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Abstract 

TDP-43 is a 43kDa is a RNA binding protein, ubiquitously expressed that 

localizes predominantly in the cell nucleus and belongs to the heterogeneous 

nuclear ribonucleoprotein family (nRNPs). TDP-43 is an evolutionarily highly 

conserved protein, functionally involved in several molecular processes 

related to RNA metabolism; such us pre-mRNA splicing, transcription, mRNA 

stability, microRNA biogenesis, transport and translation. Alterations in the 

intracellular distribution of TDP-43 were recently found in patients suffering 

from Amyotrophic Lateral Sclerosis (ALS), a late-onset disorder that 

predominantly affects motoneurons. Indeed, in affected brains TDP-43 

appears inside insoluble protein aggregates distributed predominantly in the 

cytoplasm outside the cell nucleus, suggesting that these alterations may 

relate to the pathological symptoms of the disease. However, the 

physiological functions of TDP-43 in vivo or its potential role in the 

neurodegenerative process behind ALS are not known. In order to address 

these issues, I genetically suppressed the conserved TDP-43 homologous 

gene in Drosophila (TBPH) and observed that TBPH loss of function alleles 

in flies presented serious defects in insects’ locomotion, dramatic reductions 

in the life span and structural defects in the organization of motoneuron 

synapses at the neuromuscular junctions. Interestingly, I found that these 

phenotypes could be rescued by reintroducing the human TDP-43 protein in 

motoneurons, indicating that these phenotypes were specific to TDP-43 

function and suggesting that similar defects might be expected if TDP-43 

function is affected in ALS patients. Considering the intracellular 

requirements of TDP-43 activity, I found that this is a short-living protein, 

permanently required in neurons to regulate Drosophila motility and synaptic 

assembly through the direct modulation of different presynaptic molecules 

like the vesicular protein Syntaxin1A and the microtubule binding protein 

Futsch/MAP1B. This indicated that synaptic organization and nervous 

transmission defects may represent clear pathological consequences of 

TDP-43 dysfunction in vivo. Importantly, I could also establish that late 
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expression of TDP-43 was able to recover the synaptogenesis and 

locomotion defects in TDP-43 minus adult flies, revealing an unexpected 

late-stage functional and structural neuronal plasticity. These findings 

suggest that late therapeutic approaches based on TDP-43 functionality 

might also be successful in human pathology.  
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Povzetek 

 

TDP-43 je 43kDa, splo!no izra"ena beljakovina, ki se ve"e na RNA in ki se 

prete"no lokalizira v celi#nem jedru ter spada v dru"ino heterogenih jedrnih 

ribosomskih proteinov (nRNPs). TDP-43 je evolucijsko izjemno ohranjena 

beljakovina, ki funkcijsko sodeluje v ve# molekularnih postopkih, povezanih s 

presnovo RNA, kot je povezovanje na nivoju pre-mRNA, transkripcija, 

stabilnost mRNA, biogeneza mikroRNA, transport in translacija. Pri pacientih, 

obolelih za amiotrofi#no lateralno sklerozo (ALS), s starostjo pogojeno 

motnjo, ki prete"no prizadene motori#ne nevrone, so nedavno odkrili 

spremembe intracelularne  distribucije TDP-43. V obolelih mo"ganih se TDP-

43 pojavi v netopnih beljakovinskih agregatih, ki se prete"no distribuirajo v 

citoplazmi zunaj celi#nega jedra. Kar ka"e na to, da so lahko te spremembe 

povezane s patolo!kimi simptomi bolezni.  Vendar fiziolo!ka funkcija TDP-43 

in vivo oziroma njena morebitna vloga v nevrodegenerativnem postopku, 

povezanem z ALS, !e ni znana. Za potrebe prou#evanja sem pri Drosophili 

(TBPH) genetsko zavrla ohranjen homologni gen TDP-43 in opazila, da pri 

mu!icah izguba funkcijskih alel TBPH predstavlja resne okvare pri 

premikanju "u"elk, mo#no skraj!a "ivljenjsko dobo in povzro#i strukturne 

okvare pri razporeditvi sinaps motori#nih nevronov na "iv#no-mi!i#nih stikih. 

Zanimivo je odkritje, da lahko te fenotipe pri motori#nih nevronih re!imo s 

ponovno uvedbo humane beljakovine TDP-43, kar ka"e na to, da lahko pri 

pacientih z ALS v primeru !kodljivega vpliva na delovanje TDP-43 

pri#akujemo podobne okvare. Upo!tevajo# intracelularne zahteve aktivnosti 

TDP-43 sem odkrila, da je to beljakovina s kratko "ivljenjsko dobo, ki mora 

biti v nevronih nenehno prisotna, da uravnava gibljivost Drosophile in 

sinapti#no sestavo s pomo#jo neposrednega prilagajanja razli#nih 

presinapri#nih molekul, kot je vezikularna beljakovina Syntaxin1A in 

beljakovina Futsch/MAP1B, ki povezuje mikrotubule, kar ka"e na to, da lahko 

razporeditev sinaps in okvare transmisije "iv#nih impulzov predstavljajo jasne 

patolo!ke posledice disfunkcije TDP-43 in vivo.  

Pomembno je, da sem poleg tega ugotovila, da je lahko pozno izra"ena 

TDP-43 obnovila sinaptogenezo in izbolj!ala gibalne okvare pri odraslih 
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1 Introduction 

1.1 The role of RNA binding proteins in mRNA biogenesis 
and processing 

The RNA binding proteins (RBPs) have the capacity to recognize and bind 

single or double stranded RNA to form ribonucleoprotein particles (RNPs). 

RBPs are localized both in the cytoplasm and the nucleus, in the nucleus the 

majority of RBPs exist as complexes of protein and pre-mRNA called 

heterogeneous ribonucleoproteins (hnRNPs). As soon as RNA is transcribed, 

RBPs have a central role in several cellular processes like post-

transcriptional mRNA splicing and stabilization, RNA editing, transport and 

localization (Dreyfuss et al, 2002) (Figure 1). 

   

Figure 1 RNA Binding protein involvement in the RNA cycle.  

Steps of gene expression in which RBPs play a central role, from (Castello et al, 
2013). 
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At the molecular level, the RBPs present different functional domains 

responsible for their activities, the RNA binding domains (RBDs). Thus, the 

capacity of these proteins for binding to the RNA is conferred by the 

combination of specific structural motifs. There are four main RBD families 

which classified RBPs by structure: the RNA recognition motifs (RRMs), zinc 

finger domain, hnRNP K homology (KH) domains and the double-stranded 

RNA binding motifs (dsRBMs) (Cléry & Allain, 2000) (Figure 2). 

 

Figure 2 Representation of the most common RNA binding motifs. 

From left to right RRM, zinc finger domain, KH domain and dsRBM, adapted from 
www.wikipedia.com. 

The RRM is the most common and better-characterized motif, it is composed 

by 80 to 90 amino acids and forms a four-stranded !-sheet packed against 

two "-helices. This constitutes a very complex structural organization that 

guarantees the specificity in the RNA interaction and recognition. The four-

RRM Domain Zinc finger Domain 

dsRBM Domain KH Domain 
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stranded !-sheet structure interacts with the RNA molecule through the 

recognition of two or three nucleotides present in the RNA sequence in a 

very specific manner. The functional role of these domains, were associated 

with the post-transcriptional activation of gene expression (Maris et al, 2005). 

Zinc finger (ZnF) is another domain found in RBPs. ZnF is composed by 30 

amino acids and exhibits a !!" topology where a !-harpin and a "-helix are 

joined together through a zinc ion. Initially ZnF was found interacting with 

dsDNA and only recently has its ability to bind RNA molecules been 

demonstrated. The ZnF !-strands are not involved in RNA interaction like in 

most RRMs, but rather are involved the protein loops and "-helices (Teplova 

& Patel, 2008). 

The hnRNP K homology (KH) domain is composed by 70 amino acids. Two 

structures of KH has been reported, the type I and the type II. Type I is 

!""!!" topology, composed of three antiparallel !-strands packed against 

three "-helices. Type II differs from type I by a "!!""! topology. KH motifs 

are able to interact with RNA or ssDNA targets forming a binding cleft that 

usually accommodates four bases (Grishin, 2001). 

The dsRBM instead is composed by 70 to 75 amino acids that are 

responsible in recognizing and binding double stranded sequences of RNA 

specifically. Although the structural organization of these domains is less 

characterized than RRM, they appear to form a "!!!" topology. These 

motifs are often found in multiple copies (e.g., up to five in Staufen protein in 

Drosophila) and are involved in several processes such as: RNA 

interference, processing, localization, editing and translational control (Chang 

& Ramos, 2005). Commonly dsRBMs use residues from the "1-helix and !1-

!2 loops to contact the minor grooves and "2-helix and loop4 to contact the 

major grooves. 

 

Alterations in RBPs-RNA interactions were found to be at the core of several 

degenerative diseases (Cooper et al, 2009), revealing the important role that 

these proteins have in the cellular homeostasis. Nevertheless, only few 

RBPs have been studied in detail. Based on these, it has been shown that 

RBPs preferentially interact with the 3’UTR untranslated regions (UTRs) of 
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the mRNA molecules where the transcription and splicing of these 

messengers is regulated (Wang et al, 2008; Mayr & Bartel, 2009; 

Danckwardt et al, 2011).  

Recent studies demonstrated a strong association between mutations 

in RBPs and different human hereditary diseases (Lukong et al, 2008; 

Darnell, 2010). The spectrum of disorders include several diseases 

originating from defects in the Nervous System (NS) like spinal muscular 

atrophy (SMA), amyotrophic lateral sclerosis (ALS), frontotemporal lobar 

degeneration (FTLD) or Alzheimer’s and Huntington’s disease (AD and HD) 

(King et al, 2012). On the contrary, molecular analysis performed in affected 

patients revealed the presence of pathologically modified RBP proteins, 

abnormally localized inside insoluble protein aggregates. In agreement with 

that, the ribonuclear protein TDP-43 was found to be present in the 

pathological inclusions observed in the brains of patients suffering with ALS 

(Neumann et al, 2006). Similar defects in the RBP protein FUS were 

detected in ALS patients (Kwiatkowski et al, 2009; Vance et al, 2009), 

demonstrating  the relevant role of this protein in preserving neuronal activity. 

 Defects in RBPs function were also detected in diseases related to the 

correct functioning of the survival motor neuron (SMN) gene, which has a 

critical incidence in the pathological modifications observed in SMA and, 

although SMN is not a RBP, it has been demonstrated that the SMN complex 

plays an essential role in the biogenesis and assembly of the small nuclear 

ribonucleic particles (snRNPs), a type of RBPs (Gabanella et al, 2007; 

Neuenkirchen et al, 2008), suggesting that modifications in the metabolism of 

these proteins may affect the cellular survival. Based on these aspects, the 

hexanucleotide RNA repeat expansions detected in the non coding region of 

the C9orf72 gene found in ALS and FTD patients and also observed in the 

expansion of trinucleotide RNA repeats, indicated that the presence of these 

abnormal sequences may induce the formation of RNA foci followed by the 

sequestration of specific RBPs like the hnRNP (Stepto et al, 2014). 

Another example that involves RBPs with neurodegenerative disorders is the 

evidence that a consistent number of RBPs contain a prion like domain. 

Prion diseases, as Creutzfeldt-Jakob disease (CJD) or Gerstmann-

Straussler-Scheinker syndrome (GSS), are fatal neurodegenerative disorders 
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characterized by accumulation of misfolded isoform of the prion protein (PrP) 

(Imran & Mahmood, 2011).  

Another crucial aspect of RBPs relates to their interactions. In fact it seems 

that several RBPs are required to guarantee their functional regulation on 

RNA molecules. Several studies have compared different RBPs and their 

targets, providing evidence that in most of the cases the same RNA can be 

bound by multiple factors and not exclusively by one (Hogan et al, 2008; 

Ankö et al, 2010). Evidence of the cooperation between RBPs has also been 

found in our laboratory, Romano M. and colleagues (2014) demonstrated 

that Hrp38 (the Drosophila ortholog of human hnRNP A1/A2) can bind very 

efficiently with human TDP-43 protein and TBPH (Drosophila TDP-43 

homolog). Moreover it has been demonstrated that Hrp38 and TBPH 

genetically interact to prevent locomotion defects and reduce life span in a 

Drosophila model of ALS, strongly supporting the hypothesis of a functional 

interaction between TBPH/Hrp38 and TDP-43/hnRNP A/B (Romano et al, 

2014). 

This evidence revealed that RBPs are emerging as key proteins in several 

neurodegenerative diseases. In order to truly define the pathogenesis of 

these diseases and efficiently develop new therapeutic strategies the exact 

pathways that involve RBPs have to be better understood.  

 

1.2 TDP-43 

 TDP-43 is a very well conserved protein that belongs to the family of 

heterogeneous ribonucleoprotein (hnRNP) and, according to that, 

orthologous genes of TDP-43 were found in different species from higher 

eukaryotes like mice and rats to Drosophila melanogaster, Xenopus laevis or 

Caenorhabditis elegans (Ayala et al, 2005; Wang et al, 2004). This high 

degree of sequence conservation suggests that TDP-43 may play a 

fundamental role in the regulation of basic cellular mechanisms. The 

distribution of this protein inside these organisms, TDP-43 is expressed in 

different tissues including brain, heart, pancreas, spleen, testis, ovary, lung, 

placenta and kidney (Buratti & Baralle, 2001). In physiological conditions, the 
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protein predominantly localizes in the cell nucleus with some traces in 

cytoplasm due to its continuously shuttling between nucleus and cytoplasm 

(Ayala et al, 2008b).  

 Although the molecular organization of the TDP-43 locus suggests 

that this coding gene may transcribe for eleven different isoforms of the 

protein, Western blot and immunoprecipitation analysis performed on a 

variety of human tissues or cultured cell lines detected the presence of a 

unique, major, protein of 43 kDa (Wang et al, 2004). Nevertheless, complex 

post-translational modifications as hyperphosphorylations, abnormal 

ubiquitinations or protein cleavages were described in pathological conditions 

indicating that these alterations may affect TDP-43 metabolism or function 

(Arai et al, 2006; Buratti et al, 2001; Neumann et al, 2006). 

1.3 TDP-43 structure 

The N-terminal part of this protein contains two highly conserved RNA 

Recognition Motifs known as RRM1 (from residue 104 to 200) and RRM2 

(from residue 191 to 262). This region also contains two nuclear localization 

signals (NLS1, amino acids K82/R83/K84 and NLS2, amino acids 

K95/K97/R98) as well as two nuclear export signs located at the end of the 

RRM2 domain (source: http://prosite.expasy.org). 

The C-terminal domain of TDP-43 presents a glycine rich area (GRD) 

followed by a low complexity region that presents a more variable amino acid 

composition compared with other species (Figure 3) (Buratti & Baralle, 2008). 

 

Figure 3 Schematic representation of the TDP-43 structure. 
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The image shows the different domains present in the protein. Nuclear Localization 
Signal, NLS; RNA Recognition Motifs, RRM; Phenylalanine, F; Leucine, L; Nuclear 

Exportation Signal, NES; Glycine, G. 

The highly conserved RRMs domains of TDP-43 are essential for the 

functional interactions of this protein with the RNA molecules (Ayala et al, 

2005) and it was demonstrated that they can bind with high affinity single 

stranded TG dinucleotide stretches  (Buratti & Baralle, 2001). These domains 

are the most conserved portion of the protein through the species, in fact the 

amino acid identity of RRM domains between human TDP-43 and the 

Drosophila homolog is 79% (Ayala et al, 2005). Experimental evidence using 

Electrophoretic Mobility Shift Assay (EMSA) has shown that RRM1 domain is 

necessary and sufficient for the binding to the RNA. In support of this 

observation, it was demonstrated that two point mutations resulting in an 

amino acid changing (Phenylalanine 147 in Leucine and Phenylalanine 149 

in Leucine, F147L and F149L) in the RRM1 region, provoked the inability of 

the molecule to interact with RNA molecules. Similar amino acid substitutions 

or the complete deletion of the RRM2 domain, did not affect the capacity of 

TDP-43 to interact with the RNA molecules (Buratti et al, 2001). The C-

terminal tail of TDP-43 is less conserved and presents a glycine rich domain 

responsible for the protein/protein interactions with other hnRNP family 

members, especially hnRNP A2/B1 and hnRNP A1 (Buratti et al, 2005; 

D’Ambrogio et al, 2009). The importance of the C-terminal part of TDP-43 

was highlighted by the observations indicating that 2-3% of patients affected 

by sporadic and familial forms of ALS carry specific missense mutations in 

this region (Banks et al, 2008; Van Deerlin et al, 2008; Sreedharan et al, 

2008). 

1.4 TDP-43 function 

TDP-43 is involved in several biological processes through its interactions 

with the DNA and RNA. 
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1.4.1 TDP-43 and DNA interaction 

The first report describing TDP-43 comes from 1995 when this protein was 

identified as a transcriptional repressor able to bind the a regulatory element 

in the human immunodeficiency virus type 1 (HIV-1) long terminal repeat 

(known as TAR) DNA sequence (Ou et al, 1995). TAR is critical for the 

activation of gene expression. Using EMSA (Electrophoretic Mobility Shift 

Assay) TDP-43 was found to interact with the polypyrimidine-rich region of 

TAR DNA element. It was also observed that this interaction inhibits the 

transcription of the viral genome, affecting the life cycle of the virus (Figure 

4). 

 

Figure 4 TDP-43 and HIV-1 transcription regulation. 

TDP-43 inhibits the assembly of TBP (TATA-Binding-Protein) to HIV-1 LTR (Long 
Terminal Repeat), this interaction blocks the transcription of the viral genome.  

Another evidence of the interaction of TDP-43 with the DNA involved the 

promoter of the acrv1 gene that codes for the acrosomal protein SP-10 in 

mouse (Figure 5) (Abhyankar et al, 2007; Reddi et al, 1999). 

 

 

Figure 5 TDP-43 and mouse acrv1 promoter regulation. 

The mouse acvr1 gene, which codes for the sperm acrosomal protein SP-10, 
contains in its promoter region two GTGTGT motifs (at -172 and -160 position on 

antisense strand). TDP-43 binds this region in a GTGTGT dependent manner, actin 

as a transcriptional repressor of acrv1 gene during spermatogenesis.  
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1.4.2 TDP-43 and RNA interactions: role in mRNA splicing 

One of the best-characterized aspects of TDP-43 function is the role played 

by this protein in the regulation of mRNA splicing. Thus, it was described that 

TDP-43 is able to recognize and bind to the GU rich sequences present in 

the 3’ splice sites of different transcripts, to inhibit the molecular process that 

lead to exon recognition (Buratti et al, 2001). Parallel studies indicated that 

TDP-43 forms part of the splicing machinery encharged of the mRNA 

processing of several mRNAs, like the cystic fibrosis trans-membrane 

regulator gene (CFTR) (Buratti et al, 2001; Pagani et al, 2000), the 

apolipoprotein AII (ApoII) messenger (Mercado et al, 2005) and the survival 

motor neuron (SMN) transcripts (Bose et al, 2008). The CFTR protein 

belongs to the ABC class of ion channel transporters (ATP-binding cassette 

transporters) that carriages chloride and ions across epithelial cell 

membranes (Childers et al, 2007). Mutations of the CFTR gene, affect the 

functioning of the chloride ion channels in the affected cell membranes, 

leading to the development of cystic fibrosis. The pathological mechanism 

behind these mutations resides in the abnormal skipping of the exon 9 

followed by the formation of a non functional protein, that is unable to 

maintain the ionic balance in the affected tissues (Delaney et al, 1993), 

(Figure 6). 

 

Figure 6 TDP-43 and the interaction with CFTR pre-mRNA. 

TDP-43 binds the UG long repeats upstream exon 9 of pre-mRNA of CFTR, causing 
the skipping of the exon 9 and consequently the production of an aberrant protein. 

At the molecular level, it was demonstrated that TDP-43 recognizes the 

series of TG repeats present in the pre-mRNA of CFTR, inhibiting the 

recognition of the adjacent exon and causing the alternative skipping of the 
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exon 9 (Buratti & Baralle, 2001). The lack of exon 9 provokes the translation 

of a not functional protein (Strong et al, 1993) and, in agreement with this 

view, it was reported that patients suffering of cystic fibrosis present a higher 

number of TG repeats compared to controls (Ayala et al, 2006).  

TDP-43 also regulates the alternative splicing of the exon 3 in the Apo AII 

gene by the direct binding of this protein to the series of TG repeats present 

in the 3’ splice site of the messenger RNA. In this case, however, the Apo AII 

exon 3 is always constitutively included in the mature RNA and no disease 

modifications were associated with the skipping of this exon, indicating the 

presence of supplementary elements in the regulation of TDP-43-mediated 

alternative splicing. In agreement with this hypothesis, it was observed that 

the recruitment of different proteins like SC35, SF2/ASF, SRp40 and SRp55 

on the spliceosomes were able to neutralize inhibitory activity of TDP-43 on 

exon 3 recognition (Mercado et al, 2005), (Figure 7). 

 

Figure 7 Interaction of TDP-43 with Apo AII mRNA. 

TDP-43 binds the UG repeats at the 3’ splicing site (3’SS) of Apo AII exon, inhibiting 
exon 3 inclusion, however other splicing factors counterbalance this effect, causing 

finally an inclusion of the exon.  

Alterations in TDP-43 function, were also related with the splicing processes 

that involve the inclusion of the exon 7 in the mRNA of the survival motor 

neuron protein (SMN), in association with the splicing defects observed in the 

spinal muscular atrophy (SMA) (Bose et al, 2008). 

1.4.3 TDP-43 and mRNA stability 

The RNA binding ability of TDP-43, was also associated with the stabilization 

of the human neurofilament (hNFL) mRNA transcripts (Campos-Melo et al, 

2013; Strong et al, 2007). The hNFL protein is one of the main structural 
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components of neuronal cytoskeleton and, together with actin and 

microtubules, is responsible for neuronal integrity, shape and organelle 

motility (Mukhopadhyay et al, 2004). Regarding to that, co-

immunoprecipitation experiments have shown that TDP-43 is able to interact 

with 3’ UTR region (nucleotides 135 and 185 after the stop codon) of the 

hNFL transcripts to stabilize them and prevent their degradation (Figure 8) 

(Strong et al, 2007). 

 

Figure 8 hNFL1 transcript stabilized by TDP-43 binding. 

TDP-43 interacts with the 3’UTR of hNFL1, stabilizing the transcript and preventing 
its degradation. 

1.4.4 TDP-43 and its auto-regulation  

More recently, it was demonstrated that TDP-43 can binds to its own mRNA 

to regulate its intracellular levels (Avendaño-Vázquez et al, 2012). TDP-43 

overexpression activates a 3’UTR intron, inducing the excision of the 

proximal polyA site (PAS) pA1. That causes the activation of a cryptic PAS 

that prevent TDP-43 expression (Figure 9). This self-regulation mechanism is 

tightly controlled and is particularly significant in proteins associated with 

subcellular toxicity (Ayala et al, 2011).  
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Figure 9 Model of TDP-43 auto-regulatory mechanism. 

Normally Pol II synthesized two main isoforms of TDP-43 mRNA using pA1 or pA4. 
When TDP-43 protein levels are high there is an increase in TDP-43 binding to 

mRNA, causing intron 7 splicing with the abolishment of pA1 signal. From 

(Avendaño-Vázquez et al, 2012). 

Defects in TDP-43 self-regulation may explain some of the possible 

mechanisms behind those TDP-43 proteinopathies characterized by the 

aberrant accumulation of this protein in the neuronal cytoplasm. In 

agreement with that, several recent studies performed on different animal 

models (Caenorhabditis elegans, mouse, and Drosophila) demonstrated that 

TDP-43 overexpression is sufficient to induce neurodegeneration (Ash et al, 

2010; Li et al, 2010; Tsai et al, 2010; Wils et al, 2010; Xu et al, 2010). 
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1.4.5 TDP-43 and other processes 

TDP-43 is involved also in other different processes, which have not been 

fully investigated. For example it is known that TDP-43 interacts with Drosha 

complex, an RNAse III endonuclease, protagonist of miRNA processing by 

cleaving both strands of the pri-microRNA to generate a 60-70 base pair 

stem-loop intermediate called pre-microRNA. Some miRNA involved in 

neuronal development are regulated by TDP-43 (Gregory et al, 2004; Buratti 

et al, 2010; Kawahara & Mieda-Sato, 2012). TDP-43 has been demonstrated 

to participate at the regulation of retinoblastoma (pRb) protein 

phosphorylation, through the repression of a cyclin-dependent kinase (CDK6) 

(Ayala et al, 2008a). Control of CDK6 expression by TDP-43 is mediated by 

TG repeats present in abundance both in the introns and in the 3’ UTR of the 

CDK6 transcript. The CDK6 of chicken contains no TG repeats; indeed it is 

not affected when TDP-43 is knocked-down in DF-1 chicken cells. Up-

regulation of CDK-6 leads to an increased phosphorylation of the 

retinoblastoma protein and the pRb related protein 2 (pRb2/p130). The 

nuclear dimorphism and the increase in the apoptotic events that follow TDP-

43 knock down, seem to be pRB pathway dependent considering the fact 

that in Saos- 2 cells (Human Osteosarcoma cell line) there is no nuclear 

abnormalities and no increased programmed cell death, since pRb pathway 

is disrupted. 

