43 leads to increased acidic lysosomal vacuoles positive 

for autophagy markers. 
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TDP-43 misexpression changes the levels of proteins involved in mTOR 

signaling 

Autophagy is known to be regulated by the mTOR signaling pathway. The 

large vacuolar structures that were positive for autophagy markers noticed in 

TDP-43 misexpressed flies seem similar to autophagic intermediates. To further 

conclude whether autophagy plays a role in TDP-43 mediated degeneration or 

not, we examined the levels of key proteins known to be involved in the mTOR 

signaling pathway. Using Western blot analysis, the levels of phosphorylated 

p70S6K, phosphorylated 4E-BP and phosphorylated AKT proteins were 

identified. Both phospho-p70S6K and phospho-4E-BP levels increased when 

TDP-43 is misexpressed (Figure 4.5 A and B). Both of these phosphorylated 

proteins are involved in the mTOR signaling pathway that controls an autophagic 

balance within the cell. Upon quantification of these blots (n=4), we found that the 

increase in phospho-p70S6K was not statistically significant (p>0.05, Figure 4.5 

D), but the increased level of phospho-4E-BP was statistically significant (p≤0.02, 

Figure 4.5 E). The increased level of phosphorylated p70S6K at specific Thr 398 

site and phosphorylation of 4E-BP at Thr 37/46 sites are both indicative of pro-

growth regulation and inhibition of the induction of autophagy through the 

mTORC1 pathway. However, the role of p70S6K has previously been shown to 

induce autophagy in Drosophila independent of TOR signaling (Scott et al., 

2004).  
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The levels of phospho-AKT decreases upon TDP-43 misexpression 

(Figure 4.5 C), but only for one of the isomers of AKT which is statistically 

significant (p≤0.001, Figure 4.5 F). The specific phosphorylation of Ser 505 site 

is known to be regulated by mTORC2. A decrease in the level of this 

phosphorylation may indicate that AKT is not regulated by the mTORC2. The 

mTORC2 mediated phosphorylation of AKT and other substrates has been linked 

to cell survival, metabolic regulation and cytoskeleton organization. The results 

observed here are preliminary and require further investigations. While these 

results seem contradictory to what we observed in the adult retina 

immunostaining, we cannot conclusively assume that changes in the mTOR 

signaling pathway are responsible for the increased lysosomal-autophagic 

vacuoles. It is also possible that autophagy is not being activated by the mTOR 

signaling pathway. Whether TDP-43 induced toxicity is mediated through this 

signaling pathway remains to be determined.  

 

4.3 Conclusions 

Further characterization of the retinal phenotype revealed a disruption in 

the morphology and function of the photoreceptor neurons, as well as presence 

of acidic autophagic/lysosomal vacuoles that are positive for key autophagy 

proteins. Current literature, along with the results reported here, indicates that 

autophagic dysfunction might play a role in TDP-43 mediated neurodegeneration. 

To date, the exact role of autophagy in TDP-43 proteinopathies is not well 

understood. The codon optimized TDP-43 misexpression model in the 
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Drosophila eye is an ideal in vivo system to study the possible role of autophagic 

dysfunction in TDP-43 proteinopathies. The involvement of autophagy in TDP-43 

proteinopathies could unveil the underlying mechanism of TDP-43 mediated 

neurodegeneration and eventually aid in the identification of potential therapeutic 

targets. 
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FIGURES 

Figure 4.1. TDP-43 misexpression causes altered morphology of the 

photoreceptor neurons in adult retina  

 

(A) represents a schematic of the adult eye and the area inside the rectangle is 

where the images were obtained. Optical neutralization of the 1 day post eclosion 

adult retina reveals that codon optimized TDP-43 flies (C) have altered 

rhabdomere morphology compared to control wild type Canton S flies (B). Scale 

bar 5 µM. Similarly, immunostaining of the adult eye with phalloidin (F-actin 
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marker) showed that the codon optimized TDP-43 flies (G-I) exhibit rhabdomere 

separation defect and flattened structures of the rhabdomeres (white arrows) in 1 

day post-eclosion adult compared to control (D-F). These images represent the 

tangential view of the adult retina (scale bar 5 µM).  