More recently TDP-43 has been linked with expression of histone 

deacetylase 6 (HDAC6) (Fiesel et al, 2010). A silencing of TDP-43 protein in 

human embryonic kidney HEK293E and in neuronal SH-SY5Y cells, through 

RNAi strategy, has been performed to identify relevant targets of TDP-43. In 

this way has been discovered that the mRNA and the protein levels of HDAC 

was down regulated. In addition, has been demonstrated an accumulation of 

acetyl-tubulin which is the major HDAC6 substrate. Using Drosophila 

melanogaster fly model has been performed an in vivo validation that has 

confirmed these observations (Fiesel et al, 2010).  
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1.5 TDP-43 and neurodegeneration 

Defects in the intracellular distribution of TDP-43 were recently demonstrated 

to be associated with the alterations observed in different neurodegenerative 

diseases. In particular TDP-43 was related with the locomotive defects 

present in patients suffering of amyotrophic lateral sclerosis (ALS) and with 

the intellectual disability described in patients affected by frontotemporal 

lobar degeneration (FTLD) (Arai et al, 2006; Neumann et al, 2006). FTLD, 

after Alzheimer and Lewy Body disease, is the third major cause of cortical 

dementia. ALS instead, is a motor neuron disease with an incidence of 1 in 

100,000 individuals, characterized by the progressive loss of brain stem and 

spinal motor neurons that lead to painless weakness and muscle atrophy 

with no sensory symptoms. Parallel studies utilizing different approaches 

revealed that TDP-43 was also altered in other neurodegenerative diseases 

including Alzheimer disease (AD) and Parkinson disease (PD) (Geser et al, 

2009). 

 Histological studies performed in post-mortem brain tissue of ALS and 

FTLD patients revealed the presence of insoluble cytoplasmic aggregates of 

TDP-43 aberrantly accumulated in the hippocampus, neocortex and spinal 

cord areas (Forman et al, 2007; Igaz et al, 2009). Interestingly, it was 

observed that the TDP-43 protein present inside these aggregates appeared 

highly phosphorylated and ubiquitinated. Moreover, small C-terminal 

fragments produced after the cleavage of full length protein were also 

detected inside these insoluble clusters (Hasegawa et al, 2008, 2010; 

Mackenzie, 2007). Regarding to these modifications, the primary sequence 

of TDP-43 has potential phosphorylation sites as serine (41), threonine (15) 

and tyrosine (8) and aberrant phosphorylation patterns which was first 

observed by Neumann et al, 2006. Neumann and colleagues (2006) noted 

the presence of a 45 kDa band corresponding to TDP-43 in addition to the 43 

kDa band corresponding to the expected molecular weight of the protein, in 

their study also showed that the presence of this 45 kDa band was abolished 

after the dephosphorylation of the urea-extracted protein fractions from 

FTLD-U brains. Concerning the presence of small fragments of TDP-43 

(approximately 25 kDa) inside the cytoplasmic inclusions, it is believed that 
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they may have generated after the enzymatic degradation of the N-terminal 

region of the protein that present specific cleavage sites for caspases (Rohn 

& Head, 2009). Nevertheless, these studies were not able to define whether 

these modifications in the aggregation status of TDP-43 initiated the 

neurotoxic mechanisms of the disease or they represented the secondary 

consequences of a previously established neurodegenerative process.  

 A possible answer to these questions was obtained through the 

genetic analysis and the identification of mutations in TDP-43 associated with 

familial cases of ALS (Pesiridis et al, 2009). These mutations were 

predominantly localized in the C-terminal part of the protein and mainly 

represented missense mutations with only one exception in which the 

changes introduced in the amino-acid sequence generated the early 

formation of a stop codon (Figure 10). Thus, the genetic analysis contributed 

to indicate that defects in TDP-43 might have a primary role in the 

development of the disease, opening the door to more specific studies to 

define the physiological function of this protein in normal conditions and/or 

pathological situations. Regarding to the disease is very well known that the 

formation or the accumulation of insoluble protein clusters is a common 

characteristic of many neurological disorders, however, the pathological 

meaning of these modifications is a matter of a continuous debate.  In the 

specific case of TDP-43, one hypothesis assumes that the formation of these 

pathologic aggregates inside the cytoplasm may provoke a depletion of the 

protein from the cell nucleus causing a potential loss of function of TDP-43 in 

the nucleus. Alternatively, the formation and accumulations of these 

aggregates might be the direct cause of the neurotoxic effect observed in the 

disease (Amador-Ortiz et al, 2007; Ayala et al, 2008b; Filimonenko et al, 

2007; Sanelli et al, 2007; van der Zee et al, 2007). In any case, direct 

answers to these questions would indicate the pathological mechanisms 

behind the neurodegeneration observed in these patients.   
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Figure 10 Schematic representation of mutations ALS associated in TDP-43 
protein.  

Incidence of ALS associated mutation in TDP-43 protein. Adapted from (Buratti & 
Baralle, 2009). 
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Besides TDP-43, a similar RNA-binding protein called Fused in 

Sarcoma/Translocated in Liposarcoma (FUS/TLS) was similarly found in the 

neuronal tissue of patients affected by FTLD and ALS (Budini et al, 2011; 

Huey et al, 2012; Murayama, 2010; Kwiatkowski et al, 2009; Vance et al, 

2009). The FUS/TLS protein, was described to play several roles in many 

aspects of the RNA metabolism, especially transcriptional regulation, mRNA 

processing and micro RNA biogenesis (Fiesel & Kahle, 2011). TDP-43 and 

FUS present similar physiological aspects: both proteins are predominantly 

localized in the nucleus and contained RNA recognition motifs. The 

involvement of these two proteins in ALS and FTLD strongly suggested that 

defects in RNA processing might be the principal clinical manifestation of 

these disorders. An outline of TDP-43 and FUS involvement in ALS and 

FTLD is reported in (Figure 11). 

 

Figure 11 TDP-43 and FUS in mRNA lifecycle. 
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DNA/RNA targets of TDP-43 (left) and FUS (right) are reported at each step of the 
RNA lifecycle. Taken from (Fiesel & Kahle, 2011). 

In agreement with this hypothesis, recent studies also found that a significant 

portion of patients affected by ALS or FTLD exhibited an abnormal expansion 

of the non-coding (GGGGCC) hexanucleotide repeats present in the 

proximal regulatory region of the C9orf72 gene sited on the chromosome 9, a 

condition commonly referred to as c9FTD/ALS (Murray et al, 2011). These 

repeats, in non-affected individuals extend from 1 to 25 copies, whereas in 

affected patients the repeats motifs reach from 500 to 4,000 copies 

(DeJesus-Hernandez et al, 2011) and represent  the most prevalent genetic 

cause of familial ALS and FTD (34.2% and 25.9% of the cases respectively). 

The close association between the clinical symptoms related with these 

expansions repeats and the capacity of TDP-43, FUS and C9orf72 to interact 

with these aberrant sequences, strongly suggest that these alterations might 

be correlated (van Blitterswijk et al, 2012). Nevertheless, disease 

mechanisms associated with repeat expansion disorders, including 

haploinsufficiency (diploid organism with only one single functional copy of a 

gene), RNA toxicity, and abnormal translation of expanded repeat 

sequences, are beginning to emerge. 

1.6 Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS), also termed as Lou Gehrig or Charcot 

disease, is a rapidly progressive and fatal neurodegenerative disorder 

without cure available with an incidence of 1 in 100,000 people and a 

prevalence of 6-8 in 100,000 people per year. The disease mainly damages 

motor neurons: upper and lower motor neurons become affected causing a 

rapidly progressive weakness followed by muscle atrophy and fasciculation, 

spasticity, dysarthria, dysphagia and dyspnea (Figure 12) (Pasinelli & Brown, 

2006; Shaw et al, 2001).  
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Figure 12 ALS main features. 

Healthy neuromuscular junction is schematized in the upper section of the figure, on 

the contrary in the bottom section is schematized an affected neuromuscular 
junction. The nervous fiber is subjected to a progressive demyelination and 

subsequent atrophy and loss of connection with the muscle fiber. Adapted from 

http://health.ucsd.edu/specialties/neuro/specialty-programs/als-clinic/Pages/patient-
care.aspx. 

Sensory nerves, involuntary nervous system and cognitive function are in 

most of the cases unaffected. Cases presenting dementia or cognitive 

dysfunction are less frequent (Phukan et al, 2007; Strong & Yang, 2011). 

Nevertheless, experts of the field suggest that the involvement of cognitive 

dysfunction is underestimated due to the difficulty of the diagnosis. The ALS 

onset is around 45-60 years, however exceptional cases with younger and 

older patients are documented. Initial studies indicated a small prevalence for 

ALS in male, however, more recent analysis suggested an equal ratio 

between genders may exist (Worms, 2001; Zoccolella et al, 2008). There are 

no effective cures for ALS, although the riluzole (2-amino-6-trifluoromethoxy 
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benzothiazole) shows a slowdown in the progression of the disease, 

prolonging the survival rate by three months (Rowland & Shneider, 2001).  

In relation with others neurodegenerative diseases, ALS is classified in two 

predominant forms: familial ALS (FALS) and sporadic ALS (SALS). SALS 

cases are the 90% of ALS forms, while FALS forms concern the remaining 

10% of the total patients and originate from the inheritance of an autosomal 

dominant mutation. The first gene discovered in relation with the ALS was 

the superoxide dismutase 1 (SOD1) in 1993 (Rosen, 1993) nowadays, 

thanks to the advances of the technology, new genes associated with this 

disease have been discovered like TDP-43 or TAR DNA-binding protein 

(TARDBP), fused in sarcoma (FUS), optineurin (OPTN), valosin-containing 

protein (VCP), hexanucleotide repeat expansion in the C9ORF72 gene, 

ubiquilin 2 (UBQLN2), sequestosome 1 (SQSTM1), profiling 1 (PFN1) among 

others. Nevertheless, the most frequent alterations were observed in the 

following molecules: 

 

SOD1 

SOD1 mutations covered about the 20% of familial cases and the 3% of the 

sporadic cases of ALS (Rosen, 1993; Shaw et al, 2001). The gene coding for 

the SOD1 protein is located on chromosome 21 and several mutations 

localized in this locus have been characterized. Experimental evidences 

about the involvement of SOD1 with the pathogenesis of ALS were obtained 

through a series of studies performed on transgenic mice, where the 

induction of human SOD1 caused the selective degeneration of motor 

neurons (Gurney, 1994).  

Further analysis of familial forms has also revealed other genetic locus 

closely linked to the disease, such as the one on chromosome 18q (Hadano 

et al, 2001), 16q (Ruddy et al, 2003) and 20p (Sapp et al, 2003), expanding 

the possible causes of this disease.  

 

TDP-43 

Neumann and colleagues (2006) discovered that TDP-43 was the major 

component of the ubiquitin-positive neuronal inclusions present in ALS and 

FTLD patients. Mutations in TDP-43 covered about the 4% of FALS cases 
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and a smaller percentage of SALS cases (Chiò et al, 2012). The presence of 

polyubiquitinated inclusions (UBIs) in affected tissues is a 

common marker of ALS and the presence of these inclusions may constitute 

an indirect evidence of the cellular failure in the recirculation of damaged 

proteins, normally performed by the proteasome apparatus (Leigh et al, 

1991). The UBIs are commonly present in ALS patients with dementia and 

Tau-negative inclusions and, at the moment, the only connection between 

these two pathological forms are these modifications in TDP-43 (Arai et al, 

2006; Neumann et al, 2006).  

 

FUS 

Shortly after the discovery of TDP43, FUS was identified in association with 

FALS carrying mutations in the chromosome 16p (Lagier-Tourenne et al, 

2012). Although familial mutations in FUS comprise the 4% of the cases, the 

functional affinity of this protein with TDP-43 enhanced the relevance of this 

discovery. 

 

OPTN 

OPTN regulates several cellular processes such as vesicle trafficking, protein 

secretion, cell division and host defence. Mutations of OPTN has been 

described for the first time in a cause of FALS by (Maruyama et al, 2010). 

 

VCP 

In 2010 another protein involved in FALS has been discovered: VCP 

(Johnson et al, 2010). Recently it has been demonstrated that mutations of 

VCP cause mitochondrial uncoupling, determining a significant decrease of 

ATP production. 

 

C9ORF72 

In 2011 an expansion of hexanucleotide repeats in C9ORF72 has been 

described as cause of FALS and FTD (DeJesus-Hernandez et al, 2011). 

Pathogenic repeats are present in 40% of FALS cases and 7% of SALS 

(Majounie et al, 2012). 
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1.6.1 TDP-43 function in animal models  

During the last years, the interest to understand the function of TDP-43 has 

increased exponentially. Taking advantage of the high degree of 

conservation of this protein among different species, in particular the 

functional domain of TDP-43 that binds to the RNA, a high number of 

different animal models have been generated to investigate the physiological 

role of TDP-43 in vivo and its involvement in the neurodegenerative 

processes.  

In mouse, the knockdown of TDP-43 provoked lethality during embryonic 

development, indicating that the function of this protein is essential for 

embryos survival.  

The study of Wegorzewska and colleagues (2009) found that mice 

expressing ALS mutant forms of human TDP-43 develop a progressive and 

fatal neurodegenerative disease that recapitulates some of the common traits 

found in both ALS and FTLD. Surprisingly, cytoplasmic TDP-43 aggregates 

were not present in these animals, suggesting that the formation of protein 

aggregates is not required to induce neurodegeneration. Instead, this study 

suggest that alterations in the DNA/RNA-binding capacity of the TDP-43 is 

fundamental to induce neurodegeneration (Wegorzewska et al, 2009).  

In a more recent study, Wils and colleagues (2010) generated transgenic 

mouse lines, one line in homozygous and another one in hemizygous for wild 

type human TDP-43. They showed a TDP-43 dose-dependent degeneration 

of cortical and spinal motoneurons and the development of spastic 

quadriplegia. Moreover they have observed a TDP-43 dose-dependent 

degeneration in non-motor cortical and subcortical neurons. In the affected 

spinal cord and brain regions of mice expressing transgenic TDP-43 have 

been found ubiquitinated and phosphorylated aggregates both in nucleus 

and in cytoplasm. Besides, the characteristic 25kDa C-terminal fragments 

(CTFs) were also recovered from mice brains. (Wils et al, 2010).  

Using Caenorhabditis elegans, Ash and colleagues (2010) generated an in 

vivo model of TDP-43, expressing human TDP-43 protein. In order to obtain 

and to study TDP-43 physiological function and the steps that lead to 

neurotoxicity, TDP-43 was expressed under the control of a pan-neuronal 
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driver in worms. Transgenic worms expressing human TDP-43 protein in 

neuronal cells showed a uncoordinated movements and anomalies in 

motoneuron synapses (Ash et al, 2010). The neuronal overexpression of the 

endogenous C.elegans TDP protein (TDP-1) also confirmed the data 

obtained with the human protein. Genetic deletion of the TDP-1 gene did not 

affect movement or motoneuron synapses. Deletion of both RNA recognition 

domains (RRM1 or RRM2) blocked neurotoxic effects, as well as the deletion 

of the C-terminal region. TDP-43 variants were found to accumulate in the 

nucleus of these animals, although their subnuclear distribution was altered.  

In the literature it is also present a zebrafish (Danio rerio) ALS model. In this 

model, the effect of expression of three different mutated forms of human 

TDP-43 (A315T, G348C and A382T) linked with ALS pathology has been 

tested. The overexpression of these ALS mutant variants caused a motor 

phenotype in embryos. These animals exhibited short motoneuron axons, 

premature and excessive branching and severe swimming defects. The 

knockdown of TDP-43 led to a similar phenotype, which can be rescued by 

expressing back TDP-43 wild type but not expressing the ALS mutant forms 

of TDP-43 (Kabashi et al, 2010). 

Finally, in Drosophila melanogaster have been also generated loss of 

function alleles in order to test the physiological function of TDP-43 in vivo. 

TBPH knockdown (homolog of TDP-43 in Drosophila) has been described to 

present uncoordinated movements and progressive paralysis (Diaper et al, 

2013; Feiguin et al, 2009; Hazelett et al, 2012; Lin et al, 2011). At the 

molecular level, these functional alterations were accompanied by 

modifications in the organization of the synaptic microtubules inside the 

terminals buttons (Godena et al, 2011). 
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1.7 TBPH: the homolog of TDP-43 in Drosophila 
melanogaster 

Human TDP-43 presents a high conservation in Drosophila despite the 

enormous phylogenetic distance between these two species. In flies the 

homolog protein is called TBPH and is coded by a gene located on the 

second chromosome (2R:19746589-19750104). According to Fly Base 

(www.flybase.org), six annotated transcripts were reported that codify for six 

different protein isoforms after alternative splicing of the mRNA (Figure 13). 

 

Figure 13 Chromosomal location of TBPH gene, and representation of its 
transcripts and the relative CDS.  

Adapted from www.flybase.org. 

The overall homology between the fly and the human proteins is 11.8% while 

the identity is 34.4% that becomes higher in the N-terminal region where the 

two main RNA-binding functional domains (RRM1 and RRM2) reside (75% of 

identity) (Figure 14). Less conservation was found in the C-terminal region of 

the protein that in Drosophila is a longer compared with the human but, in 

both cases, they present similar glycine rich domains. 
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Figure 14 hTDP-43 versus TBPH. 

Parallel between human TDP-43 amino acidic sequence (bottom line) and TBPH 

Drosophila amino acidic sequence (top line). In boxes are reported the RRMs 
domains. 

The degree of conservation between the Drosophila and the human proteins 

does not only concern the sequence but also includes the functional 

properties. Human TDP-43 is able to inhibit exon 9 CFTR inclusion in HeLa 

cells (Buratti et al, 2001) and this function can be replaced by expressing 

TBPH  (Ayala et al, 2005), indicating that these proteins similarly regulate 

exon splicing and suggesting that they may share comparable functions 

during the regulation of the RNA metabolism. 
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1.8 Drosophila melanogaster 

Drosophila melanogaster is a Diptera that belongs to the family of 

Drosophilidae. This specie is commonly known as the fruit fly or the vinegar 

fly and is one of the most common models used in biology and neurobiology. 

Historically, Thomas Hunt Morgan introduced these insects to the laboratory 

and together with his students at the Columbia University identified the first 

genetic mutations in flies at the early 1900s. These initial studies, together 

with the series of studies performed by his group, established the basis of the 

modern genetics.  

 

1.8.1 Drosophila life cycle 

The development of Drosophila is simple and depends on the temperature. 

At 25°C, the life cycle is of 9-10days (Figure 15). The embryogenesis in 

Drosophila starts with the deposition of eggs. These embryos usually hatch 

between 18 to 22 hours after egg laying (AEL) and become 1st instar larvae 

at 24 hours AEL followed by the second and the third instar larval stages 

after 48 and 72 hours AEL respectively. The larvae become pupae and take 

4.5 days to complete their metamorphosis, after which, the adult fly eclosed 

out by breaking the pupal shall case. Newly hatched flies can easily be 

recognized for the wings still closed and the clear body pigmentation. Few 

hours of after birth the wings result perfectly opened and the body acquires 

the normal pigmentation.  
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Figure 15 Schematic representation of the Drosophila life cycle.  

Starting from embryo there are three different larval stages, a pupa period and 
finally the eclosion to adult fly. 

The females begin to be sexually receptive about 12 hours after birth. Wild 

type Drosophila has red eyes and the body is segmented with transversal 

black rings across the abdomen. They exhibit sexual dimorphism then male 

and female flies can be easily distinguishable. Only male flies have a sex 

comb, a row of dark bristles on forelegs. Female flies have a long abdomen 

composed of seven segments pointed towards the anus, tip of the abdomen 

is dark black and round in male flies and the body size is smaller than in 

females with only five segments in the abdomen. 

1.8.2 Drosophila in biology  

In some cases, observations in cell lines are not sufficient to explain complex 

process in the context of an intact organism. Regarding to that, mammalian 

model systems offer several in vivo opportunities and extensive similarity to 

the human brain, however, the time required to perform experiments in these 

models sometimes can be prohibitive. Drosophila melanogaster, on the other 

hand, is a model with a rapid generation time and large progeny numbers 

produced in a single cross. Drosophila also posses a small annotated 

genome devoid of problems linked to genetic redundancy, they also posses 
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much simpler genetics with four pairs of chromosomes compared to 23 in 

humans and 12,000 genes compared to 25,000 in humans.  

The conservation with vertebrates is very high, a comparative genome 

analysis reveals that approximately 75% of the human genes involved in 

single diseases have a Drosophila orthologous (Fortini et al, 2000) allowing, 

consequently, the analysis in vivo of the mechanisms behind complex  

human pathologies like neurological disorders, cancer or similar 

developmental and metabolic diseases like obesity, cardiovascular diseases 

and immune systems deficits (Bier, 2005).  

Regarding the neurodegenerative diseases, the nervous system of 

Drosophila is much simpler compared to the human brain (~200,000 neurons 

compared to 1 billion neurons in humans) nonetheless, flies are able to 

perform complex motor behaviours like flying, walking or climbing 

(Ambegaokar et al, 2010). Moreover, the fly brain is organised into different 

areas that perform specialized functions, for example, there are defined 

zones for learning, memory, vision and olfaction. The formation and 

assembly of the synaptic connections during the development of the nervous 

system is also well and extensively characterized in Drosophila making 

possible the analysis of the modifications produced by pathological 

alterations. The sophisticated genetic and molecular tools available in flies 

give the opportunity to produce specific manipulations in individual neurons 

and determine the potential role of different molecules in neuronal 

homeostasis.  

1.8.3 Models of human diseases in Drosophila 

Different genetic approaches can be utilized to study the molecular function 

of genes involved in human diseases using Drosophila melanogaster. 

One possibility is to express in flies human genes carrying specific mutations, 

associated with the disease, and determine whether these modifications alter 

the functionality of this protein in vivo (forward-genetics).  

Alternatively, it is possible to study in Drosophila the function of endogenous 

proteins that present strong homology with conserved genes implied in 

human diseases (reverse genetics). 
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Thus, interesting phenotypes can emerge by reducing or eliminating the 

gene expression or by overexpressing the gene product. In that respect, 

nearly all of the current fly models of neurodegenerative diseases were 

made using the GAL4/UAS (upstream activating sequence) system, which 

allows the ectopic expression of a transgene in a specific tissue (Brand & 

Perrimon, 1993a). With this system, a human disease-related transgene can 

be placed under the control of the yeast transcriptional activator GAL4 

protein. In the absence of GAL4, the transgene is inactive but when these 

flies are crossed with GAL4 expressing flies in a specific tissue pattern, the 

transgenic protein can be expressed and the phenotypes generated easily 

analysed (Figure 16). 

 

 

Figure 16 GAL4 system. 

In the GAL4-UAS system, two transgenic fly lines are created. In the first (UAS–
transgene fly), the transgene is placed downstream of a UAS activation domain that 
consists of GAL4-binding sites. The second fly line contained the GAL4, which is a 

yeast transcriptional activator. In the absence of GAL4, the transgene is 

transcriptionally inactive; on the contrary in presence of GAL4 the transgene is 

transcriptionally active. Adapted from Nature Reviews. 

A similar scheme can be adapted to induce the expression of in interference 

RNAs (RNAi) against specific genes to create hypomorphic alleles. Once 

Drosophila models of neurodegenerative disease reproduced specific 

phenotypes related with the disease, the system allows to perform genome 
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wide screening to identify potential modifiers of these phenotypes. Another 

approach consists in a genetic screen to interrogate the genome for 

mutations that modify a neurodegenerative phenotype. Random mutations 

are produced by chemical or insertional mutagenesis, and the ability of these 

mutations to suppress or enhance the phenotype of interest is tested. The 

unbiased approach has the potential to identify new proteins, or to implicate 

previously defined cellular pathways that were not suspected to be important 

in neurodegenerative disease (Muqit & Feany, 2002). 

1.8.4 Drosophila NMJ 

The Drosophila neuromuscular junctions (NMJs) has been used as model 

system to study synaptic formation and function since the mid 1970’s, (Jan & 

Jan, 1976; Magazanik & Vyskocil, 1979). The NMJs can be easily analysed 

morphologically and electro physiologically and are one of the most powerful 

models used to understand the processes that govern the communications 

between the pre and the postsynaptic membranes in neurons. Drosophila 

NMJs, posses a high degree of similarity with the mammalian neuromuscular 

plaques and the other central synapses of the nervous system that utilize 

glutamate as a neurotransmitter (Koh et al, 2000). This system was also 

widely used to characterize synaptic development and neurotransmission 

control (Keshishian et al, 1996). 

The NMJs in the Drosophila larval bodies are organized in individual 

segments (A1-A7) that present a series of different muscles arranged in a 

specific pattern, identically repeated in every segment. These segments are 

composed by 30 different muscles, innervated by specific motoneurons, 

specifically targeted to individual muscle fiber (Gramates & Budnik, 1999; 

Keshishian & Chiba, 1993). The small number of neurons and muscles and 

their unique identity gives the possibility to study in details and with high 

reproducibility the interactions between muscles and neurons. There are a 

total of 32 motoneurons that innervate specific muscle through the formation 

of and average of six nerve branches (Hoang & Chiba, 2001), (Figure 17).  

The nerve branches are: ISN (inter segmental nerve branch), SNa 

(segmental nerve branch a), SNb (segmental nerve branch b), SNc 
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(segmental nerve c), SNd (segmental nerve branches d) and TN (transverse 

nerve).  

 

Figure 17 Drosophila NMJ structure. 

(A) Each segment is bilaterally symmetric from abdominal segment 2 to segment 7. 
In (B) is schematized one hemi segment of larval body wall. It is represented the 

disposition of the muscle and the entrance of the nerve branches. Adapted from 
Hoang and Chiba, 2001. 

The axons of the motoneurons reach the surface of the muscles to form 

specialized connections called neuromuscular synapses through the 

differentiation of synaptic boutons. These structures are well characterized 

and, based on their dimensions, can be classified in four major categories:   

• type 1b are the largest boutons (3-6!m), are found in all muscle and 

are glutamatergic (Johansen et al, 1989); 

• type 1s are smaller that 1b (2-4!m), are present in all muscle and are 

glutamatergic (Johansen et al., 1989); 

• type II are the smallest boutons (1-2!m), have very elaborated 

branches and are not present on all muscle, these synaptic boutons 

used as neurotransmitter glutamate and octopamine (Monastirioti et 

al, 1995); 

• type III has medium size (2-3!m), are present only on muscle 12 and 

contain glutamate and insulin, as putative hormone neurotransmitter 

(Gorczyca et al, 1993). 
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Figure 18 Boutons classification. 

Through the innervation pattern on muscle 12 and 13 it is possible an overview of all 
species of synaptic boutons: 1b, 1s, II and III. Adapted from Hoang and Chiba, 
2001.   

The synaptic transmission between the motoneurons and the muscles 

requires the precise structural and functional assembly of the pre and the 

postsynaptic terminals. The presynaptic terminal boutons contain a high 

number of synaptic vesicles filled with the neurotransmitter and ready to be 

released. Though the perfect temporal correlation of the events that initiate 

the synaptic transmission are not well known, is believed that the Ca++ flux 

through voltage channels promotes the docking of the presynaptic vesicles 

with the structural protein Bruchpilot (Brp), homolog to the vertebrate CAST 

(cytoskeletal matrix associated with the active zone (CAZ) associated 

structural protein) (Ziff, 1997). Bruchpilot forms part of the characteristic T-

bar structures, required for the release of the neurotransmitter in the synaptic 

cleft. The presence of the neurotransmitter promotes the activation of the 

glutamate receptors localized in the postsynaptic membranes (Dresbach et 

al, 2001). The Glutamate receptors exhibit five subunits: GluRIIA, GluRIIB, 

GluRIIC, GluRIID and GluRIIE coded by different genes (Schmid et al, 2006), 

at the protein level the receptors are organized in functional complexes made 

out two subunits that combine the  GluRIIA or GluRIIB units together with the 

different subunits GluRIIC, GluRIID and GluRIIE. The glutamate receptors 

are present in the postsynaptic membranes before the formation of the 
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synapses, however, the functional clusters exclusively form after the stimulus 

provided by the presynaptic activity (Broadie & Bate, 1993).  

Drosophila postsynaptic membranes also present non-NMDA (N-methyl D-

aspartate) receptors, homologous to vertebrate non-NMDA ionotropic 

receptors, in charged of the fast excitatory transmission (DiAntonio et al, 

1999; Schuster et al, 1991). 

1.8.5 Drosophila synaptic vesicle cycle 

The release of neurotransmitters at the synaptic zone of Drosophila nerve 

terminals is mediated by the regulated exocytosis of synaptic vesicles. This 

process shares many characteristics and molecular components with the 

less specialized membrane fusion events that normally occur during the cells 

life. Thus, it was observed that the proteins involve in the membrane fusion 

machinery such as, the soluble N-ethylmaleimide-sensitive factor attachment 

protein receptors (SNAREs), the ATPase N-ethylmaleimide-sensitive factor 

and the Rabs GTPase are highly conserved from yeast to human and 

similarly required for synaptic activity or vesicular trafficking (Rothman, 

1994).  

Similarly, the continuous formation and fusion of synaptic vesicles are 

essential to support the rapid and repeated rounds of neurotransmitters 

release and, consequently, neurotransmission. This process is initiated in 

response to the presynaptic Ca2+ influx and involves the activation of the 

SNARE protein complex. These proteins are present on the surface of both 

membranes (presynaptic membrane and synaptic vesicles membrane) and 

are responsible for the fusion of lipid bilayers (Chen & Scheller, 2001; Jahn 

et al, 2003), (Figure 19). The SNARE proteins were initially classified as v-

SNARE and t-SNARE according on their localization on the vesicles or in the 

target membranes. More recently, these proteins have been reclassified as 

R-SNARE and Q-SNARE based to the conserved arginine or glutamine 

residues present in their core SNARE motifs (Fasshauer et al, 1998). 
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Figure 19 Synaptic vesicle cycle. 

(1) The synaptic vesicles are filled with neurotransmitters and formed (2) a ready 
synaptic vesicles pool. (3) Vesicles dock at the active zone and undergo a priming 
reaction (4). Ca++ triggered the fusion and the opening of the pore (5). After the 

neurotransmitters release, the vesicles undergo endocytosis to recycle the vesicles; 

a local reuse (6), a fast recycling without endosomal intermediate (7), clathrin 
mediated endocytosis (8) or a endocytosis mediated via endosomes (9). Adapted 

from (Sudhof, 2004). 

The synaptic cycle of vesicular of exocytosis and endocytosis in Drosophila 

is basically mediated by three different SNARE proteins: Synaptobrevin 

(which is a membrane protein associated with the presynaptic vesicles), 

Syntaxin 1A (which is localized in the plasma membrane of the synaptic 

terminals) and Synaptosomal-associated protein 25 (SNAP-25, which is 

involved in the formation of a tight complex to bring together synaptic vesicle 

and plasma membranes) (Sudhof, 2004). The docking of synaptic vesicles at 

the active zones depend on the formation of a “synaptic core complex” 

formed by the interaction of Synaptobrevin (through its R-SNARE motif) with 

the Q-SNARE motif of Syntaxin 1 and SNAP-25 (McMahon & Gallop, 2005). 



 

51 

The protein complex assembly, described above, leads to the fusion of the 

synaptic vesicles with the presynaptic membranes. 

The recycling process of the fused vesicles, instead, is performed through 

endocytosis that may occur across different regulatory pathways. The most 

frequent and better-characterized process of vesicular recycling is the 

clathrin-mediated endocytosis. In this process, adaptor proteins (APs) recruit 

clathrin to the plasma membrane and induce membrane invaginations 

allowing the recycling of the vesicles (Richmond & Broadie, 2002). 

Endocytotic pathways independent of clathrin to recycle synaptic vesicles are 

less characterized (Gupta et al, 2009) and implicate the transport of synaptic 

vesicles via the specialized endosomes (Hoopmann et al, 2010). Newly 

internalized vesicles are routed to recycling endosomes where the 

constitutive proteins are sorted for a new synaptic cycle or internalized into 

the multi-vesicular bodies (MVB), through the ESCRT (endosomal sorting 

complexes required for transport) machinery, for protein degradation 

(Raiborg & Stenmark, 2009). The events described above including the 

intracellular trafficking of the synaptic vesicles are tightly regulated by the 

Rab GTPase family (Mahoney et al, 2006). This family of small GTPase are 

able to regulate the endosomal trafficking of the membrane proteins through 

their capacity to regulate the specific tethering of the synaptic vesicles with 

the endosomes (Baetz & Goldenring, 2013; Christoforidis et al, 1999; 

Simonsen et al, 1998), to interact with SNARE proteins (Luzio et al, 2010; 

Sørensen et al, 2006) and the interactions of the endosomes with the  

microtubules (Horgan & McCaffrey, 2011; Ishida et al, 2012). 
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2 Research aims 

The TDP-43 protein is widely described to be involved in the 

neurodegenerative process behind ALS and FTD, although the physiological 

role of TDP-43/TBPH in vivo and the events that lead to pathological 

condition are still not clearly known.  

 The purpose of this study is to characterize and define the 

physiological role of TDP-43/TBPH in the central nervous system of a 

complete organism utilizing Drosophila melanogaster to better understand 

the alterations that may occur in pathological conditions.  

 

In order to achieve this objective, I defined the following, specific aims: 

 

1. To characterize of the physiological role of the Drosophila TDP-43 

protein (TBPH) in vivo. 

2. To identify the molecular mechanisms and metabolic pathways 

regulated by TBPH in vivo. 

3. To determine the chronological requirement of TBPH function during 

neuronal development. 

4. To determine the functional requirements of TBPH in fully 

differentiated neurons.  

5. To establish the initial molecular modifications behind TBPH 

dysfunction and to evaluate the regenerative capacity of the affected 

neurons in vivo. 
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3 Materials and methods 

3.1 Generation of constructs 

In this work two plasmids were used: pKS69 and pUASTattB. 

Vector pKS69 is 13Kb long (Figure 20) and derives by modification of the 

plasmid pP {Casper-LacZ}. The plasmid contains the sequence for the P 

element that mediates recombination of the gene of interest into the genome 

of the fruit fly.  

 

Figure 20 pKS69 vector map.  

The plasmid contains a white gene (w+), a genetic marker that codes for the colour 
of the eye and allows identifying the flies in which the recombination of transgene 

has occurred. In the vector are present 10 tandem arrayed optimized Gal4 binding 

sites, the UAS sequences, followed by hsp70 TATA box and transcriptional start, a 
poly linker containing unique restriction sites and the SV40 terminator site with the 

polyadenylation site. In the vector, it is also present the ampicillin resistance for the 

selection of colonies in E. coli. 

 

The plasmid pUASTattB (Figure 21) is 8.4 Kb long (Gene Bank accession 

number EF362409), contains the gene w+ coding for eye pigmentation of the 

fly, a region with 5 UAS binding sites in front of hsp70 promoter Gal4, loxP 

sequences, an MCS, the sequence attB and a region for resistance to 

ampicillin. The attB site allows site-specific integration of the transgene of 

interest in the attP landing platform created in flies, taking advantages of the 

phage !C31 integrase system (Bischof et al, 2007; Groth et al, 2004). 
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Figure 21 pUAST-attB vector map. 

Taken from (Bischof et al, 2007). 

The cDNA of the human TDP-43, Drosophila TBPH and TBPHF/L150/152 were 

cloned in vectors.  

3.2 RNA extraction from wild-type flies 

Flies were transferred in Ambion TRI Reagent® solution (30!l x flies) and 

squeezed with a pestle. After a centrifugation step of 12,000 x g for 10 

minutes at 6°C to remove debris, the supernatant was recovered and the 

RNA was extracted using phenol-chloroform method. Finally RNA was 

dissolved in 50!l of RNase free water. After quantification with Quant-it RNA 

Assay Kit, RNA was checked stored at -80°C. 

3.3 cDNA synthesis: RT-PCR 

The RNA (1!g) was treated with DNAse (Promega RQ1#M610A) and 

subsequently retro transcribed with Superscript III First-Strand Synthesis for 

RT-PCR (Invitrogen #1808-051) as follows: 

 

 

DNase Treatment 

Component Volume/ 10!l reaction 

RNA (1!g) 1-8!l 

10X buffer 1!l 

DNase enzyme 1!l 
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H2O add to 10!l 

 

        

The mixture was incubated at 37°C for 30 minutes, then DNase Stop solution 

was added and incubated at 65°C for 10 minutes to inactivate DNase 

enzyme. 

Reverse Transcriptase Reaction 

MIX 1 Component  Volume/ 10!l reaction 

RNA (DNase treated) 8!l 

OligodT (50mM) 1!l 

dNTPs (10mM) 1!l 

 

   

                 

 

 

 

The mixture was incubated at 65°C for 5 minutes then immediately put on ice 

at least for 2 minutes. 

Reverse Transcriptase Reaction 

MIX 2 Component  Volume/ 10!l reaction 

10X RT buffer 2!l 

MgCl2 (25mM) 4!l 

0.1 M DTT 2!l 

RNase OUT 1!l 

SuperScript III RT 1!l 

 

The mixture 2 was mixed with mixture 1 and then incubated at 25°C for 10 

minutes, then 50°C for 50 minutes to allow cDNA synthesis. The reaction 

terminated at 85°C for 5 minutes to inactivate the enzyme. 
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3.4 Cloning 

The cDNA Flag tagged of the human TDP-43, Drosophila TBPH and 

TBPHF/L150/152 were cloned into vectors, using the primer sequences reported 

below:  

 

hTDP-43  

fw 5’ cggaattcatggactacaaagacgatgacgacaagtctgaatatattcgggtaaccg 3’  

re 5’ gctctagactacattccccagccagaagac 3’ 

 

TBPH  

fw 5’ cggaattcatggatttcgttcaagtgtcg 3’ 

re 5’ gctctagattaaagaaagtttgacttctccgcggcgtt 3’ 

 

TBPHF/L150/152  

fw 5’ cggaattcatggatttcgttcaagtgtcg 3’ 

re 5’ gctctagattaaagaaagtttgacttctccgcggcgtt 3’ 

F150/152  

fw 5’ tccaagggcttaggtttagtgcgcttc3’ 

re 5’ gaagcgcactaaacctaagcccttgga 3’ 

 

            

3.5 High fidelity PCR 

For cloning was used the high fidelity PCR following the protocol described 

here: 

 

High Fidelity PCR 

Component (Initial concentration)                Final concentration 

cDNA 100ng 

10X Pfx Buffer 1X 

10mM dNTPs 0.3mM 

50mM MgSO4 1mM 
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Forward 0.3!M 

Reverse 0.3!M 

Platinum Pfx polymerase 1U 

H2O add to 50!l 

 

 

PCR cycle Program 

Cycle step Temperature Time 

Initial denaturation 94°C 2 minutes 

Denaturation 94°C 15 second 

Annealing according to Tm 30 seconds 

Extension 68°C 1 min/ 1Kb 

Final extension 68°C 10 minutes 

     

3.6 Agarose DNA gel electrophoresis 

DNA samples were size fractionated by electrophoresis in agarose gels 

ranging in concentrations from 0.8 % w/v (large fragments) to 2 % w/v (small 

fragments). The gels contained ethidium bromide (0.5µg /ml) and 1X 

Tris/Borate/EDTA (TBE 5X: 104g Tris, 27.5g boric acid, 10ml of 0.5M EDTA 

pH8 in 1 liter of water). The gels were electrophoresed at 50-80mA in 1X 

TBE running buffer. DNA was visualized by UV transillumination and the 

result recorded by digital photography. 

3.7 DNA extraction from agarose gel 

The DNA fragments obtained by restriction enzyme may be separated and 

isolated with an electrophoretic run of preparative type. DNA fragments were 

eluted from agarose gel with Wizard PCR purification kit (Promega). 

3.8 Restriction reaction 

The plasmids and PCRs of the fragments were digested with EcoRI and XbaI 

enzymes (NEB) in the following reactions: 
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Restriction Reaction 

Component Volume/ 150 !l reaction 

DNA (1.5-2 !g) --!l 

EcoRI (10U/ !l) 2!l 

XbaI (10U/ !l) 2!l 

10X ligation buffer 15!l 

H2O add to 150!l 

 

Mixed products were incubated at 37°C for one hour and successively 

incubated at 65°C for 20 minutes for the inactivation of the enzymes. The 

products were separated by electrophoresis through a 1% agarose gel. The 

bands corresponding to the PCRs fragments were cut from the gel and 

purified using the QIAquick Gel Extraction Kit (Qiagen). Purified DNA 

products were eluted in 10!l of elution buffer and ligated as follow described. 

3.9 Ligation 

The fragment was added in excess to the mixture for the ligation reaction as 

described below: 

 

Ligation Reaction 

Component Volume/ 10!l reaction 

Purified pUASTattB plasmid 1!l (20ng) 

Purified fragment 3!l (100ng) 

2X Rapid Ligation Buffer (Promega) 5!l 

T4 DNA Ligase (Promega) 1!l 

    

The mixture was incubated for 15 minutes at room temperature. 

3.10 Preparation of competent cells 

A single colony of E. coli DH5" was inoculated into 5ml of liquid Luria-Bertani 

medium [LB medium: 10g/l bacto-tryptone, 5g/l yeast extract, 10g/l sodium 

chloride (NaCl), pH 7.5] and grown at 37°C shaking over night. 200ml of LB 

are inoculated with the stationary culture to obtain an O.D.600 of 
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approximately 0.05. Cells were centrifuged at 1,000x g for 15 minutes at 4°C 

and were re-suspended in 10ml of RF1 frozen buffer (100mM RbCl, 50mM 

MgCl2, 30mM CH3COOK, 10mM CaCl2, 15% glycerol, pH 5.8). After 20 

minutes of incubation, the cell suspension was centrifuged again for a period 

of 15 minutes and cells were re-suspended in 2ml of buffer iced RF2 (10mM 

MOPS, 10mM RbCl, 75mM CaCl2, 15% glycerol). Aliquots of competent cells 

were directly transformed or stored for further processing at -80°C. 

3.11 Transformation 

Half of ligation mixture was added to 50µl of competent cells for 

transformation and placed on ice for 1 hour and half, followed by an heat 

shock treatment at 42°C for 45 seconds. And brief incubation on ice. Finally 

200µl of LB medium was added to the cells which were incubated at 37°C 

shaker for 1 hour. Transformed bacteria were plated on LB agar plate with 

ampicillin (100!g/ml) and incubated at 37°C for 18 hours. The positive clones 

ampicillin resistant were grown in LB-ampicillin medium. Plasmid DNA, 

successively purified by minipreparation protocol, was tested by restriction 

analysis to confirm proper insertion. 

3.12 Sequencing of clones 

Three positive clones of each construct were sequenced to confirm the 

presence of the specific cDNA fragment inserted in the vector.  The clones 

were sent to Eurofins MWG Operon (Germany) for sequencing. 

3.13 Small-scale plasmid DNA extraction (Miniprep) 

Minipreps of plasmid were performed with a commercial kit (Wizard Plus 

Minipreps! DNA Purification System, PROMEGA). The protocol is based on 

the lysis of bacteria followed by the attachment of plasmid DNA to silica 

column. Washes were performing with a buffer containing ethanol, and then 

the plasmidic DNA was eluted with water or 10mM TRIS pH 8. 
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3.14 Culturing S2 cells 

The S2 cell was derived from a primary culture of late stage (20-24 hours 

old) Drosophila melanogaster embryos (Schneider, 1972). S2 cells formed a 

semi-adherent monolayer when grown in culture flasks at room temperature, 

without CO2.  The Insect Express medium (Lonza #BE12-730F) was 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1X 

antibiotic-antimycotic (SIGMA A5955). 

3.15 S2 cells transfection 

Before sending the constructs to BEST gene company for the generation of 

transgenic flies, the expression level of the cloned genes were tested in S2 

cells. 

Transfection was performed using the Effectene transfection reagent kit 

(Qiagen) a non-liposomal lipid reagent for DNA transfection. S2 cells were 

harvested by centrifugation and after removing the supernatant were washed 

in 10ml of PBS. They were then placed in a petri dish at a concentration of 

3x106/ml with 4ml of Insect Express containing 10% heat-inactivated FBS, 

50U/ml penicillin and 50!g/ml streptomycin. 

The transfection reaction was prepared as follows: 4µl of DNA plasmid 

(0.25!g/ml) containing the fragment of interest 1!g of plasmid harbouring 

Gal4 factor and 8µl of Enhancer were added to the condensation buffer 

(Condensation Buffer, CE) up to a total volume of 150µl and incubated at 

room temperature for 5 minutes. The mixture was subsequently added of 

25µl of Effectene reagent, was mixed by vortexing and incubated at room 

temperature for 10 minutes to allow transfection complex formation. The 

transfection complex was added of 1ml of medium then was transferred in 

petri dish. The cells were incubated at 25°C for at least 48 hours in order to 

obtain the expression of the protein encoded by the transfected genes. 

3.16 Generation of transgenic flies 

After the protein expression evaluation in S2 cells, the constructs were sent 

to Best Gene Company to generate transgenic flies. Different transformant 

lines were obtained for each transgene. The integration of constructs was 
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directed, through PhiC31 integrase-mediated transgenesis systems, on 

estimated cytosite 86F located on the fly third chromosome. 

3.17 Biochemical techniques 

3.17.1 Protein extraction 

The S2 transfected cells were transferred in 1.5ml tubes and washed with 

PBS, collected by centrifugation at 16,000 x g and re-suspended in 100µl of 

Lysis buffer (50mM Tris HCl pH 7.6, 750mM NaCl, 1% Triton X-100 and 

complete mini EDTA-free protease inhibitors commercially available from 

ROCHE). 

Regarding the flies, total protein was extracted from entire flies or specific 

districts, such as heads, thorax or abdomen. Whole flies were frozen in liquid 

nitrogen and then vortexed to separate heads from the bodies. The material 

(8-10ul /head or fly) was transferred into 1.5 ml tubes containing lysis buffer 

1X (1.5X Lysis buffer solution: 225mM NaCl, 15mM Tris, 7.5mM EDTA, 15% 

glycerol, 7.5mM EGTA, 75mM NaF, 6M Urea, 7.5mM DTT and protease 

inhibitors). 

The material in lysis buffer was manually homogenized, followed by 

centrifugation at 0.5 x g for 5-10 minutes at 6°C. Finally supernatants were 

collected and stored at -80°C. The quantification of the proteins was 

performed with Quant-iT™ Protein Assay Kit (INVITROGEN), following the 

recommended procedure.  

3.17.2 Protein extraction for Futsch  

To detect Futsch protein a protocol in agreement with (Zou et al, 2008) was 

followed. Twenty fly heads were homogenized in ice cold lysis buffer 

containing 1% CHAPS, 20mM Tris/HCl (pH 7.5), 10mM EDTA, 120mM NaCl, 

50mM KCl, 2mM DTT and protease inhibitors (Roche, Complete Mini EDTA 

free). The homogenization step was followed by incubation on ice for 5-10 

minutes and centrifugation at 9,000 x g for 10 minutes at 4°C. Supernatants 

were collected and processed for the loading on acrylamide gel. 
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3.17.3 SDS-PAGE  

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is 

a method used to separate proteins according to their size. Protein samples 

were diluted in 1X Laemmli buffer (composition of 5X: 0.3M Tris-Cl pH6.8, 

50% glycerol, 10% SDS, 25% ß-mercaptoethanol, 0.05% bromophenol blue) 

and then boiled at 95°C for 5 minutes.  Gels were prepared as follows: 

 

Gel Preparation 

Components Resolving gel Stacking gel 

Acrylamide M-BIS 40% 4%-10% (v/v) 5% (v/v) 

Tris-HCl pH 8.8 0.37M - 

Tris-HCl pH 6.8 - 0.125M 

Ammonium persulphate 0.1% (w/v) 0.1% (w/v) 

SDS 0.1% (w/v) 0.1% (w/v) 

TEMED 0.02% (v/v) 0.02% (v/v) 

     

The amperage applied for running electrophoresis was 20mA in 1X running 

buffer (Running buffer 10X: 30.28g Tris, 114.13g Glycine, 10g SDS in 1 liter 

of water).  