 

Genotypes: (A, C-E) wild type Canton S, (B, F-H) w1118/+;gl-TDP-43CO3/+;+. 
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Figure 4.2. TDP-43 misexpression causes degeneration and functional 

disruption of the photoreceptor neurons in the adult retina 

 

(A) represents a schematic of the adult eye and the area inside the rectangle is 

where the images were obtained. (B-I) are confocal images of the longitudinal 

view of the adult retina. The codon optimized TDP-43 flies (F-I) show altered 

photoreceptor morphology that appears to be shorter compared to wild type 

control (B-E). The codon-optimized TDP-43 flies contain large vacuoles (white 

arrow heads) in 1 day post-eclosion adult retina (scale bar 10 µM). (J-L) The 
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ERG traces of wild-type Canton S control, promoter driving RFP control and 

codon optimized TDP-43 in 1 day post-eclosion adults, respectively. 

Quantification of the ERG response amplitude for on transient (M) and 

depolarization (N), along with the traces, show that codon optimized TDP-43 flies 

have decreased response for both. For on transient effect, n=15 and p-value 

between both groups is p< 0.01 (M), and for depolarization effect, n=15 and the 

p-value between both groups is p< 0.01 (N). The statistical analysis was 

performed using one-way ANOVA with Bonferroni’s correction.  

 

Genotypes: (A-D) wild type Canton S, (E-H) w1118/+;gl-TDP-43CO3/+;+, (I) wild 

type Canton S, (J) w1118,GMR-myr-mRFP, (K) w1118/+;gl-TDP-43CO3/+;+. 
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Figure 4.3. TDP-43 misexpression leads to an increase in lysosomal 

vacuoles 

 

(A) represents the schematic of the third instar larval eye imaginal disc and the 

area in rectangle is the area imaged. Live staining of the third instar imaginal eye 

discs with LysoTracker dye shows an increase in lysosomal puncta in codon 

optimized TDP-43 flies (C) compared to wild-type Canton S control (B). Scale bar 

10 µM. (D) shows quantification of (B and C), n=15. For statistical significance, 

paired Student’s t-test with two-tailed distribution of equal variance was 

performed (p=0.02).  

 

Genotypes: (A) wild-type Canton S, (B) w1118/+;gl-TDP-43CO3/+;+. 
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Figure 4.4. TDP-43 misexpression induced vacuoles are positive for 

autophagy markers 

 

(A) represents a schematic of the adult eye and the area inside the rectangle is 

where the images were obtained. (B-E) Coexpression of codon optimized TDP-

43 and autophagic protein Atg5-GFP shows that the large vacuoles present in 1 

day post-eclosion adult retina is positive for Atg5 (scale bar 5 µM). (F) represents 

the schematic of the third instar larval eye imaginal disc and the area in rectangle 

is the area imaged. (G-I) Another autophagic marker was coexpressed with 

codon optimized TDP-43, Atg8-mCherry-GFP, that is pH sensitive and only 

expresses GFP at a higher pH content. The TDP-43 expressed flies show that 

few of the relatively smaller punctae were positive for both Atg8 mCherry and 
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GFP (arrow heads), while majority of the punctae were only fluorescent for Atg8 

mCherry (white arrows), indicating more acidic punctae (scale bar 10 µM).  

 

Genotypes: (A-D) w1118, GMR-GAL4/ w1118;gl-TDP-43CO3/+;UAS-Atg5-GFP/+, (E-

G) w1118, GMR-GAL4/ w1118;gl-TDP-43CO3/UAS-Atg8-mCherry-GFP;+. 
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Figure 4.5. TDP-43 misexpression causes changes in the levels of 

proteins involved in the mTOR signaling pathway 

 