3.17.4 Western blotting 

After electrophoresis, proteins were transferred from the gel to a 

nitrocellulose membrane (Amersham Biosciences). Blotting lasted 1 hour at 

350mA in transfer buffer 1X with 20% methanol (Transfer buffer 10X: 30g 

Tris, 144g glycine in 1 liter of water).  

The membrane was blocked with a solution of 5% milk or 5% bovine serum 

albumin (BSA, SIGMA) in TBS 0.01% Tween (TBS-T) for 30 minutes at room 

temperature on shaking platform (TBS buffer 10X: 24.2g Tris, 80g NaCl in 1 

liter of water, the solution had pH 7.6). The membrane was then incubated 

with primary antibody diluted to the appropriate concentration in TBS-T and 

5% milk or 5% BSA at 4°C over night. 

After five washes in TBS-T, the membrane was incubated with the secondary 

antibody diluted to the appropriate concentration in TBS-T for 1 hour at room 
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temperature. The protein detection was performed with SuperSignal®West 

Femto Maximum Sensitivity Substrate (Thermo). 

A list of antibodies used in this work was reported below: 

Primary Antibodies 

Name/Supplier Host Dilution 

Anti Flag M5/Sigma mouse 1: 1,000 

Anti TBPH/house rabbit 1: 2,000 

Anti Syn 3C11c/DSHB mouse 1: 4,000 

Anti Syx 8C3 s/DSHB mouse 1: 2,500 

Anti CSP2c/DSHB mouse 1: 9,000 

Anti BRPs/ DSHB mouse 1: 2,000 

Anti Futsch 22C10s/ DSHB mouse 1: 200 

Anti Dlg 4F3c/ DSHB mouse 1: 15,000 

Anti Tubulin/Calbiochem mouse 1: 4,000 

Anti Actin/Sigma rabbit 1:1,000 

 

  

   

 

Secondary Antibodies 

Name/Supplier Host Dilution 

Anti mouse-HRP/Pierce goat 1: 50,000 

Anti rabbit-HRP/Pierce goat 1: 50,000 

     

 

     

3.18 Real-time PCR (qPCR) 

RNA samples (3 experimental and 3 control preparations for heads) were 

used to prepare independent cDNA samples with the Superscript 1st Strand 

Synthesis Kit (Invitrogen). The cDNA preparations were diluted 1:15 and 

1.5!l was used in each reaction for qPCR using the SYBR Green PCR 

Mastermix (Applied Biosystems). Reactions were performed in the ABI7700 
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or ABI7500 Fast Real-time PCR system using the default run parameters. 

For each plate, a melting curve analysis was performed at the end of each 

run to test for primer specificity Tm. Each plate also contained reactions to 

test for amplification specificity in the presence or absence of template. 

RpL11 and Rpl-52 primers were used for control amplification reactions. The 

primers used for qPCR are listed below. 

 

futsch 

fw 5’ ctcgccaaagcccacatcacc 3’ 

re 5’gtcaccctcacactcagctcc 3’ 

hdac-6 

fw 5’ cgagcggctgaaggagac 3’ 

re 5’ accagatggtccaccaattcg 3’ 

rpl-52 

fw 5’gaaaataacaaagatctgcttggcc 3’ 

re 5’aagtggcccttgggcttcag 3’ 

rpl11  

fw 5’ ccatcggtatctatggtctgga 3’ 

re 5’ catcgtatttctgctggaacca 3’ 

synapsin 

fw 5’ accagaccatcgtactcac 3’ 

re 5’ ccgaaaatcatatcggcatcc 3’ 

syntaxin 

fw 5’ tgttcacgcagggcatcatc 3’ 

re 5’ gccgtctgcacatagtccatag 3’ 

csp 

fw 5’ ccgataagaacccggacaatg 3’ 

re 5’ tcacggcacagcagataac 3’ 

3.19 Drosophila techniques 

3.19.1 Drosophila stock handling 

Drosophila stocks were purchased from the Bloomington stock centre 

(Indiana; http://flystocks.bio.indiana.edu/), the Drosophila Genetic Resource 
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Centre (Kyoto; http://www.dgrc.kit.ac.jp/) and Drosophila stock centre 

(Vienna; http://stockcenter.vdrc.at/). Additional stocks were kindly provided 

by colleagues and other laboratories or were generated as part of this 

investigation. Stocks were stored at 25°C or 18°C, and were transferred to 

fresh fly medium every 2 and 4 weeks, respectively. At 25°C, the fly life cycle 

is completed in 10 days (from egg to adult), whereas at 18°C the life cycle is 

approximately doubled. Experimental crosses were maintained in a 

humidified chamber (60%) at 25°C on 12 hours light and 12 hours dark 

cycles. 

3.19.2 Maintaining medium for flies 

Flies were cultured in small tubes containing a specific type of growth food 

composed of corn flavour (700g), water (24l), sugar (1kg), agar (150g), 

brewer’s yeast (1.5kg) and propionic acid (100ml). 

3.19.3 Drosophila anaesthetisation 

The flies were anaesthetised on a gas porous pad using carbon dioxide 

(CO2). A constant CO2 flow provided immediate and continuous 

anaesthetisation.  

3.19.4 RU486 feeding procedure 

In Drosophila are available various inducible gene expression system, the 

most used is the GAL4 system (Brand & Perrimon, 1993b). In this system the 

temporal regulation is absent, to have also a temporal control of the 

transgene expression the GeneSwitch system is necessary, in which it is 

possible a spatial as well a temporal control of the transgene expression 

(Poirier et al, 2008). 

Larval feeding 

Crosses were placed in normal food for one day, to promote adaptation and 

mating. The next day crosses were transferred on fly food containing RU486 

at the molar concentration desired. 3-4 hours were left to lay eggs, parental 

were removed and the larvae obtained from the culture used for experiments. 

A stock solution of 10mg/ml RU486 (mifepristone, Sigma) in 80% ethanol 
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was added during fly food preparation to achieve the required concentration. 

Control larvae were grown in food supplemented with ethanol only 

(Osterwalder et al, 2001). 

Adult feeding 

To induce the GeneSwitch system in adult flies a different procedure for 

feeding flies has been followed. A stock solution of 10 mg/ml RU486 in 80% 

ethanol was diluted in a 2% sucrose solution to achieve the required 

concentration. The solution obtained was directly added on the surface of 

normal fly food. The food with the drug solution was allowed to dry under a 

hood and then the flies were transferred inside for the analysis. Control 

larvae were grown in food with a superficial addition of a solution 2% sucrose 

and ethanol, (Roman et al, 2001; Wigby et al, 2011). 

 

 

 

Figure 22 GeneSwitch GAL4 system. 

In absence of the RU486 (inducer) the GAL4 protein was expressed but remain 
transcriptionally inactive. If the inducer was administrated GAL4 become 

transcriptionally active. Adapted from (Nicholson et al, 2008). 
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3.19.5 TARGET system procedure 

Another inducible system used in Drosophila is TARGET system (temporal 

and regional gene expression targeting). This technique is based on the 

ubiquitous expression of the temperature sensitive version of the GAL80 

protein, a strong GAL4 repressor. GAL80 repressed GAL4 transcriptional 

activity at permissive temperature, with a temperature shift it become inactive 

and allow GAL4 activity (McGuire et al, 2004, 2004)(McGuire et al, 2004, 

2004)(McGuire et al, 2004). 

Crosses were maintain in normal food at a controlled temperature of 18°C, to 

induce GAL4 inactivating GAL80 molecules tubes containing flies were shift 

at a higher temperature (29°C-31°C). In these experiments a group of control 

flies were subjected to the same treatments of he other group. 

3.20 Phenotypic analysis in Drosophila 

3.20.1 Climbing assay 

The negative geotaxis (movement against the gravity) is an innate 

characteristic of Drosophila (Benzer, 1967; Kazemi-Esfarjani & Benzer, 

2000). The key point of this assay is that Drosophila flies respond rapidly to 

light stimulus (photo taxis) (Benzer, 1967). Thus the flies were admitted in 

the cylinder, a distal lamp was put to provide the stimulus and the flies’ 

capability to reach the end of the tube was measured within fifteen seconds. 

This behaviour is stable during the first three weeks of adult life, but 

progressively declines with age, thus the activity has been measured at 7, 14 

and 21 days of fly’s life (Kazemi-Esfarjani & Benzer, 2000). 

In details, 50ml glass cylinder was divided into three parts as bottom, middle 

and top (5cm each part). Flies were carefully transferred in the cylinder 

without anaesthesia and dropped to the bottom. After period of adaptation of 

30 seconds, climbing ability has been scored counting the flies that reach the 

top of the cylinder in 15 seconds. Flies were assessed in batches of 20, with 

a portion of male and female 1:1. Three trials were performed on each day of 

the test (7th-14th-21st day) and the average was considered as a climbing 

final score. A minimum of 100 flies was tested for each genotype. 
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3.20.2 Survival rate 

Adult flies were collected during two, three days from the hatch and then 

were used for lifespan experiment. They were transferred to fresh tubes at a 

density of 20 individuals per vials with a proportion of male and female 1:1. 

The lifespan trials were conducted in humidity and temperature controlled 

condition with a light and dark cycle of 12 and 12 hours. Every second day, 

without anaesthetization the flies were transferred to new tubes containing 

fresh medium and deaths were scored (Bass et al., 2007). Approximately 

200 flies were tested for each genotype.  

3.20.3 Larval movement 

Drosophila larvae show natural peristaltic movements, a kind of muscle 

contraction that create a wave which starts at the end of the larvae passing 

to body and ends at the mouth. This movement allows moving one step 

forward. In physiological condition this movement is interrupted by pausing, 

turning and head swinging (typically to explore a new place), (Rodriguez 

Moncalvo & Campos, 2009). During each wave the larval hook (mouth) 

makes an anchor point to advance. Evaluation of the peristaltic waves has 

been done testing the movements of third instar larvae. 100mm agar plates 

(1%) have been used for the test, larvae carefully transferred into the agar 

plate were allowed to adapt for 30 second and then recorded for 2 minutes. 

Minimum 20-30 larvae per each genotype were counted individually and 

average has been taken. Separate agar plate was used for each genotype. 

3.20.4 Walking assay 

Young flies with 3-4 days aged were used to test the walking ability. A 

145mm Petri plate has been used, creating grid lines of 1x1cm squares in 

the bottom, to measure the distance travelled.  Fly was placed individually in 

the centre of the petri plate and, after a period at least of 30 seconds for 

environment, tested for 30 seconds, counting the number of 1x1 grids 

crossed by walking. Minimum 50 flies were tested individually from each 

genotype.  
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3.21 Immunohistochemistry studies 

3.21.1 Dissection of the larval fly brain 

Larval brain dissection was performed referring to the protocol published on 

Nature Protocol (Wu & Luo, 2006). Larvae at the instar of interest were taken 

from the tube of culture and quickly washed with some water and transferred 

on a glass slide in a drop of PBT buffer (PB supplemented with 0.3% Triton 

X100). The brains were removed and placed into a 0.5 ml tube containing a 

solution of PBT containing 4% paraformaldehyde and kept on ice. The 

collected brains were placed on a nutator mixer and left to fix for 20 minutes 

in 4% paraformaldehyde. After fixation, the paraformaldehyde was removed 

and two quick washes followed by three washes of 20 minutes in PBT buffer 

were done. Tissue were blocked in 5% NGS blocking solution for 30 minutes 

and subsequently incubated with primary antibody in PBT overnight at 4°C. 

After primary antibody incubation larval brains were washed in PBT (3 x 20 

minutes) followed by secondary antibody incubation in PBS-T for 2 h at RT. 

After the incubation the previously described washing cycle was repeated 

and Slowfade®Gold antifade was added. Brains were allowed to settle in 

Slowfade®Gold antifade at 4°C for one night. The day after brains were 

mounted on a glass slide to be afterward analysed at confocal microscope. 

Reagent and Solutions 

PBT buffer: PBT 1X (100mM NaHPO4/NaH2PO4, pH7.2) 0.3% Triton-100. 

4% paraformaldehyde fixing solution: 16%PFA and PBT buffer in a ratio of 

1:3. 

Blocking solution: 5% NGS (Normal Goat Serum, Chemicon) in PBT buffer. 

Alexa Fluor® Secondary antibodies, (Life Technologies). 

Slowfade®Gold antifade, (Life Technologies). 

3.21.2 Neuromuscular junction dissection 

Neuromuscular junctions were performed during third larval stage. Selected 

larvae were quickly washed with some water and transferred on a Sylgard 

dish for dissection. Larvae were pinned at both ends with minute pins 

(Austerlic Insect Pins 0.1 mm diameter, Fine Science Tools, Germany). 
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Larval body wall muscle was carefully opened at the dorsal side using Spring 

scissors (Fine Science tools, Germany). The muscle walls were pinned out 

and the internal organs were removed and carefully washed with dissection 

solution. Larvae were fixed for 20 minutes using 4% paraformaldehyde in 

PBS followed by washes (3 x 5 minutes) in PBS-T (PBS supplemented with 

0.1% (v/v) Tween) and by blocking in 5% Normal Goat serum NGS) solution. 

Larvae were incubated in in primary antibody diluted in PBS-T over night at 

4°C. After primary antibody incubation larvae were washed in PBS-T (3 x 10 

minutes) followed by secondary antibody incubation in PBS-T for 2 at RT. 

The excess of secondary antibody was removed by washes (3 x 15 minutes) 

in PBS-T.  Finally the Slowfade®Gold antifade reagent was added and the 

samples were allowed at 4°C for one night. The day after the larvae were 

mounted on a glass slide. Fluorescence was detected using confocal 

microscope (Carl Zeiss LSM 510). 

Reagent and Solutions 

Dissection Solution: 128mM NaCl, 2mM KCl, 4mM MgCl2, 0.1mM CaCl2 

(freshly prepared), 35.5mM Sucrose and 5mM Hepes (pH 7.2). 

PBST: PBS 1X 0.1% Tween20. 

4% paraformaldehyde fixing solution: 16%PFA, PBS buffer and water in a 

proportion of 1/4,1/4 and 1/2. 

Blocking solution: 5% NGS (Normal Goat Serum, Chemicon) in PBST buffer. 

Alexa Fluor® Secondary antibodies, (Life Technologies). 

Slowfade®Gold antifade (Life Technologies). 

 

A table of antibodies used in immunofluorescence was reported below: 

 

Primary Antibodies 

Name/Supplier Host Dilution 

Anti Flag M5/Sigma mouse 1:200 

Anti TBPH/ house mouse 1: 200 

Anti GFP/ Invitrogen rabbit 1:200 

Anti Syn 3C11c/ DSHB mouse 1: 15 

Anti Syx 8C3s/ DSHB mouse 1: 15 
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Anti CSP2c/ DSHB mouse 1: 50 

Anti BRPs/ DSHB mouse 1: 50 

Anti Futsch 22C10s/DSHB mouse 1: 50 

Anti Dlg 4F3c/DSHB mouse 1:250 

Anti Elav/DSHB rat 1:250 

Anti Elav/DSHB mouse 1:250 

Anti HRP/Jackson rabbit 1:150 

        

Secondary Antibodies 

Name Host Dilution 

Alexa Fluor® 555 phalloidin - 1:25 

Alexa Fluor® 488 (mouse, rabbit) goat 1:500 

Alexa Fluor® 555 (mouse, rabbit, rat) goat 1:500 

Alexa Fluor® 647 (rat) chicken 1:500 

      

3.21.3 Bouton shape 

The boutons with a round and smooth surface, with also an equal diameter 

on both axes, were considered as “Regular” boutons. On the contrary 

deformed boutons with a fusiform appearance were considered as “Irregular” 

boutons. Graph has been generated reporting the percentage of regular and 

irregular boutons on the total number of these. Boutons were stained with 

anti HRP that recognize neuronal tissue in Drosophila. HRP staining has 

been a great tool for the analysis of NMJ morphology since it is specific for 

the presynaptic compartment (Jan & Jan, 1982). 

3.21.4 Quantification of Futsch staining 

Larvae used for these analyses were processed simultaneously for 

immunohistochemistry and confocal images were acquired under identical 

condition. Quantification were done following a previous study with some 

readjustment (Packard et al, 2002). The bounded appearance of Futsch in 

the proximal boutons in general occupies the whole bouton area more then 

75% was considered as “Full” bouton. The boutons in which Futsch 
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appeared fragmented and occupied less than 75% of the area are classified 

as “Diffuse”. Finally boutons without Futsch staining are considered as 

“Empty” boutons. 

3.21.5 Quantification of pre and postsynaptic markers 

Larvae used for these analyses were processed simultaneously for 

immunohistochemistry and confocal images were acquired under identical 

condition. Synaptic boutons from muscle 6 and 7 (segment A2) were used for 

quantitative analysis. Samples were double labelled with anti-HRP and the 

markers chosen and the ratio of mean intensity of marker/HRP has been 

measured. To quantify the cluster volume of Bruchpilot and Glutamate 

Receptor IIA a ratio between volume occupied by the marker inside a single 

bouton per total volume of the analysed bouton. Adapted from (Diaper et al, 

2013; Thomas et al, 1997). Images were processed with ImageJ, and then 

statistically analysed using Prism. 

3.22 Data analysis and statistic 

Confocal images were acquired at the same fluorescence intensity using 

Zeiss LSM510 confocal microscope. Statistics were performed using 

GraphPad Prism software. One way ANOVA was performed using 

Bonferroni’s multiple comparison test to compare three or more independent 

groups. T-test was performed to compare two independent samples. Log-

rank test was used to analyse survival curves. The significance between 

variables was shown in each image following this conversion of p value: * if 

p<0.05; ** if p<0.01; ***if p<0.001.  
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4 Results 

4.1 A fly model of ALS pathology 

A fly model of ALS pathology was generated through the knock out of the 

TBPH gene, the Drosophila homolog of human TDP-43. P-element 

technology (EY10530) was then used to generate chromosomal deletions in 

the TBPH locus. Two mutants lines were isolated, TBPH!23 and TBPH!142, 

showing genomic deletions of 1.6 and 0.8 kb respectively. The TBPH!23 

deletion occurred as a a result of the complete elimination of the P-element, 

while the TBPH!142 deletion retained a fragment of the original EY10530 due 

to the imprecise excision of the P-element (Feiguin et al, 2009). 

 

 

Figure 23 TBPH mutant alleles. 

Schematic representation of TBPH mutant alleles. CG4585 and bgcn are the two 
adjacent genes present towards 5’ and 3’ strand of TBPH respectively. In the coding 

region (in gray) the start of translation (ATG) and the ends with stop codon (Stop) 

are indicated. The insertion site of the P-element P{EPgy2}TBPHEY10530 used for 
mutants construction is indicated and the extent of the deletions of the two 

generated mutants, TBPH!23 and TBPH!142, are outlined by the broken lines. 

In order to determine whether the TBPH protein was still present in these 

alleles after the genomic deletions, a TBPH protein fragment from amino acid 

1-268 was utilized to immunize rabbits and generate specific polyclonal 

antibodies.  With this tool in hands a western blot analysis on adult fly heads 

was performed that confirmed the total abolishment of TBPH protein in both 
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mutants, with wild type flies (W1118) having been used as a positive control 

(Figure 24).  

 

Figure 24 Western blot analysis of TBPH protein in mutants. 

Western blot analysis, stained with polyclonal anti-TBPH antibody, detected 

no endogenous protein in mutant fly heads compared to the TBPH protein 

signal in wild type flies (W1118). Tubulin was used as a loading control. 

4.1.1 Characterization of TBPH loss of function in vivo 

A quantitative analysis of TBPH mutant flies from embryonic stages to 

adulthood was performed to characterize possible defects during 

development. TBPH knockout flies successfully survived during 

embryogenesis as indicated by the analysis of first instar larvae formation 

that showed a segregation of the alleles in perfect agreement with the 

Mendelian Inheritance Laws of Genetics (Figure 25).  

 

 

Figure 25 Alleles segregation at L1 stage in TBPH mutants. 

The analysis of first instar larvae showed the segregation of the mutant alleles to the 
progeny with the expected frequency (33%) and without signs of embryonic lethality. 

GFP+ were larvae carrying the mutation in heterozygosis and GFP- were larvae 

carrying both mutated alleles. 

W
1118 

TBPH
 !23 /

!23  

55kD - 

55kD - 

72kD - TBPH
 !142 /

 !142  

anti-TBPH 

anti-tubulin 

Genotype GFP + GFP- n 

TBPH!23/CyOGFP 1640 
(67%) 

811 
(33%) 

2451 

TBPH!142/CyOGFP 967 
(67%) 

483 
(33%) 

1450 
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The absence of embryonic lethality in Drosophila TBPH mutant is in contrast 

with the evidence obtained in other TDP-43 animal models, such as the 

mouse where TDP-43 knockout did cause embryonic lethality (Kraemer et al, 

2010; Sephton et al, 2010; Wu et al, 2010). A possible explanation for these 

differences could be the presence of the maternal protein in the Drosophila 

embryos coming from the oocyte. Further analysis is necessary to confirm 

this hypothesis.  

Continuing with the analysis, it was observed that more than 60% of the first 

instar larvae arrived at pupal stages. A high percentage of these flies then 

died at pupal eclosion stages or remained trapped inside their pupal case 

(Figure 26).  

 

Figure 26 Developmental viability analysis of TBPH mutant flies.  

The developmental viability analysis indicates low larval and pupal lethality. On the 
contrary, adult flies present severe defects during eclosion and adulthood. Next to 

the genotype the number of 1st instar larvae analysed is reported, followed by the 

number of animals reaching the subsequent stage and the relevant percentage. 

Eclosed mutant flies, appeared morphologically identical to wild type controls 

apart from the fact that they showed a dramatic reduction of life span (Figure 

27) and presented severe locomotive defects both during larval stages and 

adulthood.  

 

Figure 27 Appearance and life span of TBPH mutant flies. 

The picture showed the identical external appearance of mutant TBPH!23/- (right fly) 
and wild type W1118 flies (left fly). The chart depicts the life span analysis of these 

animals. Wild type flies in standard condition survived approximately 60 days, while 
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the two mutants showed a much reduced life span. TBPH mutant flies survived a 

maximum of 3 days; a very severe phenotype.  

The movements of the mutant adult flies were spastic and uncoordinated, 

moreover, these flies were unable to walk normally (Feiguin et al, 2009). In 

addition, TBPH had been suppressed by the expression of an RNA 

interference (RNAi) (Dietzl et al, 2007), exclusively in neural tissues (see 

TBPH!23/+; elav>RNAi3v) using the pan-neuronal driver elav-GAL4. I 

observed that these flies also presented locomotive defects in climbing 

assays, indicating that the suppression of the TBPH function exclusively in 

neuronal tissues is sufficient to produce locomotive defects (Figure 28A and 

B). To determine whether these phenotypes were specifically due to the lack 

of the TBPH protein, TBPH minus flies were rescued by reintroducing the 

human protein (hTDP-43) or the endogenous protein TBPH in the CNS. The 

expression of the TDP-43 or the TBPH transgenes by elav-GAL4 (pan 

neuronal driver), (Antic & Keene, 1997) or D42-GAL4 (motoneuron specific 

driver), (Sanyal, 2009), was sufficient to rescue any locomotive defects and 

life span of TBPH null flies (Figure 28).  
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Figure 28 Presynaptic TBPH function regulates flies locomotion. 

(A) Walking and (B) climbing assay on adult flies are reported in the figure. TBPH 
homozygous alleles (TBPH!23/- and TBPH!142/-) and heterozygous alleles treated 

with elav>TBPH RNAi (TBPH!23/+;elav>RNi3v) presented impaired spontaneous 

walking and climbing abilities compared with W1118 (+/+), TBPH!23 heterozygote 
(TBPH!23/+) and TBPH!142 heterozygote (TBPH!142/+). These defects became 

recovered by expressing hTDP-43 or TBPH with elav-GAL4 (pan neuronal) or D42-

GAL4 (motorneuron) drivers. (C) Life span reduction in TBPH mutant flies can be 
rescued by the expression of either Drosophila or human TDP-43 transgene in D42-

GAL4 expressing neurons. n=50 for walking assay; n=100 for climbing assay; n=250 

for life span. p<0.0001 by ANOVA. Error bars SD. 

In order to uncover the origin of the locomotive defects, I decided to 

investigate whether the organization of the motoneuron synaptic terminals 

was affected in Drosophila TBPH mutants. For these experiments I analysed 
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the neuromuscular junctions (NMJ) of third instar larvae and found that the 

knockout of TBPH produced deep alterations in the formation of motor 

neuron presynaptic terminals with a reduced number of synaptic branches 

and synaptic buttons as shown in (Figure 29 and Figure 30). Moreover, I 

found that these phenotypes were followed by defects in larval motility and 

were rescued by the reintroduction of either the human or the endogenous 

transgene (Figure 29E).  

 

Figure 29 Morphological defects at neuromuscular synapses in TBPH 

mutants. 

(A-D) Confocal images of NMJs on muscle 6 and 7 (abdominal segment III) at L3 
larval stage, stained with anti-HRP antibody of (A) wild type, (B) TBPH!23/-, (C) 

TBPH!142/- and (D) rescue (TBPH!23/-;D42>hTDP43). Scale bar 10"m. (E) Larval 
motility analysis showed a reduction of peristaltic wave movements in the two 

mutants (!23 in dark grey and !142 in mild grey), compared to wild type (in black). 

This condition is rescued by introducing hTDP-43 (in white) and endogenous TBPH 
(in light grey) under D42-GAL4 driver (motor neuron specific). n=20 for each 
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genotype. (F) Number of 1b synaptic boutons was significantly reduced in TBPH 

mutant alleles compared with wild type larvae, which are further recovered by the 

expression of hTDP-43 in motor neurons. (G and H) Small synaptic boutons and 
synaptic branches were also reduced in TBPH!23/- and TBPH!142/-alleles. Three 

abdominal segments were represented with AII, AIII, AIV. n=15 *p<0.0001. (E) Error 

bars SD. 

The mechanisms behind the phenotypes described above, could be due to 

defects in synaptic growth, with defects in the formation of new synaptic 

buttons or alterations in the stabilization of the already formed structures. To 

explore these possibilities, I analysed the organization of NMJs from 38 

hours after egg laying (AEL) at first instar larvae stage (L1) to 62 hours AEL 

second instar stage (L2), and 110 hours AEL stage (L3). The analysis of 

these NMJ terminals showed no significant incremental differences during 

first instar larval stages (L1) between the control and the TBPH mutants. On 

the contrary, growing differences started to be evident during the second 

instar larvae stage (L2) and became even more pronounced at third instar 

larval stage (L3) (Figure 30A-D). The presynaptic ramification in TBPH 

mutants appeared to be affected as reflected by the strong reduction in the 

complexity of presynaptic terminals. In TBPH mutant larvae, the number of 

axonal branches and synaptic boutons appeared smaller and very few 

additions of synaptic buttons were detected in TBPH mutant flies compared 

with wild type controls. (Figure 29G,H). This data indicates that TBPH is 

required to maintain and sustain synaptic growth during larval development. 

All these pathological traits could be rescued by the expression of TBPH or 

hTDP-43 under the neuronal driver (Figure 29D,E).  
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Figure 30 Loss of TBPH function affects synaptic growth. 

Confocal images of (A) wild type, (B) TBPH!23/- and (C) TBPH!142/- NMJs on muscle 
6 and 7 (abdominal segment II) in precise moments of larval stages: L1 (38h AEL), 

L2 (62h AEL) and L3 (110 AEL), using anti-HRP antibody. Scale bar 20"m. (D) 

Quantification of the number of the big boutons (1b) showed a linear growth in wild 
type during larval development, while in the two mutant lines growth defects are 

evident, starting from L2 stage. n=15. 

4.1.2 Bouton shape in TBPH mutant NMJs 

The defects described in TBPH mutants were frequently associated with 

alterations in synaptic bouton shape; therefore the analysis of bouton 

morphology was investigated. The characterization of the axon terminals in 

these flies confirmed the presence of defects in the shape of the synaptic 

terminal buttons. Normally, wild type synaptic boutons are well-rounded and 

show a well-defined smooth external surface, with a rather uniform and 

regular distribution along the presynaptic terminals that resemble the beads 
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on a string (Johansen et al, 1989). Mutant synaptic boutons instead 

appeared very deformed and irregularly distributed, with several fusiform-

shaped structures with a clear loss of their round and smooth surface (Figure 

31).  

 

Figure 31 Boutons shape in TBPH mutants. 

Confocal image of synaptic terminal boutons in third instar NMJs, muscle 6/7 on II 
abdominal segment. The pictures depict: regular round boutons of wild type (i), 
fused irregular boutons of the two mutants (!23, ii; !142, iii) and the rescue of the 

phenotype with expression of TBPH transgenic protein exclusively in motoneurons 

(TBPH!23/-;D42>TBPH, iv). The graph depicts the quantification of round and regular 

boutons compared to irregular boutons. n=200 boutons ***p<0.0001 ANOVA. Scale 
bar 5"m. Error bars SEM. 

4.1.3 TBPH mutants do not affect motoneuron formation and 

survival 

In order to know whether the TBPH loss of function defects were restricted to 

synaptic terminals or whether they also affect the formation and 

differentiation of motoneurons in the Drosophila brain, the transmembrane 

GFP protein (UAS-mCD8-GFP) was expressed using D42-GAL4, to label 

motoneurons (Lee & Luo, 1999). In wild type and in TBPH mutant L3 larvae 

the number of GFP positive motoneurons was analysed in a targeted area of 

the brain, specifically in the dorsal plan of the ventral nerve cord (Figure 32). 

The count of GFP positive cells showed that the number of motoneurons was 

not altered, proving that defects in TBPH did not affect motoneuron survival. 
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Figure 32 GFP expression in motoneurons. 

Confocal images of third instar larval brain (ventral ganglia). D42-GAL4 drove 

expression of mCD8-GFP protein in dorsal medial clusters of motoneurons in wild 
type (i-iii) and in TBPH!23/- background (iv-vi). The green area shows GFP 

transgenic protein, the red, Elav (neuronal specific endogenous nuclear protein). 

Quantification has been done by counting the number of GFP positive motor 
neurons in terminal abdominal segments (a4, a5, a6 and a7) of dorsal clusters of 

the ventral nerve cord. No differences have been found. n=7 brains. Scale bar 

20"m. Error bars SEM. 

4.1.4 Characterization of postsynaptic membranes in TBPH 

mutant larvae 

Despite the fact that the experiments described above indicate that the 

synaptic defects observed in the NMJs of the TBPH mutant larvae were 

mainly generated by defects in synaptic growth, it is still possible that they 

may reflect problems in the stabilization of the synapses. To ascertain this, I 

first analysed muscle condition in TBPH minus larvae. No obvious defects 

were found in muscle size, indicating that TBPH minus phenotype in 

synaptogenesis was not due to developmental problems in muscle growth or 

differentiation (Figure 33). 
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Figure 33 Analysis of muscles in TBPH mutants. 

Confocal Image of third instar larval body wall muscles (muscle 6/7) stained with 
phalloidin in wild type, TBPH!23/- and TBPH!142/-. Quantification of muscle area 

showed no significant difference between the wild type and TBPH mutants during 
larval development. n=15. 

In order to evaluate the presence of presynaptic retraction in vivo, L3 NMJs 

were stained with Disc Large (Dlg), a muscular resident protein associated 

with the postsynaptic membranes. In Drosophila NMJs the presynaptic 

membrane forms synaptic boutons that become enveloped within the muscle 

cell (Collins & DiAntonio, 2007). The muscle membrane that surrounds 

individual synaptic boutons is composed of extensive muscle-membrane 

folds that create a postsynaptic structure termed the sub-synaptic reticulum 

(SSR), (Budnik et al, 1996). The SSR can be labelled with antibodies 

directed against scaffolding proteins like Discs Large (Dlg). The formation of 

SSR and the clustering of postsynaptic proteins requires the innervation of 

the motor neuron terminal (Featherstone et al, 2002; Saitoe et al, 2001). The 

presence of well-organized postsynaptic Dlg as opposed to a presynaptic 

terminal identifies places where the presynaptic terminal resided. Synaptic 

footprints have been explained as being the traces of mature synaptic 

contacts that have been formed and then retracted (Eaton et al, 2002; Graf et 
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al, 2011). The count of footprints is commonly used to study retraction 

events, a similar assay is used routinely with the vertebrate NMJ as a 

measure of synapse elimination (Wernig et al, 1980). Thus, to quantify 

synaptic retraction events Dlg and anti-HRP labelled presynaptic membrane 

terminals have been used (Chen & Featherstone, 2005). Double-labelled 

NMJs of third instar larvae were analysed and no significant differences in 

the number of footprints were found in the TBPH mutant flies compared to 

wild type controls (Figure 34). These results suggested that the defects of 

TBPH mutant flies were due to a failure of synaptic bouton formation rather 

than a presynaptic retraction phenomenon.  

 

 

Figure 34 Analysis of footprints in TBPH mutants. 

Confocal image of third instar larval pre and postsynaptic terminals (muscle 
6/7) stained with HRP (in green) and Dlg (in red) in wild type, TBPH!23/- and 
TBPH!142/-. Quantification of footprints showed no differences between wild 
type and the two mutants. n=150 boutons. Scale bar 5"m. 
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4.2 TBPH is required for microtubule organization at 
synaptic terminals 

This initial characterization of TBPH mutant flies showed that TDP-43 plays a 

role in the formation and maintenance of the synaptic terminal morphology 

with growth defects and failings in the addition of new synaptic boutons. In 

relation to that, the alterations observed in the shape of the synaptic boutons, 

are often linked to defects in the cytoskeletal apparatus. Formation of new 

boutons at the synaptic terminals is mainly achieved in two ways. One is the 

addition of new synaptic boutons to the existing ones by de novo pathway 

(Casadio et al, 1999) while the second mechanism is based on the division of 

pre-existing boutons to generate two (Zito et al, 1999). In both cases, a 

regulated microtubule organization is essential for controlling the process 

(Roos et al, 2000). Cytoskeletal elements are an essential prerequisite for 

axonal outgrowth and synapse formation. Once synapses have been formed, 

the neuronal cytoskeleton supports their maintenance and further maturation 

(Goellner & Aberle, 2012). The microtubule-associated protein Futsch is 

necessary for the organization of synaptic microtubules in Drosophila and is 

the homolog of the human microtubule-associated protein MAP1B. The 

central domain of this protein is full of repetitive sequences similar to 

neurofilament proteins (Hummel et al, 2000). Functional analysis confirmed 

the central role played by Futsch in dendritic and axonal growth. Mutant flies 

for Futsch showed a reduced number of synaptic boutons with increased 

bouton size and altered microtubule organization that could be rescued by 

the expression of the MAP1B homology domain (Roos et al, 2000). I, 

therefore, hypothesized that in TBPH mutant flies, an altered microtubule 

(MT) organization could be the molecular mechanism behind the defects 

observed in NMJs growth. To test this hypothesis, I analysed the distribution 

of Futsch and the MT organization in the TBPH minus L3 flies (Miech et al, 

2008). The staining of Futsch was performed using the anti-22C10 specific 

monoclonal antibody (Hybridoma Bank) and I found that in wild type NMJs 

the Futsch labelling occupied the main part of the synaptic boutons filling the 

most proximal part of these structures almost completely. In the newly 

formed or distally located synaptic boutons, Futsch staining instead became 
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fainter, fragmented and more diffuse (Packard et al, 2002). Based on this, to 

quantify the presynaptic organization and protein levels of Futsch, the 

staining pattern of this antigen at each synaptic bouton was scored as a 

percentage of the number of boutons in which Futsch immunostaining 

appeared full, diffuse or absent (Godena et al, 2011).  

For these experiments, third instar larvae were dissected and analysed. I 

observed that in TBPH mutant terminals the staining pattern of Futsch was 

dramatically modified, with an increased number of synaptic boutons 

presenting strongly reduced, diffuse or empty Futsch staining patterns 

compared to control NMJs. These phenotypes could be rescued by 

expressing back the TBPH transgene in the motoneurons, demonstrating 

that these alterations were specific of the TBPH function (Figure 35A and B). 

In agreement with these results, Western blot studies indicated that the 

protein levels of Futsch were reduced in TBPH!23/- and TBPH!142/- heads 

compared with wild type flies (Figure 35C). 
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Figure 35 MT organization in TBPH mutants. 

(A) Confocal images showed Futsch staining in wild type (i-iii), TBPH!23/- (iv-vi), 
TBPH!142/- (vii-ix) and in TBPH!23/-;elav-GAL4/TBPH (x-xii), the green area shows 

HRP and the red area depicts the Futsch protein. Complete absence of Futsch 

staining (red) is observed in the terminal boutons of the two mutants. Futsch 
staining is restored by elav-GAL4 driven expression of TBPH transgene in mutant 

background. (B) Quantification of Futsch staining for each genotype. **p<0.001, 

***p<0.0001, ANOVA analysis; n=16 larvae. Error bars SEM. (C) Western blot 

analysis on adult heads showed a reduce expression level of Futsch in TBPH minus 
alleles when compared to wild type and rescue. Quantification of normalized protein 

amount was reported below each lane (mean ± SEM: 100 ± 1; 44 ± 2; 51 ± 1.9; 85 ± 

1.2). n=4. 
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4.3 TBPH RNA-binding capacity is essential for its 
function in vivo 

I found that the neuronal expression of the TBPH transgene by either elav-

GAL4 or D42-GAL4 was able to rescue the synaptic morphology, MTs 

distribution, locomotive impairments and life span of TBPH!23 homozygous 

flies, indicating that the TBPH controls all these aspects through its function. 

Next, I decided to test whether the functional activity of the protein depended 

on its ability to bind RNA. To address this question, I generated a mutant 

isoform of TBPH unable to bind to RNA due to the exchange of the two 

conserved phenylalanines located in the RNA recognition motif 1 (RRM1), 

amino acids 150 and 152, into leucines (Figure 36) (Ayala et al, 2005; Buratti 

& Baralle, 2001).  

 

 

Figure 36 Schematic representation of TBPH wild type and TBPHF/L mutant 

constructs. 

Schematic representation of two TBPH forms. On the top there is the wild type full-
length form of TBPH, on the bottom there is the TBPH F/L150-152 mutant version. The 

two constructs are totally identical, except for two amino acidic mutations: two 

phenylalanine residues in leucine at the position 150 and 152, which are located in 
the RRM 1 motif.  

Similar amino acids are conserved in the human protein at the position 147 

and 149, respectively. 

The TBPH F/L150-152 transgene was then inserted in the Drosophila genome, 

using the site-specific recombination integrase of phage PhiC31 (Groth et al, 

2004) and the expression levels of the TBPH F/L150-152 transgene was 

compared with the wild type protein via Western blot (Figure 37A). 

Subsequently, L3 larval brains were stained with anti-TBPH specific 
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antibodies to compare the intracellular localization of the transgenic proteins 

in neuronal cells. The result showed that both proteins similarly localize in the 

nucleus of the motoneurons present in the dorsal area of the ventral ganglia 

in Drosophila brains (Figure 37B). 

 

Figure 37 Comparison analysis of expression level and localization of TBPH 

and TBPHF/L150-152 transgenes. 

(A) Western blot analysis on adult heads of transgenic flies. The expression under 
GMR-GAL4 (glass multiple reporter) of the different TBPH transgenes (TBPH wild 
type=TB1; and two insertions of TBPH F/L150-152 mutants=TBFL line1 and line2) 

showed a comparable protein level among different transgenic flies. In the lower 

panel tubulin has been used as loading control. Quantification of the normalized 
protein amounts was reported below each lane. n=3. (B) Confocal images of the 

dorsal section of larval brain of TBPH (i-iii) and of TBPH F/L150-152 (iv-vi) transgenes 

expressed under elav-GAL4 driver. The green area depicts anti-Flag and red is anti-
Elav staining (endogenous nuclear protein specific for neurons). n=10. Scale bar 

10!m.  

Subsequently, the two transgenes were separately expressed in the CNS of 

the TBPH mutant flies, and the capacity of these constructs to rescue the 

phenotypes observed in TBPH minus insects was evaluated. I observed that 

the TBPHF/L150-152 variant was not able to recover the locomotive effects 

observed in TBPH mutant larvae or adult flies compared to insects 

expressing the wild type form of TBPH (Figure 38), indicating that the RNA-

binding activity of the TBPH RRM1 domain is essential for its function in vivo. 

However, the TBPH mutant flies expressing TBPH F/L150-152 showed some 

degree of activity compared to TBPH mutant flies rescued with GFP 

(negative control), suggesting that a residual protein activity may reside in 

the second RNA-binding domain (RRM2) although this function is not 

sufficient to supply the lack of the RRM1 activity. 
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Figure 38 Rescue of motility using TBPH wild type versus TBPHF/L150-152. 

Larval movement (left panel) and walking assay (right panel) on adult flies showed 
that TBPHF/L150-152 variant was not able to recover mutant phenotype (TBPH!23/-). 

Only in the adult flies there was an improved effect compared to mutants or to GFP 

rescue (TBPH!23/-; D42>GFP), but still not sufficient to reach the rescue obtained 
with the TBPH transgene. The analysis has been performed under the control of two 

different drivers (elav-GAL4 which is pan neuronal and D42-GAL4 which is 

motoneuron specific). n=40 larvae, n=50 flies, ***p<0.001 ANOVA. Error bars SEM. 

In addition to the functional analysis, I observed that the expression of the 

TBPHF/L150-152 transgene in motoneurons (D42-GAL4) of TBPH!23/- 

homozygous flies failed to recover the anatomical defects observed in mutant 

animals regarding to the number of synaptic boutons, synaptic branches and 

MTs organization compared to wild type rescue controls (Figure 39A,B-E). 

Moreover, I found that the biochemical levels of Futsch protein in TBPHF/L150-

152 rescue fly heads were not recovered (Figure 39F), although the 

transgenic expression levels were even higher than the endogenous TBPH 

protein (Figure 37A). Nonetheless, based on these results I can conclude 

that the RNA-binding activity of TBPH, through the RRM-1 domain is 

definitively essential for the molecular regulatory functions of TBPH in vivo. 
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Figure 39 NMJ phenotype in TBPHF/L150-152 rescue. 

(A) Confocal images showed presynaptic terminals in muscle 6/7 (abdominal 
segment II). TBPH rescue (TBPH!23/-;D42>TBPH) and TBPHF/L150-152 rescue 

(TBPH!23/-;D42>TBPHF/L150-152) showed the different degree of recovery between the 
two transgenes. It was evident that the TBPHF/L150-152 fly was not able to rescue, the 

complexity of the terminal as well as TBPH wild type. The quantifications of the 

phenomena are reported in (B), number of boutons per segment and in (C), number 
of branches per segment. n=12 larvae. Scale bar 20"m. (D) Confocal images 

showed Futsch (in red) and HRP staining (in green) in the terminal boutons of L3 

TBPH (i-iii) and TBPHF/L150-152 (iv-vi) rescue. n=12 larvae. Scale bar 5"m. (E) Futsch 
staining quantification *p<0.01, p<0.001, p<0.0001, one-way ANOVA. (F) Western 

blot analysis showed a reduction of Futsch protein levels in TBPHF/L150-152 rescue 

(line 2, TBPH!23/-;elav>TBPHF/L150-152) compared with TBPH wild type rescue (line 1, 

TBPH!23/-;elav>TBPH), (upper panel). Tubulin was used as a loading control (bottom 
panel). Quantification of normalized protein amount was reported below each lane 

(mean ± SEM: 100 ± 1; 83 ± 5.4). n=3. Error bars SEM. 
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4.4 Constitutive TBPH transgenic expression in mutant 
CNS at physiological level  

The results described above showed that Drosophila TBPH minus presented 

uncoordinated movements and progressive paralysis that lead to a 

premature death. These functional alterations were accompanied by 

molecular modifications in the organization of the microtubules in the 

synaptic terminals. Alongside these phenotypes, a fundamental question 

must be asked, namely when these alterations originate or, in other words, 

what the temporal requirements of the TBPH function in motoneurons are.  

In order to address this question, the Gene-Switch (GS) RU486-inducible 

GAL4 system was used. This system is the most widely used for generating 

spatially restricted transgene expression and is based on the GAL4-UAS 

principle. Thus, to promote the temporal and spatial control of the TBPH 

expression, the neuronal specific elav-GS GAL4 fused with the progesterone 

receptor was utilized, following that, the transcriptional activation was 

induced through the addition of the specific ligand RU486 (mifepristone) 

(Roman et al, 2001). The TBPH protein expression in vivo could be detected 

5 hours after the systemic application of RU486 in either the fly food or in 

solution like “larval bathing”. Furthermore, this system allowed a very fine 

modulation of the protein expression levels by changing the concentration of 

RU486 in the fly food.  

For these experiments I generated flies carrying elav-GS GAL-4 (neuronal 

specific driver) in the TBPH minus background (GS-TB: TBPH!23/-;elav-GS 

GAL4/UAS-TBPH). Wild type flies and GS-TB were treated with different 

concentration of RU486 (0.05 to 0.25"M) dissolved in fly food immediately 

after embryogenesis throughout the different larval stages. Brains of third 

instar larvae were dissected and analysed via Western blot (Figure 40A). I 

found that a 0.1"M dose of RU486 induced transgenic expression of the 

TBPH at a level comparable to the endogenous level. In the second line of 

Western blot flies not fed with the drug food were loaded and no signal was 

detected, proving the proper efficiency of the GS system. A lower 

concentration of RU486 (0.05"M) was not able to produce a protein level 
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similar to the wild type TBPH endogenous levels as showed in the 

quantification in (Figure 40B). 

 

Figure 40 Constitutive TBPH expression at physiological level through Gene 

Switch system.  

(A) Western blot analysis on L3 larval brains probed for TBPH and alpha-tubulin 
showed that 0.1µM of RU486 (blue column) was able to induce a transgenic TBPH 

expression similar to endogenous level in wild type W1118 L3 brains (black 
column). The light blue and white columns refer to 0.05!M dose and ethanol only 

treatments respectively. Genotypes: TBPH"23/-;elav-GS GAL4/UAS-TBPH (GS-TB); 

ET=ethanol treated; RU=RU486 treated. n=3. Error bars SEM. 

 

The 0.1!M dose of RU486 was sufficient to rescue larval motility (Figure 41), 

compared with flies treated with different doses (0.05 and 0.25!M), ethanol 

(no TBPH transgenic induction: GS-TB+ET) or flies expressing TBPHF/L150-152 

(TBF/L), the RNA-binding defective version of TBPH (Figure 41). 

 

 

Figure 41 Constitutive TBPH expression at physiological level recovers wild 

type motility.  
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Analysis of peristaltic waves in third instar larvae showed a complete larval 
movement recovery using 0.1µM dose administration; on the other hand a lower 

dose (0.05µM) was not sufficient for the recovery. A higher dose (0.25µM) showed a 
toxic effect. Equivalent expression of the RNA binding defective isoform of TBPH 

(GS-TBF/L) was unable to rescue the phenotypes. n=30 larvae *p<0.05 **p<0.01 and 

***p<0.001 calculated by one-way ANOVA. Error bars SEM. 

The other defects previously described in TBPH mutant were analysed in 

these flies. The NMJs growth (Figure 42) and MAP1B-Futsch organization in 

synaptic terminal boutons (Figure 43) were rescued in flies treated with the 

0.1!M dose (GS-TB+RU). On the contrary, GS-TB+ET and GS-TBF/L flies 

were not able to recovery neither NMJs growth, nor Futsch organization 

inside synaptic boutons compared to the wild type. 

 

 

Figure 42 Constitutive TBPH expression at physiological level recovered wild 

type morphology at the NMJs level. 

(A) Confocal images of NMJ morphology in muscle 6/7 abdominal segment II of (i) 
W1118, (ii) GS-TB+ET, (iii) GS-TB+RU 0.1µM and (iv) GS-TBF/L+RU 0.1µM probed 

with neuronal marker hrp. (B,C) were quantification of branches and 1b boutons. A 

significant rescue of mutant phenotype expressing transgenic TBPH under the pan 
neuronal driver (elav-GS GAL4) was observed. No rescue was observed in animals 

expressing the mutant form TBPHF/L or in animals treated with the vehicle media 

only (ethanol). *p<0.05 **p<0.01 and ***p<0.001 calculated by one-way ANOVA. 
Scale bar 10µm. Error bars SEM. 
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Figure 43 Constitutive TBPH expression at physiological level recovers wild 

type synaptic microtubules organization (Futsch). 