Western blot analysis of codon optimized TDP-43 misexpression compared to 

wild type Canton S control for phospho-p70S6K protein (A) and phospho-4E-BP 

(B) show an increase in the protein level upon TDP-43 misexpression. The 

protein levels of phospho-AKT (C) show a decrease in one of the isomers of 

phospho-AKT upon TDP-43 misexpression. (D-F) represents the quantification of 

phospho-p70S6K, phospho-4E-BP and phospho-AKT blots, respectively. While 

there is no statistical significance between control and TDP-43 misexpressed 

flies, the phospho-p70S6K protein levels do show a visible increase. Phospho-
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4E-BP protein levels show a statistically significant increase (p<0.02) and the 

phospho-AKT protein levels show a statistically significant decrease (p<0.01) in 

TDP-43 misexpressed flies. All statistical analysis was performed with paired 

Student’s t-test with two-tailed distribution of equal variance. 
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CHAPTER V: SUMMARY AND FUTURE DIRECTIONS 

 

5.1 Relevance of Codon Optimized Disease Model for TDP-43 

Proteinopathies 

Non-cell-autonomous toxicity in codon optimized TDP-43 transgenic model 

There are many neurodegenerative disease models in the Drosophila that 

express human genes in the fly eye. Many of these proteins are known to affect 

different cell types in the eye. For example, in a polyglutamine-expanded human 

huntingtin transgenic model, the polyglutamine-expanded huntingtin has been 

shown to form nuclear inclusions and cause severe degeneration of 

photoreceptor cells (Jackson et al., 1998). Unlike this model, the human wild type 

tau transgenic model, shows abnormal polarity and some rhabdomere loss, but 

mostly affects the cone cells and ommatidial architecture (Jackson et al., 2002). 

Different neurodegenerative proteins exert different effects on the Drosophila 

eye. The codon optimized TDP-43 transgenic model not only shows a robust 

phenotype on the external eye, it also shows a robust phenotype on the internal 

structure and function of the eye. The external phenotype clearly affects different 

cell types in the fly retina, as evident by the depigmentation involving pigment 

cells, bristle irregularities involving interommatidial bristle cells and necrosis in 

the cone cells.  TDP-43 might be interacting with the different types of cells to 

disrupt the normal morphology and function of these different cells to contribute 

to the external phenotype observed. These phenotypes indicate that TDP-43 is 
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affecting more than photoreceptor neurons and the pathology is most likely 

widespread among different cell types in the Drosophila retina.  

 

Moreover, TDP-43 is known to be present and shows disease related 

pathology in different types of cells both in humans and in animal models 

(Mackenzie and Rademakers, 2008; Wegorzewska et al., 2009). In a Drosophila 

model, TDP-43 has been shown to exhibit individual responses in motor neurons 

and glial cells (Estes et al., 2013). It is possible that TDP-43 might also provoke 

cell type specific vulnerability in the Drosophila eye. Therefore, further 

investigation to evaluate the TDP-43 mediated effect on the different cells in the 

fly eye will lead us to a better understanding of cell type variability in TDP-43 

mediated neurodegeneration. Based on the observed phenotype of the codon 

optimized TDP-43 flies, it is an ideal genetic tool to pursue such investigations 

that characterize the effect of TDP-43 misexpression in the eye by determining 

the morphological effect of TDP-43 in different cell types and by determining the 

localization of TDP-43 with respect to the different cell types.  

 

Codon optimized TDP-43 transgenic model and genetic screens 

As TDP-43 is a RNA-binding protein and its known functions involve RNA 

metabolism and regulation, there has been a lot of focus on identifying RNA 

targets of TDP-43. In order to characterize these targets, many have utilized cell 

cultures, mice models, and ALS and FTLD patient brain samples. Recently, TDP-

43 was shown to bind approximately 30% of the mouse transcriptome, indicating 
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the vast amount of possible interactors that can associate with TDP-43 to 

regulate RNA processing and splicing (Polymenidou et al., 2011; Tollervey et al., 

2011). Many of these putative modifiers bind the UG-rich sequence at introns of 

TDP-43 (Bhardwaj et al., 2013). Validating some of these putative modifiers of 

TDP-43 in an in vivo model, such as Drosophila, through biochemical and 

genetic manipulation can help us better understand the TDP-43 dependent 

disease mechanism in ALS and FTLD. The codon optimized TDP-43 model 

provides an ideal model to characterize and validate some of these modifiers in 

an in vivo system. The robust phenotypes observed in these flies can be scored 

easily for possible effectors of TDP-43 in a targeted genetic screen that will allow 

us to identify and pursue novel mechanisms for disease pathology.  