(A) Confocal images of NMJs in third instar larvae. Muscles 6/7 of II abdominal 

segment were stained for Futsch (in red) and for HRP (in green). (i-iii) W1118, (iv-vi) 
GS-TB+ET, (vii-ix) GS-TB+RU 0.1µM and (x-xii) GS-TBF/L+RU 0.1µM. (B) 

Quantification of Futsch staining showed absence of Futsch protein at the most 

distal, newly formed, boutons in GS-TB+ET and GS-TBF/L+RU 0.1µM. Instead 
expression of the TBPH protein by elav-GS GAL4 rescued Futsch staining. n=15 

larvae. **p<0.01 and ***p<0.001 calculated by one-way ANOVA. Scale bar 5µm. 

Error bars SEM. 
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4.5 Temporal analysis of TBPH requirements in the 
Drosophila nervous system   

 

After the validation of the GS system and its reliability as a system to rescue 

the functional and morphological defects observed in TBPH minus 

phenotype, I used the GS system to define the temporal requirements of 

TBPH for the regulation of locomotion and NMJs formation in vivo. The 

availability of proteins is a fundamental tool for an organism to regulate its 

growth, differentiation, development and survival. Indication about the turn 

over of a protein gives indirect evidence of the grade of necessity and 

importance of that protein. The aim of these experiments was to test whether 

the TBPH protein was necessary during all larval stages or if it had a limited 

role in a specific period of the development. For this experiment, I induced 

TBPH expression in CNS of TBPH mutants flies at specific periods of time 

during the development of larvae as schematically represented in (Figure 

44).  

 

 

Figure 44 Scheme of Drosophila larval cycle. 

The scheme represents the division of the larval life cycle into three different main 
stages. Embryogenesis lasts 22-24 hours. The first instar larvae last 24 hours as do 

the second instar. The third instar lasts 48 hours and following that, the pre-pupal 
and pupal stages start. This data refers to standard conditions at 25°C. 

Several periods of transgene activation were set with a correspondent period 

of release, of 48 hours after egg laying (AEL) (L1 stage), 72 hours AEL (L1 

and L2 stages), 80 hours AEL (L1, L2 and early L3 stages) and a constitutive 

activation of 96 hours AEL (L1, L2 and L3 stages) respectively, as showed in 

(Figure 45A).   
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The rescue of locomotive capacity obtained after the different TBPH 

induction periods was analysed at the end of stage L3 (Figure 45B). The 

motility analysis revealed that activations during L1 (24hours 

activation+48hours release, GS-TB+RU+rel48h) or L1 plus L2 (48hours 

activation+24hours release, GS-TB+RU+rel24h) were not sufficient to rescue 

larval locomotion. Only an activation of 80 hours (80hours activation+12hours 

release, GS-TB+RU+rel12h) showed a rescue of motility phenotype similar to 

the constitutive rescue (GS-TB+RU) (Figure 45B).  

 

 

Figure 45 Schematic representation of the experimental procedure and larval 
motility assay. 

(A) Schematic time line designed for TBPH transgenic induction in the nervous 
system. RU486 is required for the activation of transgene induction by gene switch 

(GS) GAL4. Embryos were grown in vehicle media or in RU486-containing media for 
different time periods. Different release times were analysed to evaluate the lasting 

effect of the TBPH protein. (B) Evaluation of peristaltic waves in the third instar 

larval stage (96-100hs AEL) in response to the temporal expression of the TBPH 
protein, indicates that constitutive expression of the protein or a minimum of 12 

hours drug release during L3 stages guarantees a complete recovery of motility 

behaviour. n= 30 larvae. * p<0.05, **p<0.01 and ***p<0.001 calculated by one-way 
ANOVA. Error bars SEM. 

I also analysed the levels of TBPH protein expression at the end each drug 

treatment, and at the end of the larval period at L3 stage (96-100 hours AEL) 

(Figure 46). The results obtained showed that the TBPH protein was 

effectively induced immediately after RU486 treatments, but disappeared 

from L3 brains at the end of the third instar larval stage.  The induced protein 

remained detectable up to a release of 12 hours, after longer release time, 

no protein was detectable via Western blot. Upon measuring protein levels 
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found 24, 12 and 6 hours of RU486 release respectively comparing these to 

the constitutive TBPH expressing fly, I found a gradual reduction of TBPH 

protein levels. The quantitative analysis of the normalized TBPH/Actin 

intensity values demonstrated that the half-life of the TBPH protein was of 

about 12 hours (Figure 46B). This data taken together with the motility results 

suggests that TBPH has a relatively short half-life and that the protein is 

permanently required in the nervous system during the development.  

 

Figure 46 Western blot analysis to evaluate TBPH half-life. 

(A) Western blot analysis of larval brains probed for TBPH and Actin. Brains were 
taken at different larval stages and the analysis showed the effective induction of 

transgene protein at a comparable amount of the endogenous protein. The releases 
point analysis showed that transgenic TBPH levels appeared progressively reduced 

after 6 or 12 hours post-treatment and definitely undetectable 24 hours post-

treatment. (B) TBPH protein levels, normalized on tubulin, at different RU486 

release time points were plotted on the graph and the half-life of the TBPH protein 
estimated at around 12 hours. Prism software was used for the data analysis. n=3, 

analysis performed with ImageJ. 

The NMJs morphology of these larvae was also analysed at the end of L3 

larvae stage. This analysis confirmed previous results obtained with the 

motility assay in L3 larvae. The TBPH protein was permanently required in 

CNS to regulate the functional organization of motoneuron synaptic 

connections (Figure 47).  
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Figure 47 Functional evaluation of TBPH requirement. 

Analysis of NMJs morphology in L3 larvae (96-100 hours AEL) stained with anti-
HRP. Transgenic expression of TBPH during 48 or 72 hours after AEL was not able 
to rescue motoneuron synaptic terminals. On the contrary, flies constitutively treated 

with RU486 (vi, GS-TB+RU) or at 12 hours post treatment (v, GS-TB+RUrel12h) 

were able to completely recover their presynaptic architecture. n=10 larvae. Scale 
bar 10µm. Error bars SEM. 

4.6 Acute suppression of TBPH induces an early 
neurodegeneration in adult neurons. 

Neurological symptoms observed in ALS patients and in TBPH minus flies 

indicated that the assemble of neuronal circuits that control locomotive 

behaviours may be similarly affected (Feiguin et al. 2009; Godena et al. 

2011). Nevertheless, it is not known whether these phenotypes originate 

from defects that occurred during motoneuron differentiation or later in a 

tissue where neurons were already fully differentiated.  

The results described above suggest that temporary defects in TBPH 

function might be sufficient to induce neurological defects in the Drosophila 

model. This possibility is particularly relevant in the case of sporadic forms of 

ALS (sALS), the most frequent manifestation of the disease (90-95%). In 

sALS the etiopathogenesis started in already differentiated tissues during 

adulthood, apparently without any defects in the early stages. To test this 

hypothesis, I blocked TBPH expression in healthy adult flies. For these 

experiments I used a GS analogous system called the TARGET system 

(temporal and regional gene expression targeting system), (McGuire et al, 

2003). In the TARGET technique a temperature sensitive version of the 

GAL80 protein (GAL80ts) is expressed ubiquitously under the control of the 

tubulin 1-alpha promoter (Matsumoto et al, 1978). GAL80 is a yeast protein 
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which binds the transactivation domain of GAL4, preventing the activation of 

transcription in yeast (Lue et al, 1987; Wu et al, 1996). GAL80 repression of 

GAL4 is alleviated by a simple temperature shift. Crucially, the TARGET 

system is fully compatible with the vast array of GAL4 lines already 

established. With this system it is possible to create an excellent temporal 

control of the GAL4 system, antagonizing GAL4 with the GAL80 repressor.  

TARGET flies containing TubulinGAL4, TubulinGAL80ts, UAS-TBPH RNAi 

and UAS-Dicer (called TT-TBi) and control flies containing TubulinGAL4, 

TubulinGAL80ts and UAS-Dicer (called TT-TBc) were generated. The UAS-

Dicer was used to improve RNAi efficiency (Dietzl et al, 2007). Flies were 

grown at 18°C to maintain the repressive effect of GAL80 on TubulinGAL4. 

Immediately after the adult flies eclosion, the animals were divided into three 

groups: one control group was maintained at 18°C, the other two groups 

were transferred at 29°C and 31°C respectively, in order to abolish GAL80 

repression activity and allow GAL4 to induce transcription of the TBPH RNAi 

(Figure 48). 

 

  

Figure 48 Schematic representation of TBPH adult silencing. 

The strategy was to maintain a stable physiological condition during the 
embryogenesis, larval and pupal periods. From the first day of adult life, the TBPH 

RNAi was activated through a controlled temperature shift. A group of flies were 

shifted (red bar) to a temperature of 29°C and another group to a temperature of 

31°C, a milder and a stronger RNAi TBPH activation respectively. A control group 
was maintained at 18°C (white bar).  

I observed that TT-TBi flies eclosed at 18°C presented similar levels of TBPH 

protein in head extracts as wild type control flies (TT-TBc) indicating that the 

RNAi against TBPH was not activated and therefore confirming the proper 

functionality of the TARGET system. On the contrary, adult flies switched to 

31°C immediately after adult eclosion, showed strong reductions in the TBPH 

protein levels, indicating that the TARGET system was able to efficiently 
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reduce TBPH protein expression levels in already differentiated adult tissues 

(Figure 49A). More interestingly, flies eclosed at 18°C and shifted to 29°C, 

after a few days would closely reproduce the neurological phenotypes 

observed in TBPH minus flies (Figure 49B, C). TT-TBi flies showed evident 

locomotor problems in climbing assays immediately following 7 days at 29°C. 

These phenotypes became more evident after 14 days of uninterrupted 

TBPH-RNAi expression, compared to control flies or flies maintained at 

restrictive temperatures (18°C). Flies shifted to 31°C showed a further 

worsening of the phenotype, both in climbing capacity and in life span (Figure 

49B, D). The worsening of the RNAi induced phenotype was due to a 

temperature-mediated dose effect. At 31°C GAL80 is inactivated to a higher 

degree than at 29°C. This data demonstrates that the life span and 

locomotive behaviours appeared seriously compromised in flies expressing 

TBPH-RNAi (TT-TBi) compared with controls (TT-TBc). This suggests that 

abrupt reductions in TBPH functional levels were sufficient to provoke early 

neurological defects and degeneration in adult flies. 

 

Figure 49 Acute TBPH suppression in adult flies. 

 (A) Western blot analysis of Drosophila adult heads probed for TBPH and alpha-
tubulin showed a reduction of TBPH protein levels after 8 days of TARGET 

mediated RNAi expression in adult flies at permissive temperature of 31°C. No 

reduction is detectable in control flies maintained at restrictive temperature of 18°C. 
Genotypes: UAS-Dicer; tubulin-GAL80TS/+; tubulin-GAL4/+ (TT-TBc) and UAS-

Dicer; tubulin-GAL80TS/+; tubulin-GAL4/TBPH RNAi (TT-TBi). n=3. (B-D) Life span 

analysis and climbing assay was performed on TT-TBc flies and on TT-TBi. (B) Life 
span and climbing assay performed in flies maintained at the restrictive temperature 
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(18°C) showed no differences in these traits. (C and D) Life span and climbing 

assays performed in flies shifted to the two different permissive temperatures (29°C 

and 31°C) immediately after adult eclosion showed serious neurological alterations 
in locomotive behaviours with an important reduction in their life span. n=200 flies 

each group ***p<0.001 calculated by one-way ANOVA, ***p<0.001 calculated by 

log-rank test. Error bars SEM.  
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4.7 TBPH minus phenotype can be reverted by late 
expression of transgenic protein in CNS tissue 

The adult brain has long been viewed as a collection of neuronal networks 

that maintain a fixed configuration of synaptic connections. The 

neuroplasticity of the nervous system is to the possibility of experiencing 

structural and functional changes in response to physiological events, 

environmental stimuli or pathological events. Many recent studies have 

reinforced the idea of a plastic brain in old age. These studies suggest that a 

training after a brain injury or targeted therapy can activate the tissue and 

trigger a process to stimulate functional recovery (Holtmaat et al, 2013; 

Maya-Vetencourt, 2013). This suggests that the brain, has the possibility of 

compensating defects, even in adulthood. 

A fundamental questions for patients affected by ALS is to know whether a 

late correction of the TDP-43 function can revert or improve the neurological 

symptoms of the disease. Having already described the temporal role of 

TDP-43 in the regulation of larval locomotive behaviours and synaptic 

architecture, I have subsequently analysed whether the reintroduction of 

TDP-43 in mature animals could rescue neurological defects caused by the 

absence of TBPH. To perform these experiments, I utilized the Gene-Switch 

system, previously described, to induce late expression of transgenic TBPH 

protein in TBPH minus neurons in vivo. GS-TB flies (TBPH!23/-; elav-GS 

GAL4/UAS-TBPH) were treated with either RU486 or ethanol during 12 or 24 

hours at mature third instar (L3) larval stage until the end of the larval period 

(96-102 hours AEL), as reported in (Figure 50).  

 

Figure 50 Schematic representation of the experimental procedure to induce 

late transgenic TBPH expression in L3.  
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Schematic time line of TBPH induction. Synchronised larvae were grown in vehicle 
media and transferred during L3 stage in RU486 media for 24 and 12 hours to 

promote TBPH expression. The control group was maintained in vehicle media. 
After the period of transgene activation the larvae were assessed. 

A Western blot analysis was performed to verify the efficiency of transgene 

activation after the drug treatment and confirmed the efficiency and 

functionality of the system (Figure 51A). If transgenic TBPH expression was 

not induced, no differences were observed in larval motility compared with 

mutants alone. Similar results were obtained when transgenic rescue was 

performed expressing the TBPH isoform unable to bind RNA (GS-TBF/L), 

(Figure 51B). When TBPH expression was induced during 24 hours after L3 

larval formation (72hs AEL) or exclusively for 12 hours in older (86 hours 

AEL) third instar flies, a motility recovery was observed. In these animals, 

most of the pathological defects, such as larval locomotion, structural re-

elaboration of motor neurons presynaptic terminals, formation of new 

synaptic branches, addition of new synaptic boutons and recovery of Futsch-

positive cytoskeletal loops were consistently recovered to levels 

indistinguishable from controls (Figure 51C-F).  
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Figure 51 TBPH minus phenotype could be reverted by late expression of 

transgenic protein in larval CNS. 

(A) Western blot of L3 brains before RU486 induction (72h AEL) and after the drug 
addition (96-100h AEL). Before drug administration no transgenic protein was 

detectable, after 12 or 24 hours of drug addition, induction of the transgenic protein 
was clearly observed. Quantification amounts of normalized protein were reported 

below each lane. n=3. (B) Evaluation of peristaltic waves in L3 larvae after 24 and 

12 hours of TBPH induction showed a significant increase in larval motility 

compared to similar treatment using TBF/L isoform. n=30 ***p<0.001 calculated by 
one-way ANOVA. (C) Confocal images of NMJ terminals in muscles 6/7, abdominal 

segments II probed for HRP and Futsch (square green and red) showed a robust 

presynaptic growth in W1118 L3 larvae from 72 to 96 hours AEL through the 
addition of newly formed, round shaped and Futsch positive (red in detail) synaptic 

boutons (i-iii). GS-TB+ET larvae presented reduced synaptic bouton formation and 

Futsch levels (iv-vi). After 24 hours of TBPH induction, in GS-TB+RU flies, a 

vigorous regrowth of the synaptic structures was observed (vii-ix), compared to GS-
TBF/L+RU treated flies (x-xii). Scale bar 10µm. (D) Quantification of NMJs terminal 

branches, (E) 1b boutons and (F) Futsch intracellular distribution (cytoskeleton). 

n=15 larvae **p<0.01 and  ***p<0.001 calculated by one-way ANOVA. Error bars 
SEM. 
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Even if the nervous system of L3 larvae is composed of mature and 

differentiated neurons, I still decided to determine whether the recovery 

observed in late larvae was also possible in adult flies. For these 

experiments, I treated immediately eclosed GS-TB adult flies with RU486, as 

schematised in (Figure 52). 

 

Figure 52 Schematic representation of experimental procedures. 

Schematic time line of TBPH induction. Larvae were grown in normal conditions; 
just born adult flies were transferred in RU486 media (light blue bar), in order to 
activate the TBPH transgene. The control population was maintained in vehicle 

media (white bar). 

 For these experiments, immediately eclosed GS-TBPH adult flies were 

treated with different doses of RU486 (2mM and 5mM) and then tested. A 

strong recovery of locomotive behaviours was found after 60 hours of 

transgenic TBPH induction (Figure 53A and B). A control expressing UAS-

GFP transgene was used to exclude possible toxic effects due to the higher 

RU486 concentration. A western blot was performed to verify the effective 

transgene activation. These results established that late functional recovery 

of neuronal activity was possible in TBPH-minus flies, suggesting that they 

do not have persistent defects in motoneurons function or motor circuit 

assemble. 

 

Figure 53 TBPH minus phenotype can be rescued by late expression of the 
transgenic TBPH protein in adult CNS. 

TBPH induction

                                   Pupa        Adult
   0   24   48   60   

hours of adult life

as
sa

y

Vehicle
RU486

B 

TBPH  

! tubulin 

0 hours Adult life 60 hours Adult life 

W
11

18
 

TB
P
H
"
23

/- 

W
11

18
 

G
S
-T

B
+R

U
2m

M
 

G
S
-T

B
 

G
S
-T

B
+E

T 

G
S
-T

B
+R

U
5m

M
 

W1118 

GS-TB+ET 

GS-TB+RU 2mM 

GS-TB+RU 5mM 

GS-GFP+RU 5mM 

TBPH"23/- 

T
o

p
 s

c
o

ri
n

g
 f

lie
s
 (

%
)!

CLIMBING 

A 

*** 

*** 

** 



 

109 

(A) Western blot of adult heads probed for TBPH and alpha tubulin before RU486 
induction (left panel) and after 60 hours of TBPH induction (right panel). The 

quantification of normalized protein amount was reported below each lane. n=3. (B) 
Climbing assay of late rescued adults showed a significant, dose dependent, 

recovery of locomotive abilities 60 hours after TBPH activation. n=200 **p<0.01 and  

***p<0.001 calculated by one-way ANOVA. Error bars SEM. 

4.8 Functional analysis of early events after TBPH 
dysfunction 

The Drosophila neuromuscular junction has attracted widespread attention 

as an excellent model system for studying the cellular and molecular 

mechanisms of synaptic development and neurotransmission. Axon growth, 

target selection and synaptogenesis have been well and accurately 

characterised. The combination between NMJ investigation and the 

molecular genetic approaches, has lead to the identification of many genes 

involved in these processes (Gramates & Budnik, 1999; Halpern et al, 1991). 

Recent studies showed that TDP-43 is involved in the expression level 

regulation and alternative splicing processes of a high number of genes 

(Hazelett et al, 2012; Narayanan et al, 2013). To determine the early events 

that occurred after TBPH dysfunction, I studied the initial alterations in the 

Drosophila motoneuron synaptic terminals in L3 larvae after the acute 

silencing of TBPH function in vivo.  

Taking advantage of the TARGET system, I generated flies containing elav-

GAL4, TubulinGAL80ts, UAS-TBPH RNAi and UAS-Dicer (called TE-TBi) and 

control flies containing elav-GAL4, TubulinGAL80ts and UAS-Dicer (called 

TE-TBc). The experiment was performed maintaining a wild type condition 

during the early phases of the developmental period, followed by TBPH RNAi 

treatment commencing immediately after these flies reached the L3 larval 

stage (Figure 54).  
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Figure 54 Schematic representation of the experimental procedure of acute 

TBPH silencing. 

Schematic time line of TBPH RNAi induction Larvae were grown at 18°C, then 
transferred for the final stage of L3 at 29°C (red bar). The control population was 

maintained at 18°C (white bar).  

 

TE-TBi L3 larvae cultured at 18°C did not present differences in the brain 

levels of TBPH protein compared with TE-TBc controls, confirming the proper 

functionality of the TARGET system. On the other hand, TE-TBi larvae after 

24 hours of temperature switch showed a strong reduction in the neuronal 

levels of the endogenous TBPH, compared to controls (Figure 55A). This 

reduction in protein levels was sufficient to induce locomotive defects in TE-

TBi larvae compared to control (Figure 55B).  

 

Figure 55 Western blot analysis and larval movement assay after acute TBPH 

suppression in CNS of mature larvae. 

(A) Western blot analysis on larval brains probed for TBPH and actin, showed a 
reduction in endogenous TBPH protein after 24 hours of RNAi activation in third 

instar larval neurons using the TARGET system (Genotypes: TE-TBc= UAS-Dicer; 

TBPH!23
,tubulin-GAL80TS

/+; elav-GAL4/+ and TE-TBi+24hs = UAS-Dicer; TBPH 

!23
,tubulin-GAL80TS/+; elav-GAL4/TBPH-RNAi). The quantification of normalized 

protein amount was reported below each lane. n=3. (B) Acute suppression of TBPH 

by RNAi expression in L3 larval neurons during 24 hours induced a drastic reduction 
in larval motility. n=30 **p<0.01 calculated by one-way ANOVA. Error bars SEM. 

 The NMJs anatomy of these larvae was analysed, in order to find a possible 

perturbation in this system. In contrast with TBPH mutants L3 larvae, the 

alterations in larvae motility of TE-TBi larvae were not associated with 

anatomical modifications in the number of synaptic boutons or motoneuron 

terminal branches at NMJs. I only found the presence of subtle alterations in 
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the morphology of the synaptic bouton shape in TE-TBi larvae compared to 

controls (Figure 56B-D), suggesting that functional alterations in synaptic 

transmission may precede the anatomical defects described in TBPH null 

flies. The analysis of the cytoskeleton showed defects in Futsch protein 

distribution at the presynaptic terminals. Compared to the controls, an 

increment in the number of Futsch empty boutons and a decrease in the 

number of full boutons in acute silencing larvae was observed (Figure 56E), 

its quantification is reported in (Figure 56F).  

 

Figure 56 NMJs morphology and cytoskeleton organization after acute TBPH 

suppression in CNS of mature larvae. 

(A) Analysis of NMJs morphology in L3 larvae (96-100hs AEL) stained with anti-
HRP. Images showed that acute silencing of TBPH (24 hours) in neurons did not 

alter the morphology of number of branches, and number of boutons, quantification 
shown respectively in (B) and (C). Only a mild significant alteration of bouton shape 

was detected, quantification in (D). n=15 larvae *p<0.05 calculated by T-test. Scale 

bar 10!m. (E) Confocal images showed anti-Futsch (in red) and anti-HRP (in green) 

staining at the terminal synaptic boutons of (i–iii) wild type TE-TBc and (iv–vi) acute 
silencing TE-TBi. (F) Quantification of Futsch staining pattern in muscle 6–7 

abdominal segment II showed a decreased number of full Futsch boutons in TE-TBi 
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compared to TE-TBc. n=15 larvae *p<0.05 calculated by one-way ANOVA. Scale 

bar 5µm. Error bars SEM. 
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4.9 Downregulation of presynaptic vesicular proteins are 
early events after acute TBPH silencing. 

Starting from the hypothesis that functional alterations in synaptic 

transmission may precede the anatomical defects described in TBPH null 

flies, I analysed whether short time suppression of TBPH in presynaptic 

neurons affected the expression and/or distribution of molecules involved in 

synaptic transmission at Drosophila NMJs (Keshishian et al, 1996; Majumder 

& Krishnan, 2010). The TE-TBi flies, described in the previous chapter, were 

used to analyse the NMJs after 24 hours of acute TBPH RNAi induction. The 

essential components of the secretory machinery like Syntaxin1A (Wu et al, 

1999), Synapsin (Hilfiker et al, 1999) appeared significantly down-regulated 

after 24 hours of neuronal suppression of TBPH (Figure 57A-C). While 

similar experimental conditions induced less impressive modifications in the 

presynaptic levels of Cysteine string protein (Csp) (Dawson-Scully et al, 

2007), (Figure 57A and D). Interestingly, the acute suppression of 

presynaptic TBPH did not affect the expression of proteins involved in the 

structural organization of the synapses like Bruchpilot (Brp) (Wagh et al, 

2006; Wichmann et al, 2008), (Figure 57A and E), a protein required in the 

organization of active zones at Drosophila synaptic terminals. Specifically, 

neither the distribution nor protein intensity levels were modified in the 

synaptic terminals of short TBPH suppressed larvae, although more subtle 

morphological changes at the level of the T-bars level could not be excluded.  
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Figure 57 Early events at the presynaptic level after acute TBPH silencing in 

mature larvae. 

(A) Confocal image of NMJs presynaptic boutons in muscle 6/7, II segment 
compares control third instar TE-TBc larvae (i-iii) stained with anti-HRP (green) to 

anti-Syntaxin1A (red) with acute silenced TBPH L3 larvae TE-TBi (iv-vi) where 

Syntaxin1A appears strongly reduced from the synaptic terminals, the differences 
were quantified in (B). Similarly, control TE-TBc larvae (vii-ix) stained with anti-HRP 

(green) and anti-Synapsin (red) presented a significant reduction in Synapsin levels 

compared to TE-TBi larvae (x-xii) and quantified in (C). A mild decrease in Csp 
staining was observed between TE-TBc controls (xiii-xv) and TE-TBi (xvi-xvii) acute 

silenced larvae (D). No differences instead were found in the intracellular levels or 

presynaptic distribution of Brp (xix-xxi) in control neurons versus (xxii-xxiv) acute 

silenced flies. (E) Depicts the quantification of Brp intensity pattern (left graph) and 
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receptor area (right graph). n=250/300 boutons *p<0.05 ***p<0.001 calculated by T-

test. Scale bar 5µm. 

The down-regulation of these synaptic markers was progressive and highly 

dependent on TBPH function, as the constitutive expression of the TBPH 

RNAi during complete larval development (TBi flies) exacerbated these 

phenotypes. Interestingly Bruchpilot even with a constitutive silencing 

appeared unaltered. 

 

Figure 58 Pre synaptic analysis in constitutive TBPH silencing. 

(A) Confocal images of NMJs pre-synaptic boutons in muscle 6/7, II segment 
compared with control L3 TBc larvae (i-iii) stained with anti-HRP (green) and anti-

Syntaxin (red) with constitutive silenced TBi larvae (iv-vi). Genotypes: TBc=UAS-

Synapsin Syntaxin1A CSP Bruchpilot 
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Dicer; TBPH!23, elav-GAL4/UAS-GFP and TBi= UAS-Dicer; TBPH !23, elav-GAL4/+; 

TBPH-RNAi/+. Syntaxin appeared strongly reduced from synaptic terminals when 

TBPH was silenced in neurons, quantification reported in (B). Control (vii-ix) larvae 
stained with anti-HRP (green) and anti Synapsin (red) showed a similar reduction in 

silenced larvae (x-xii), quantification reported in (C). A milder decrease in Csp 

staining was also confirmed between control TBc (xiii-xv) and constitutive silencing 

TBi (xvi-xviii), quantification reported in (D). No differences were found in levels of 
Bruchpilot in controls (xix-xxi) versus constitutive silencing (xxii-xxiv), quantification 

reported in (E), on the left intensity pattern while on right clusters area have been 

graphed. n=250/300 boutons **p<0.01 ***p<0.001 calculated by T-test. Scale bar 
5"m. Error bars indicate SEM. 

 4.10 The presynaptic function of TBPH is required for the 
differentiation and maintenance of the postsynaptic 
structures. 

For the formation of neuromuscular junctions, presynaptic neuron activity is 

required to induce the differentiation of postsynaptic structures on the surface 

of the subjacent muscles (Bloch & Pumplin, 1988). This suggests that the 

alterations, earlier described in presynaptic motoneurons, may lead to 

defects in the formation of postsynaptic structures and muscle denervation 

problems in acutely RNAi treated larvae. 

To test this hypothesis, I used the previously described TE-TBi flies and 

analysed the distribution of different postsynaptic markers in L3 larval NMJs 

after 24 hours of presynaptic TBPH suppression. Immunocytochemistry was 

used to study the distribution of the PDZ domain protein Dlg, a scaffold 

molecule important to postsynaptic localization of numerous proteins 

including glutamate receptors (GluRs) (Chen & Featherstone, 2005).  

In wild type NMJs, Dlg concentrated around the presynaptic terminals in the 

postsynaptic zone, surrounding the individual boutons and established well 

defined structures in the muscular surface (Koh et al, 1999). I found that the 

acute suppression of presynaptic TBPH protein induced dramatic 

modifications in the localization of Dlg which appeared strongly reduced and 

abnormally distributed, unable to define single synaptic structures, 

surrounding large groups of boutons, and even absent from big areas of the 

presynaptic surface (Figure 59A and B). These early defects in Dlg 

distribution became progressively stronger in flies expressing anti-TBPH 

RNAi from the beginning of their neuronal development (Figure 60A and B), 
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indicating that these modifications are highly dependent of presynaptic TBPH 

levels. 

 Similarly, the distribution of the postsynaptic receptor GluRIIA was 

analysed after 24 hours of presynaptic TBPH-RNAi treatments. In wild type 

controls  (TE-TBc) the GluRIIA was localized in well-defined spots that 

presented a ring-shaped outline (Figure 59A and C) while in L3 larvae 

treated with TBPH-RNAi for 24 hours (TE-TBi), the pattern of GluRIIA 

staining became more diffuse and irregular with significantly less ring-shaped 

spots. Identical results were found in TBPH-RNAi constitutively treated 

neurons (Figure 60A and C), indicating that TBPH function is permanently 

required in presynaptic motoneurons to maintain the differentiation of 

postsynaptic structures.  

 

Figure 59 Early events at the postsynaptic level after acute TBPH silencing in 
mature larvae. 
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(A) Confocal images of synaptic terminal boutons stained with anti-HRP 
(presynaptic membrane) in green and with anti-Dlg in red, in control (i-iii, TE-TBc) 

and in acute 24h silenced TBPH (iv-vi, TE-TBi), showed a strong reduction in Dlg 
intensity with empty areas in the side of the synaptic boutons. The quantification is 

reported in the graph (B). Equivalent alterations were also found in the distribution of 

the glutamate receptor IIA between controls (vii-ix) and acute silenced TBPH (x-xii), 

the quantification is reported in the graph (C). n=250/300 boutons **p<0.01 
***p<0.001 calculated by T-test. Scale bar 5µm. Error bars SEM. 

 

Figure 60 Postsynaptic analysis in constitutive TBPH silencing.  

(A) Confocal images of NMJs in muscle 6/7, II segment compares control L3 TBc 
larvae (i-iii) stained with anti-hrp (green, pre-synaptic membrane) and anti-Dlg (red, 

post-synaptic membrane) with constitutive silenced TBi larvae (iv-vi). Quantification 

reported in (B) showed a reduction in Dlg intensity with presence of gaps in post-

synaptic borders. Similar alterations were found in distribution of glutamate receptor 
IIA, between control TBc (vii-ix) and constitutive silencing TBi (x-xii). (C) 

Quantification of GluRIIA intensity (upper panel) and area (lower panel). n=250/300 

boutons **p<0.01 ***p<0.001 calculated by T-test. Scale bar 5!m. Error bars 
indicate SEM. 
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4.11 The pre and postsynaptic markers down-regulated 
after the acute silencing of TBPH are recovered after the 
expression of the transgenic protein in CNS 

 

To support the previous findings, I performed a series of genetic rescue 

experiments to check if transgenic TBPH protein expression in TBPH minus 

flies was able to re-establish the wild type levels of the down-regulated 

synaptic markers. For this purpose, I performed a Western blot analysis on 

adult brain tissues of the following genotypes: a control (W1118), TBPH!23/-, 

TBPH!142/- and TBPH rescue (TBPH!23/-;elav-GAL4>TBPH). The analysis 

confirmed the down-regulation of the synaptic markers in both TBPH mutant 

alleles for Syntaxin1A, Synapsin, Csp, Futsch and Dlg but not for Brp and the 

recovery of these markers when the TBPH protein was reintroduced back in 

CNS (Figure 61).  

 

  

Figure 61 Western blot analysis of pre and post synaptic markers in mutants 
and in TBPH rescue. 
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A western blot analysis on adult heads stained with anti-Syx (upper left), anti-Syn 
(upper right), anti-Csp (middle left), anti-Brp (middle right), anti-Futsch (bottom left), 

anti-Dlg (bottom right) and anti-alpha tubulin as a loading control, independently 
confirmed the specific reduction of pre and postsynaptic markers in TBPH minus 

flies (TBPH!23/- and TBPH!142/-) compared to wild type and TBPH rescued neurons  

(TBPH!23/-;elavG4>TBPH). On the contrary, no changes in protein levels were 

observed for the structural protein Brp. Quantification of normalized protein amount 
was reported below each lane (mean ± SEM: Syx 100 ± 1; 70 ± 2.2; 72 ± 1; 85 ± 

2.6; Syn 100 ± 1; 64 ± 1.2; 61 ± 1.1; 114 ±3.4; Csp 100 ± 1; 38 ± 2.3; 39 ± 2.2; 784 

± 3.1; Brp 100 ± 1; 111 ± 1.5; 118 ± 1; 191 ± 3.4; Futsch 100 ± 1; 44 ± 2; 51 ± 1.9; 
85 ± 1.2; Dlg 100 ± 1; 51 ± 2; 48 ± 3; 91 ± 2.7). n=3. 

Finally, I also checked if the postsynaptic defects were recovered in TBPH 

rescued flies.  For these experiments, the NMJs of wild type larvae (W1118), 

TBPH!23/-, TBPH!23/-; elavGAL4>TBPH and TBPH!23/-; elavGAL4>TBPHF/L 

were dissected and labelled with antibodies against postsynaptic markers. 

TBPH expression exclusively in neurons was sufficient to recover the 

postsynaptic defects observed in the distribution of Dlg and GluRIIA found in 

TBPH loss of function mutants. On the contrary, no recovery was obtained 

when rescuing with the variant TBPHF/L, unable to bind the RNA (Figure 62). 
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Figure 62 Constitutive neuronal TBPH transgene expression rescues the 
postsynaptic defects in TBPH minus larvae. 

(A) Confocal images of NMJs in muscle 6/7, II segment stained with anti-HRP 
(green) and anti-Dlg (red). Images showed post-synaptic distribution of Dlg protein 
in control W1118 (i-iii), TBPH!23/- (iv-vi), TBPH !23/-; elav-GAL4>UAS-TBPH (vii-ix) 

and TBPH !23/-; elav-GAL4>UAS-TBPHF/L (x-xii). (B) Quantification of Dlg intensity 

showed a significantly reduction in TBPH mutant compared to wild type. The mutant 

phenotype was rescued with the expression of the TBPH transgene in neurons; no 
rescue was obtained expressing the mutant variant of TBPH (TBPHF/L). (C) Confocal 

images of NMJs in muscle 6/7, II segment stained with anti-HRP (green) and anti-

GluRIIA (red). Images showed post-synaptic distribution of GluRIIA protein in control 
W1118 (i-iii), TBPH !23/- (iv-vi), TBPH !23/-; elav-GAL4>UAS-TBPH/ tbph!23, elav-GAL4 

(vii-ix) and TBPH!23/-; elav-GAL4>UAS-TBPHF/L (x-xii). (D) Quantification of GluRIIA 

intensity (upper panel) and area (lower panel) showed a significant reduction in 
TBPH mutant compared to wild type, both for intensity and area. The mutant 

phenotype was rescued with the expression of TBPH transgene in neurons; no 

rescue was obtained expressing the mutant variant of TBPH (TBPHF/L). n=200/250 

boutons ***p<0.001 calculated by one-way ANOVA. Scale bar 5"m. Error bars 
indicate SEM. 
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4.12 Analysis of mRNA-TBPH physical interactions by 
immunoprecipitations in vivo 

 

The majority of the functional properties of TDP-43 described up to now were 

found to be mainly linked to the RNA binding ability of this protein (Buratti & 

Baralle, 2010). Hence, to gain further comprehension into the mechanisms of 

TBPH action, I investigated any potential physical interactions between the 

TBPH protein and the mRNAs of the synaptic proteins found to be perturbed 

in TBPH mutants. For these experiments, flies expressing Flag-tagged 

TBPH, Flag-tagged TBPHF/L150-152 or the unrelated protein Flag-tagged 

REEP1 were expressed under the control of the elav-GAL4 pan-neuronal 

driver and utilized for immunoprecipitation assays. Fly heads were 

homogenized and TBPH was immunoprecipitated by anti-Flag M2 

monoclonal antibody (Sigma). Western blot was performed to confirm TBPH 

immunoprecipitation (Figure 63).  

 

Figure 63 Western blot analysis of immunoprecipitation assay. 

Western blot analysis on adult heads of the immunoprecipitation assay, stained with 
the anti-TBPH antibody. In lines (1) the input material for each genotype is loaded. 
The input is the head extract obtained after the mechanical squeezing of the tissues. 

In lines (2) the depleted material is loaded. The depleted material is the head extract 

after the period of incubation with Flag-functionalized beads. In lines (3) the 
immunoprecipitated material is loaded. Ponceau staining was used as a control for 

the loading. 

In W1118 and elav-GAL4>REEP no differences in TBPH amounts was 

detected neither in the input and depleted fraction, nor in the 

immunoprecipitation, indicating absence of aspecific TBPH binding to the 

beads. In elav-GAL4>TBFL, a depletion of TBPH protein was notable (lane 2) 

if compared to the input signal (lane 1), which was present in the 

immunoprecipitated material (lane 3). In elav-GAL4/TB the depletion of 

a-TBPH 

Ponceau 
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TBPH protein after incubation with the beads was evident, and moreover a 

good level of TBPH protein immunoprecipitation was also noticeable (lane3). 

Ponceau staining of the membrane was reported as the loading control.  

 

4.13 TBPH physically interacts with syntaxin and futsch 
mRNA in vivo 

 

The RNA bound to the Flag-tagged immunoprecipitated proteins was 

TRIZOL extracted, retrotranscribed and analyzed through real time 

quantitative PCR (qRT-PCR). 

 Interestingly, I observed an enrichment of futsch and syx mRNA in the 

TBPH immunoprecipitated samples (10.8 and 2.5 folds respectively) 

compared to syn, csp or the housekeeping genes rpl-52 and rpl-11 (Figure 

64), indicating that TBPH may preferentially interact with futsch and syx 

mRNA but not with the messengers of syn or csp. In agreement with this 

view, I observed that TBPH-syx or futsch mRNA interactions get lost when 

similar immunoprecipitations were performed utilizing the RNA-binding 

defective form of TBPHF/L150-152. This demonstrates that these physical 

interactions are rather specific. Based on these results, it is interesting to 

note the presence of different clusters of putative TBPH binding sequences 

(TG)n both within the 5'UTR and the coding sequence of the futsch and syx  

gene (Colombrita et al, 2012). These indications would strongly suggest that 

the function of TBPH may contribute to stabilize subcellular levels of these 

mRNA and/or to possibly promote their translation.  

As expected, I found a high level of enrichment for the putative TBPH binding 

poly UG repeats, UGs RNA was added to head extracts in order to control 

the efficiency of mRNA enrichment. As positive controls, I found that the 

immunoprecipitated TBPH protein complex contained the hdac-6 mRNA (4.5 

folds), in agreement with a previous publication (Fiesel et al, 2010). 
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Figure 64 qRT-PCR of immunoprecipitated mRNAs reveals futsch and 

syntaxin1A enrichment. 

qRT-PCR analysis of mRNAs immunoprecipitated by Flag-tagged TBPH (IP-TB) 

and its mutant variants TBPH F/L (IP-FL). Real time quantitative PCR was used for 
quantification of the fold-enrichment above the control (Reep) for TBPH and 

TBPHF/L. Syntaxin1A resulted enriched 2.5 folds in IP-TB if compared to IP-FL, also 

futsch showed a significantly enrichment (10.8 folds) when compared to IP-FL. 
Significant levels of enrichment were observed for hdac-6 mRNA and (UG)9 RNA 

were used as positive controls. The mRNAs of control (ribosomal protein rpl52 and 

rpl11) were not enriched significantly, as for csp and synapsin. n=3. Error bars 
indicate SD. 

Taken together, this data demonstrated that TBPH interacted with the futsch 

mRNA and syntaxin1A mRNA in a highly specific manner. Defective 

phenotypes observed in TBPH mutant flies might be influenced directly by 

the down-regulation of Futsch and/or Syntaxin1A level in vivo. 
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4.14 Human Tau protein induces pre-synaptic terminal 
rescue in TBPH mutant 

One of the main roles of Futsch is to stabilize microtubules at the synaptic 

boutons. A stabilization of microtubules in mutant flies should be sufficient to 

rescue anatomical defects observed in mutant flies. Previous work in this 

field demonstrated that expression of mammalian Tau protein was able to 

rescue Futsch mutant phenotype in Drosophila neurons (Hummel et al, 2000; 

Roos et al, 2000). I generated flies expressing human Tau transgene in 

neurons of TBPH mutant flies. The analysis of NMJs proved that the 

expression of Tau protein managed to rescue the anatomical defects of 

TBPH mutant. The synaptic boutons recovered to a normal shape and 

regained the complexity of their terminals through an increase of terminal 

branches (Figure 65). 

 

Figure 65 Tau recovered anatomical NMJs defects present in mutant flies. 

(A) Confocal images of third instar larvae stained with anti-HRP on muscle 6/7 
abdominal segment II of TBPH mutant (TBPH!23/- left panel), TBPH rescue 
(TBPH!23/-;elav>TBPH central panel) and Tau rescue (TBPH!23/-;elav>Tau right 

panel). In (B) and (C) are reported the quantifications of the number of boutons and 

branches respectively. The quantification was performed on abdominal segment II 

and abdominal segment III of the larval body muscle wall. 

TBPH!23/- TBPH!23/-; elav>TBPH TBPH!23/-;elav>Tauwt 
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These results demonstrated that the morphological defects observed in 

TBPH mutant flies were rescued by Tau protein; the Tau rescue was 

comparable to the rescue obtained with the expression of the endogenous 

TBPH protein (Figure 65A, central panel). To investigate whether a functional 

recovery was also achieved by expressing Tau protein, the movement 

behaviour of mutant larvae expressing Tau protein exclusively in neurons 

was analysed. Functional recovery of motility was not obtained, indicating 

that besides the stabilization of microtubules, TBPH may regulate additional 

functions in motoneurons, probably more linked to the synaptic vesicle 

pathway, in which other proteins including Syntaxin1A are involved (Figure 

66). 

4.15 Syntaxin1A rescues TBPH mutant: in locomotive 
phenotype and in functionality of NMJs 

Syntaxin 1A (Syx1A) is a member of SNARE complex family (an acronym 

derived from "SNAP, Soluble NSF Attachment Protein REceptor). The 

primary role of SNARE proteins is to mediate vesicle fusion with the cell 

membrane or with a target compartment (such as a lysosome). Syntaxin1A 

plays a critical role in several secretory processes, including cuticle secretion 

and neurotransmitter release, and assists in neuronal membrane maturation 

(Cerezo et al, 1995; Lagow et al, 2007; Littleton, 2000).  

Previously, I demonstrated that in TBPH mutant flies, Syntaxin1A protein 

became down-regulated and its mRNA was directly bound by TBPH protein. 

All these evidences taken together, lead to wonder, whether restoring 

Syntaxin1A levels may lead to a recovery of the mutant condition. Thus, I 

generated flies expressing the Syntaxin1A transgene exclusively in CNS 

(elav-GAL4) in TBPH minus background. The motility capacity of these 

larvae was assessed, comparing these animals with TBPH mutants who 

resulted strong impaired. In Syntaxin1A rescue, as well as in TBPH rescue, a 

recovery of larval motility was found. No recovery was achieved by 

expressing other markers, such as Futsch/Tau (as already discussed above, 

in the previous paragraph), Synaptobrevin or by expressing unrelated protein 

as GFP (Figure 66).  
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Figure 66 Syntaxin1A rescued mutant phenotype in larval motility. 

Peristaltic waves of third instar larvae. The transgenic expression of Syntaxin1A 
protein in CNS ameliorated significantly motility phenotype, as well as the normal 

rescue with TBPH. No effect was observed expressing an unrelated protein as GFP 

or another presynaptic markers as Tau or Synaptobrevin (nSyb). n=30  *p<0.05 
***p<0.001 calculated by one-way ANOVA. Error bars SEM. 

Intriguingly, the rescue of Synataxin1A levels with elav-GAL4 was not 

sufficient to recover the pupal lethality associated with TBPH loss of function 

(Feiguin et al, 2009). To rescue adult flies with Syntaxin1A a milder 

phenotype than TBPH loss of function was used. In order to do this, TBPH 

hypomorphic alleles flies were generated by the induction of anti-TBPH RNAi 

expression in neurons. These flies showed a decreased level of TBPH 

protein and had a clear defective phenotype in climbing capacity (Figure 67). 

However, this phenotype obtained through RNAi strategy, was milder than 

the TBPH mutant phenotype and might offer the possibility to have a less 

dramatic phenotype to rescue, but was valid to prove the genetic interaction. 
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Figure 67 TBPH hypomorphic alleles to perform genetic interaction analysis. 

(A) Western blot analysis of adult heads probed for TBPH and actin. In line 1 the 
control (W1118) was loaded, in the second line the fly with TBPH hypomorphic 
alleles was loaded and in the final line the TBPH mutant fly was loaded. The 

biochemical analysis showed the effective reduction of TBPH protein in 

hypomorphic alleles flies compared to wild type. Actin was used as loading control. 
(B) Climbing assay on TBPH hypomorphic alleles compared to wild type showed 

impairment in locomotive behaviour in these flies. n=250, ***p<0.001 t-test was 

used. Error bars SEM. 

 

Syntaxin1A transgene was expressed in TBPH hypomorphic alleles flies and 

was able to significantly recuperate the locomotive capacity of these flies in 

climbing assays compared to GFP expressing controls (Figure 68).  

 

 

Figure 68 Genetic interactions between TBPH and Syntaxin1A. 

(A) Quantification of peristaltic waves of third instar larvae expressing Syntaxin 
transgene in TBPH hypomorphic alleles flies (TBPH!23,elavG4/+;Dicer,TBPH 

RNAi/Syx in blue) compare to TBPH hypomorphic alleles model flies expressing an 
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unrelated protein (GFP) (TBPH!23,elavG4/+;Dicer,TBPH RNAi/GFP in white) and to 

wild type, in black. Expression of Syntaxin1A transgene showed an improvement in 

motility performance. The experiment was performed on third instar larvae, grown 
on normal food at a temperature of 29°C. n=25. (B) The climbing analysis revealed 

the same results observed in larvae. GFP did not improve the phenotype of TBPH 

hypomorphic alleles model; on the contrary the improvement obtained expressing 

Syntaxin1A was clear. The experiment was performed on adult flies at day 4, grown 
on normal food at a temperature of 25°C. n=100 *p<0.05 **p<0.01 ***p<0.001 

calculated by one-way ANOVA. Error bars SEM. 

This data suggested that in TBPH mutant a deficit in synaptic transmission 

occurred, in particular a deficit in neurotransmitter release in the synaptic 

cleft. In agreement with this hypothesis, I found that Syntaxin1A rescue of 

TBPH mutant larvae recovered the non-autonomous distribution of the 

postsynaptic membrane markers Dlg (Figure 69) and GluRIIA (Figure 70) 

suggesting that proper communication between pre and post zones was 

restored. 

 

 

Figure 69 Syntaxin1A transgene restored Dlg in mutant background. 

(A) Confocal image of synaptic terminal boutons stained with anti-HRP (pre-synaptic 
membrane) in green and with anti-Dlg in red. (i-iii, black column) wild type, (iv-vi, 
white column) TBPH!23/-;elav-GAL4>UAS-GFP, (vii-ix, blue column) TBPH!23/-;elav-

GAL4>UAS-Syntaxin1A. A recovery of normal Dlg levels and distribution was 

observed in Syntaxin1A rescue, no evidence of recovery in GFP (unrelated protein), 
quantification was observed in (B). n=300/350 boutons *p<0.05 ***p<0.001 

calculated by one-way ANOVA. Scale bar 5µm. Error bars SEM. 
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Figure 70 Syntaxin1A transgene restored GluRIIA in mutant background. 

(A) Confocal image of synaptic terminal boutons stained with anti-HRP (pre-synaptic 
membrane) in green and with anti-GluRIIA in red. (i-iii, black column) wild type, (iv-

vi, white column) TBPH!23/-;elav-GAL4>UAS-GFP (vii-ix, blue column) TBPH!23/-

;elav-GAL4>UAS-Syntaxin1A. A recovery of normal glutamate receptor levels and 

distribution was observed in Syntaxin1A, no evidence of recovery in GFP (unrelated 
protein), quantification showed in (B). n=300/350 boutons **p<0.01 ***p<0.001 

calculated by one-way ANOVA. Scale bar 5µm. Error bars SEM. 
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5 Discussion and conclusions 

Alterations in TDP-43 protein are commonly found in patients suffering from 

amyotrophic lateral sclerosis (ALS) and in frontotemporal lobar degeneration 

(FTLD). TDP-43 is a RNA binding protein, highly conserved across species, 

involved in mRNA metabolism (transcription, splicing, mRNA stabilization, 

microRNA biogenesis, transport and stabilization), (Buratti & Baralle, 2009). 