 

In addition, forward genetic screens are also a great way to identify 

possible mechanisms of action. The development of fly retina and wing is 

regulated by a number of conserved pathways including Notch, BMP, and EGFR 

signaling (Adams et al., 2000). The external phenotypes seen using the codon 

optimized model could be interacting with substrates from these signaling 

pathway to induce those phenotypes. Using various genetic approaches, the 

exact mechanism underlying TDP-43 mediated phenotype in the eye or the wing 

can be analyzed. Such analysis may elucidate plausible targets of TDP-43 or 

RNA species regulated by TDP-43. 
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5.2 Autophagy and TDP-43 

Presence of toxic TDP-43 aggregates have been well characterized in 

human patient samples of ALS and FTLD (Geser et al., 2009; Lee et al., 2010). 

While cell culture models and in vitro studies have shown TDP-43 forms toxic 

aggregates, not many wild-type TDP-43 animal models have shown robust 

production of TDP-43 aggregates (Couthouis et al., 2011; Guo et al., 2011; Lee 

et al., 2011). Previously, specific disease related mutations have been shown to 

be more toxic leading to an accumulation of these oligomeric species (Choksi et 

al., 2014; Guo et al., 2011; Johnson et al., 2009; Nonaka et al., 2009). The work 

presented here, shows a very similar accumulation of toxic aggregates, but in a 

wild type TDP-43 model. These protein aggregates are typically cleared by the 

cellular process known as autophagy that clears cytosolic components. A 

disruption in the autophagy process can lead to cellular imbalance and has been 

linked to many neurodegenerative diseases, including Alzheimer’s disease, 

Parkinson’s disease, Huntington’s disease and ALS (Sasaki, 2011; Wong and 

Cuervo, 2010). In patients with sporadic ALS, accumulation of autophagosomes 

was observed in the spinal cord (Sasaki, 2011). In animal models, it has been 

evident that an inhibition of UPS or autophagy leads to increased TDP-43 

aggregation and toxicity (Brady et al., 2011). In addition, p62 has been identified 

to directly bind with TDP-43 and an overexpression of p62 can reduce TDP-43 

aggregation (Tanji et al., 2012).  
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In the codon optimized model, we observed an increase in acidic vacuoles 

that are positive for autophagic proteins involved in the formation of 

autophagosomes. We believe these acidic lysosomal vacuoles that we observe 

are mature autolysosomes that are induced in order to clear the cytoplasmic 

aggregates of TDP-43. To conclusively prove that autophagy is really at play, 

further characterization of these vacuoles is required. The use of electron 

microscopy to detect the characteristic double membrane structure of the 

autophagosomes, chemically inducing and inhibiting autophagy and genetic 

manipulation of key autophagic genes all remain a possibility for further 

investigation. Signaling pathways that regulate autophagy have yet to be 

investigated in a TDP-43 mediated neurodegenerative model. Most notably, the 

mTOR signaling pathway regulates the induction of autophagy upon cellular 

stress (Caccamo et al., 2009; Wang et al., 2012). While our initial studies using 

markers of mTOR signaling pathway were inconclusive, further investigation into 

the signaling pathways that regulate autophagy may provide us with valuable 

information. Involvement of autophagy in TDP-43 proteinopathies could unveil 

autophagy as a potential therapeutic target.  

 

5.3 Concluding remarks 

In summary, the purpose of the work presented here was to characterize a 

novel transgenic Drosophila melanogaster model of TDP-43 to study TDP-43 

mediated neurodegeneration. The results presented here highlight the great 

potential for this model to be used to study various disease related mechanisms 
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using genetic manipulations. As very little is known about the exact mechanism 

of TDP-43 mediated neurodegeneration and the scarcity of treatment available 

for these neurodegenerative diseases, it is essential to identify how TDP-43 

contributes to neurodegeneration and find possible therapeutic targets. 
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