Thus, the involvement of RNA metabolism in neurodegenerative diseases is 

starting to appear increasingly important. Therefore, determining the 

physiological role of the TDP-43 in vivo and understanding how defects in 

this protein function lead to motoneuron degeneration, constituted the main 

objectives of these studies.  

 

5.1 Characterization of the physiological role of TDP-43 in 

vivo 

To characterize the physiological role of TDP-43 protein in vivo, I generated 

genetic deletions in the TDP-43 homolog protein, TBPH, in Drosophila and 

confirmed that these interventions completely suppressed the expression of 

the endogenous protein in different TBPH minus alleles. Interestingly, I 

observed that the TBPH mutant phenotypes recapitulated the major traits of 

ALS pathology, thus, loss of Drosophila TDP-43 caused severe defects in 

locomotion (with spastic and uncoordinated movements that ended in 

paralysis), weakness and premature death. Moreover, these phenotypes 

were rescued by reintroducing the TBPH gene exclusively in the CNS and 

the same results were obtained using the human protein, demonstrating that 

the TDP-43 function is conserved evolutionarily.  

In order to better understand the origin of these motility defects, I decided to 

analyse the morphology of the TBPH minus motoneuron presynaptic 

terminals at neuromuscular junctions (NMJs) and observed that, in TBPH 

minus larvae, the morphology of the presynaptic terminals was seriously 

affected. I found a reduced number of axonal branches and misshapen 

synaptic boutons in the terminal synapses of the motoneurons at the NMJ, 
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indicating that either the formation or the maintenance of these structures 

was compromised.  

Similar morphological analysis of the synaptic terminals performed at 

different stages of the larval development, revealed no differences between 

wild type and TBPH mutants during the first larval stage (L1). The defects, 

however, became significantly evident in the larval stages (L2) and (L3), 

indicating that TBPH is necessary to promote and sustain synaptic growth 

during larval development. The analysis of footprints showed no evidence of 

synaptic retraction, supporting the hypothesis that defects in the growth and 

addition of new synaptic boutons rather than an increased retraction of 

already established boutons, represented the principal alterations behind 

these phenotypes. Expression of TBPH rescued these anatomical defects, 

indicating the direct and specific role of TBPH in the growth and maintenance 

of the synaptic terminals at NMJ.  

 The growth of NMJs occurs by the addition of new synaptic boutons that 

originate through the budding of their parent boutons. This entire process is 

mainly sustained by cytoskeletal factors, which I hypothesize, might be 

affected in TBPH mutants. Based on this, I found that the protein levels of the 

Drosophila specific microtubule binding protein Futsch, homolog to the 

mammalian MAP1B, were reduced in TBPH minus NMJs. A recovery of 

these phenotypes was possible by reintroducing the endogenous protein 

TBPH or the human protein TDP-43 in motoneurons, demonstrating that 

these alterations were specific to the TBPH function. In addition to this 

evidence, I also proved that the recovery of the neurological defects was 

dependent on the RNA binding capacity of TBPH, since the mutant form of 

TBPH (TBPH F/L-150/152), unable to bind RNA, (Buratti & Baralle, 2001; Voigt et 

al, 2010) was not able to rescue the mutant phenotypes (Godena et al, 

2011). Considering that Futsch plays a central role during the NMJs 

expansion process, these findings indicated that defects in the regulation of 

the protein levels of Futsch might be at the base of the morphological defects 

observed by the lack of TBPH function. 
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5.2 TBPH chronological requirements and neurological 
plasticity 

A common characteristic of many neurodegenerative diseases is the late 

onset of pathological symptoms during adult life. The question regarding 

whether these neurological alterations occurred during neuronal 

development or later on, in already differentiated neurons, remains open. 

Clarifying these aspects might give an important contribution to better 

understanding ALS pathogenesis or prognosis, and may improve the 

knowledge required to find original therapeutic strategies. For these reasons, 

I moved on to analyse the chronological requirements of TBPH during 

different phases of the Drosophila life cycle. The results suggested there is a 

necessity for a continuous presence of the TBPH protein to guarantee proper 

locomotion of these flies and proper maintenance of NMJ terminals. The in 

vivo TBPH half-life was calculated to be about 12 hours, extremely similar to 

the life span recently determined for the human TDP-43 protein in vitro (12.6 

hours) (Watanabe et al, 2013). These results highlight the similarities 

between the fly and human homologues and support the idea that TBPH 

function must be permanently required during neuronal development. To 

understand whether similar requirements for TBPH function were necessary 

in adult flies, we tested the effects of TBPH suppression in adult tissues 

through the expression of an RNAi against the protein. Interestingly, we 

observed that the acute suppression of TBPH in adult flies induced a rapid 

decrease in the climbing abilities of these insects and an abrupt collapse of 

their life span. These phenotypes, very similar to the symptoms described in 

ALS pathology, indicating that similar situations might be expected in 

individuals with sporadic defects in TDP-43 function.   

 A fundamental issue revolving around neurological disorders is to 

determine whether the affected neurons are able to recover from these 

pathological situations. Based on this, I evaluated the possibility of 

recovering TBPH mutant phenotypes in flies with already well differentiated 

neurons in which the pathological signs were clearly manifested. I observed 

that the late provision of TBPH in mature mutant L3 larvae provoked a rapid 

improvement of larval locomotion together with the regrowth and reassembly 
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of the motoneuron synaptic terminals. I also found that a similar late 

induction of TBPH in adult neurons was able to reactivate locomotive 

behaviours in otherwise paralyzed flies, demonstrating long lasting neuronal 

plasticity in TBPH minus flies. These results also suggest that affected 

neurons are still alive and able to recover their synaptic activity. 

5.3 Early events of TBPH dysfunction in vivo 

Recent studies have identified a huge number of potential TDP-43 targets, 

most of them belonging to proteins involved in synaptic activity pathways 

(Arnold et al, 2013; Hazelett et al, 2012). For example, one study on mouse 

adult brains performed a massive parallel sequencing and splicing sensitive 

junction arrays in which genes with very long introns encoding for proteins 

implicated in synaptic activity appeared highly modified (Polymenidou et al, 

2011). Another study, through RIP-sequencing analysis found target genes 

for TDP-43 involved in RNA metabolism, neuronal development and synaptic 

function (Sephton et al, 2011).  

 I therefore decided to analyse the events that occurred immediately 

after TBPH dysfunction and found that 24 hours after reducing TBPH an 

immediate decrease in L3 larval locomotion occurred. 

These motility defects correlated with a strong decrease in the synaptic 

levels of vesicular membrane proteins such as Syntaxin1A, Synapsin and 

Csp that was also observed in flies constitutively expressing the anti-TBPH 

RNAi during the complete larval development or in adult flies carrying TBPH 

loss of function mutations. Interestingly, I observed that structural proteins of 

the synaptic terminals like Bruchpilot were not affected after similar 

treatments, indicating that these synaptic alterations were rather specific and 

suggesting that vesicular membrane pathways like exo-endocytosis or 

synaptic transmission might be directly affected upon TBPH dysfunction. 

Defects in this process could imply the presence of alterations at nerve-

muscle contact level. In this regard, I tested the molecular organization of the 

postsynaptic membranes after the acute TBPH suppression and found 

alterations in the distribution of Dlg protein, a scaffold molecule crucial to the 

postsynaptic localization of numerous proteins including the glutamate 
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receptors. Dlg appeared strongly reduced and abnormally distributed, unable 

to define single synaptic structures, surrounding large groups of boutons, and 

even absent from big areas of the presynaptic surface. I also observed a 

decreased in Glutamate receptor IIA, the pattern of GluRIIA staining became 

more diffuse and irregular with significantly less ring-shaped spots typically 

found in wild type. These early defects in Dlg and GluRIIA became 

progressively increased in flies expressing anti-TBPH RNAi from the 

beginning of the neuronal development, indicating that these modifications 

are highly dependent of presynaptic TBPH levels. In support of these 

observations, I found that transgenic expression of TBPH exclusively in 

neurons was sufficient to rescue the postsynaptic defects in Dlg and GluRIIA 

distribution observed in TBPH minus NMJs, confirming that early defects in 

motoneuron neurotransmission may lead to muscle denervation in 

Drosophila. 

5.4 TBPH directly interacts with syntaxin1A and futsch 
mRNA 

Previous studies have demonstrated that the functional properties of TDP-43 

strongly depend on its RNA binding ability (Buratti & Baralle, 2010). 

Therefore to gain further comprehension of the mechanisms of TBPH 

functionality, I tested for a possible direct interaction between the TBPH 

protein and the mRNAs of the perturbed markers found to be down-regulated 

after the acute suppression of TBPH. The co-immunoprecipitation assay in 

vivo of TBPH protein revealed a significant mRNA enrichment for futsch and 

syntaxin1A, proving direct evidences of physical interactions between these 

mRNAs and the TBPH protein in vivo. Moreover, to test the functional 

relevance of these protein-mRNA interactions, I analysed whether the 

prevention of Futsch or Syntaxin1A down-regulation in TBPH mutant flies 

was able to recover the neurological phenotypes described above.  

Previous data demonstrated that neuronal expression of mammalian Tau 

protein was able to rescue Futsch loss of function phenotype in Drosophila 

neurons (Bettencourt da Cruz et al, 2005). Thus I expressed Tau protein in 

TBPH mutant flies found a rescue of the morphological defects described in 

the TBPH mutant NMJs, however the functional rescue was not achieved 
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indicating that TBPH has a role in the stabilization of microtubules but also 

regulates other additional functions, not through Futsch interaction. On the 

other hand, the expression of Syntaxin1A transgene in the TBPH mutant, 

was able to rescue the locomotive defects of the mutant phenotype and 

moreover it also appeared to rescue the structural defects observed in the 

distribution and localization of the postsynaptic membrane proteins, Dlg and 

GluRIIA at the NMJs level. This evidence demonstrated that regulation of 

Syntaxin1A levels through the direct interaction with TBPH was fundamental 

to promote the formation and differentiation of the motoneuron synaptic 

terminals. Intriguingly, I observed that the rescue of Synataxin levels with 

Elav-Gal4 was not sufficient to recover pupal lethality associated with TBPH 

loss of function (Feiguin et al, 2009). Nevertheless, I observed that Syntaxin 

expression in adult TBPH hypomorphic alleles, generated by the induction of 

anti-TBPH RNAi expression in neurons, was able to significantly recuperate 

the locomotive capacity of these flies in climbing assays compared to GFP 

expressing controls, confirming the relevance of these regulatory interactions 

in adult flies. 

5.5 Possible mechanism of TBPH dysfunction 

The transmission of electro-chemical signals from neurons to muscles is 

essential to induce and maintain, the formation of postsynaptic structures in 

muscle surfaces. Consequently, it was described that defects in synaptic 

transmission affected the intracellular distribution of different postsynaptic 

proteins like Dlg and the Glutamate Receptor from the muscle surface 

(Budnik et al, 1996; Chen & Featherstone, 2005; Lee et al, 2009). 

Considering that the acute suppression of TBPH in mature larvae provokes 

the down-regulation of Syntaxin1A, and causes defects in the organization of 

the postsynaptic proteins Dlg and the Glutamate Receptor at the NMJs, the 

data strongly indicates that TBPH regulates synaptic transmission. In 

agreement with that, it was previously described that Syntaxin1A plays a 

central role in synaptic membrane fusion and recycling events as well as 

neurotransmitter release (Khuong et al, 2013; Kidokoro, 2003).  
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 At the functional level, the connection between all these gene 

expression steps is usually provided by the assembly in distinct multimeric 

complexes made by different combinations of nuclear proteins. Among the 

proteins responsible for creating the «backbone» of these multimeric 

complexes, the hnRNP class of RNA Binding proteins (RBPs) certainly plays 

a major role in terms of numbers and quantity. This is especially true in 

neurons that display an extremely high complexity at the level of differential 

RNA expression, generated in good part by hnRNP proteins. One 

expectation of such important role played by hnRNP proteins is that their 

eventual mis-regulation would certainly be capable of causing neuronal 

death.  

 In keeping with this view, one of the major breakthroughs in ALS and 

other neurodegenerative disease research in recent years has been the 

discovery that alterations in RNA metabolism may play a major role in the 

onset and progression of various diseases such as ALS and FTLD. Common 

causes of these diseases include alterations in the aggregation, sequence 

and localization status of factors such as TDP-43, FUS/TLS and other FET 

family proteins (FUS, EWSR1 and TAF15) (Hoell et al, 2011). In addition, the 

presence of hexanucleotide expansions in the C9orf72 gene associated with 

disease has also raised the possibility that the effect of pathological RNA foci 

may contribute sequestering additional RBPs, and thus contribute to 

influence the onset and progression of disease. Recently, it has been shown 

that mutations in hnRNP A/B protein family can be associated with the 

development of ALS and multisystem proteinopathy. Nonetheless there is 

still much to learn regarding the importance of this protein family in neuronal 

survival (Kim et al, 2013). In agreement with this hypothesis, parallel 

experiments performed in our laboratory detected that the Drosophila Hrp38 

(homologue to human hnRNP A/B family) physically interacts with TDP-43 

and the reduction of the Hrp38 expression in Drosophila brains produces 

significant locomotive alterations with the shortening of the life span 

(Romano et al, 2014), closely resembling the defects observed in TBPH-

knockout flies and suggesting that these proteins might be involved in the 

regulation of common metabolic pathways.  
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 Therefore, I can conclude that TBPH plays a fundamental role in 

promoting the formation and differentiation of neuromuscular synapses and 

the correct process of synaptic vesicle dynamics like exocytosis. This 

function is mediated by the capacity of this protein to interact with the RNA 

molecules and others RBPs inside multimeric complexes to regulate the 

cytoplasmic levels of different synaptic proteins, as Futsch or Syntaxin1A 

through modifications in the metabolism of these messengers. 

Subsequently to the TBPH presynaptic dysfunction, alteration in synaptic 

transmission are expected, followed by secondary defects in the organization 

of the postsynaptic membranes as the decrease in Glutamate receptor 

activity and in Dlg protein levels (a simplified scheme of this process is 

reported in Figure 71).  

 

 

Figure 71 Possible mechanism model in the TBPH mutant. 

Schematic representation of synaptic bouton organization in TBPH mutant.  

In agreement with this view, I observed that improving Syntaxin1A levels in 

TBPH mutant phenotypes was sufficient to recover the functional motility 

defects present in these insects, as well as the structural defects observed in 

the distribution of the postsynaptic proteins Dlg and GluRIIA, highlighting the 
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central role of TBPH in the regulation of synaptic function and muscle 

innervation.   
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6 Concluding remarks 

 

The main purposes of these studies were to describe the physiological role of 

the TDP-43 homolog protein in Drosophila, known as TBPH, and to identify 

its functional partners and determine the neurological consequences of the 

protein dysfunction. 

 

The main conclusions of this thesis can be summarized as follows:  

 

1) TBPH is permanently required in the CNS to regulate locomotive 

behaviour, life span and the molecular organization of motoneuron 

presynaptic terminals at NMJs. 

 

2) TBPH directly interacts with futsch and syntaxin1A mRNA to regulate 

their intracellular protein levels and synaptic function.  

 

3) Acute defects in TBPH function in neurons provokes a rapid impairment 

in flies locomotion through the down-regulation of presynaptic vesicular 

proteins followed by non-autonomous defects in muscles innervation. 

 

4) A late correction of functional TBPH levels in neurons is sufficient to 

induce the recovery of the neurological phenotypes observed in TBPH 

mutants and promotes the reassemble of motoneuron synaptic terminals. 
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Appendix I 

Western blot films full size 

For each protein analysed via Western blot, a full size film is reported below 

and a scheme containing the predicted molecular weight of the proteins 

(obtained from FlyBase.org) has been added.  
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a b s t r a c t

Pathological modifications in the highly conserved and ubiquitously expressed heterogeneous ribo-
nucleoprotein TDP-43 were recently associated to neurodegenerative diseases including amyotro-
phic lateral sclerosis (ALS), a late-onset disorder that affects predominantly motoneurons
[Neumann, M. et al. (2006) Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyo-
trophic lateral sclerosis. Science 314, 130–133, Sreedharan, J. et al. (2008) TDP-43 mutations in famil-
ial and sporadic amyotrophic lateral sclerosis. Science 319, 1668–1672, Kabashi, E. et al. (2008)
TARDBP mutations in individuals with sporadic and familial amyotrophic lateral sclerosis. Nat.
Genet. 40, 572–574]. However, the function of TDP-43 in vivo is unknown and a possible direct role
in neurodegeneration remains speculative. Here, we report that flies lacking Drosophila TDP-43
appeared externally normal but presented deficient locomotive behaviors, reduced life span and
anatomical defects at the neuromuscular junctions. These phenotypes were rescued by expression
of the human protein in a restricted group of neurons including motoneurons. Our results demon-
strate the role of this protein in vivo and suggest an alternative explanation to ALS pathogenesis that
may be more due to the lack of TDP 43 function than to the toxicity of the aggregates.
! 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

TDP-43 is a highly conserved and ubiquitously expressed nucle-
ar protein containing RNA binding motives and reported to be in-
volved in pre-mRNA splicing, transcription, mRNA stability, and
mRNA transport [4]. Recently, TDP-43 was identified as the main
protein component of the intracellular inclusions observed in af-
fected brain areas of patients suffering from Amyotrophic Lateral
Sclerosis (ALS), Frontotemporal Lobar Degeneration with ubiquiti-
nated inclusions (FTLD-U) [1,5,6] and Alzheimer disease (AD) [7–
9]. In the brain of these individuals TDP-43 appears depleted from
the cell nucleus and abnormally localized inside insoluble protein
aggregates throughout the cytoplasm. Moreover, missense muta-
tions in the C-terminal part of TDP-43 were identified in 2–5% of
sporadic and familial forms of ALS indicating that a tight correla-
tion between TDP-43 protein function and neurodegenerative dis-
eases may exist [2,3].

Despite the fact that the biochemical and structural properties
of TDP-43 were extensively studied, its physiological role in vivo
or the possible pathological mechanisms that may lead to neuronal
diseases were not determined [10]. Regarding this, considerable
attention has been given to the potential toxic effect of the TDP-

43 protein aggregates observed in the cytoplasm. However it
should also be considered that in those neurons TDP-43 seems to
be absent from the nucleus. Therefore, it might be possible that
the defects observed in ALS patients reflect a loss of TDP-43 nuclear
function rather than a pure toxic effect of its aggregates.

We have previously shown that the Drosophila TDP-43 homo-
log was able to replace the splicing function of the human protein
in vitro and in tissue culture cells [11,12], for that reason we
decided to investigate the role of TDP-43 in vivo using Drosophila
melanogaster as the animal model.

2. Material and methods

2.1. Generation of TBPH null alleles

TBPH loss-of-function alleles were generated by imprecise
mobilization of TBPHEY10530 transposon using D2–3 transposase.
Potential candidates were identified by the loss of w+ markers
and balanced to stock. Genomic DNA from 450 lines was used as
polymerase chain reaction templates. Primers flanking the
EY10530 insertion were used for mapping (1R:19750253-
19750232; 2R:19750667-19750640; 1F:19746555-19746576;
3F:19747048-19747071; 4F:19748563-19748583; 5F:19749069-
19749089; 6F:19749727-19749746). TBPHD23 revealed a deletion
of 1616 bp with complete elimination of the P-element and break

0014-5793/$36.00 ! 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.febslet.2009.04.019
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points at 19748477–19750093. In the case of TBPHD142, the dele-
tion is from 19749289 to 19750093 including a fragment of
EY10530 imprecisely excised (1138 bp).

2.2. Preparation of TBPH antibody

TBPH protein fragment from amino acids 1–268 GST conjugated
was expressed and purified from Escherichia coli over a GST-resin
following supplier protocols (Clontech #635610) and utilized to
immunize rabbits according to standard immunization protocols.

2.3. Western blot analysis

Drosophila heads were squeezed in lysis buffer (10 mM Tris–
HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 10% Glycerol,
50 mM NaF, 5 mM DTT, 4 M Urea, and protease inhibitors (Roche
Diagnostic #11836170001). The proteins separated by 8% SDS–
PAGE, were transferred to nitrocellulose membranes (GE Health-
care #RPN303E) and probed with primary antibodies: TBPH
(1:3000) and tubulin (1:2000; Calbiochem #CP06). Secondary anti-
bodies: (HRP)-labeled anti-mouse or anti-rabbit antibodies

(1:10000) (Pierce #31460; #31430)) and developed using ECL
(#RPN2109; GE healthcare).

2.4. Immunohistochemistry

Larval body wall muscles were dissected in saline containing
0.1 mM Ca+2 and fixed in ice-cold 4% paraformaldehyde for
20 min, washed in PBS/0.1% Tween 20, blocked with 5% Normal
Goat Serum (NGS Chemicon #S26-100 ML) 30 min. Primary Anti-
HRP antibody (Jackson Immunoresearch laboratories, #323-005-
021) (1:100) over night at 4 !C. Secondary anti-rabbit antibody
conjugated with Alexa 488 (1:500) (Invitrogen #411008) or Phal-
loidin TRITC (1:500 dilution) for 2 h.

2.5. NMJ analysis

Wandering third instar larvae were processed as before and the
number of terminals branches and type 1b (big) and 1s (small)
boutons present in muscle 6/7 from abdominal segments 2 to 4
were quantified. To obtain the images from the synaptic terminals,
a 12–15 lmdeep Z-series containing the entire NMJ were collected
with a confocal laser-scanning microscope.

Fig. 1. Depletion of Drosophila TBPH affects locomotive behavior and life span. (A) Schematics of TBPH mutant alleles. (B) Western blot stained with anti-TBPH antibody,
detects no endogenous protein in mutant fly heads (upper panel) tubulin was a loading control (bottom panel,). (C) Wild type controls and TBPH mutant flies appear
externally identical. (D) Life span reduction in TBPH mutant flies can be rescued by expression of either drosophila or human TDP-43 transgene in D42-GAL4 expressing
neurons. (E) Western blot analysis shows higher TBPH protein levels in fly heads compared to torax or abdomen (upper panel). Tubulin was a loading control (bottom panel).

F. Feiguin et al. / FEBS Letters 583 (2009) 1586–1592 1587
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2.6. Eclosion analysis

Embryos from TBPHD23/CyoGFP, TBPHD142/CyoGFP and Oregon
R flies were collected during two hours at 25!. Homo or heterozy-
gous larvae, identified based on the absence or presence of GFP
expression, were selected between 26 and 28 h after egg laying
using a fluorescent stereo microscope. Hatched first instar wild
type, TBPH homozygous and heterozygous larvae were collected,
placed into new vials in batches of 25–30 larvae per vial, and
grown at 25!C. Developmental viability was calculated as percent-
age of hatched first instar larvae that survived to pupae and
adulthood.

2.7. Transgenic flies and genetic rescue experiments

Endogenous TBPH and Human TDP-43 cDNAs were Flag tagged
and cloned in modified 10 UAS vector (EcoRI-XbaI) to generate
transgenic flies by standard embryo injections (Best Gene Inc.).
Insertion lines on the 3rd chromosome were combined with 2nd
chromosome TBPHD23 allele using second and third chromosome
compound balancer (ST). TBPHD23;UAShTDP-43/ST females were

crossed against TBPHD23;D42-GAL4/ST or TBPHD23;elav-GAL4/ST
males and the number of TBPHD23 homozygous flies in the progeny
analyzed.

2.8. RNAi treatment in vivo and fly stocks

The double strand RNAi against TBPH were obtained from VDRC
Vienna (ID38377 and ID38379) and target the genomic sequence
situated in the chromosomal position 19748365–19748665 that
corresponds to the TBPH amino acid sequences 81–180. These lines
were crossed against elav-GAL4 and 1407-GAL4 in wild type or
TBPHD23 heterozygous backgrounds. All crosses were done at
29!C. All the stocks utilized here (elav-GAL4, 1407-GAL4, D42-
GAL4, D2-3-Sb/TM3 transposase and UAScd8GFP), were obtained
from Bloomington Drosophila Stock Center.

2.9. Larval movement

One hundred and twenty hours aged larvae were selected indi-
vidually, washed briefly with distilled water to remove any
remaining food and carefully transferred to a LB agar plate under

Table 1
Developmental viability analysis of TBPH mutant flies.

Genotypes 1st Instar larvae (28 h) N Pupa Eclosed flies Trapped flies Motility defects (%)

TBPHD23/CyOGFP 1127 734 65% 586 52% 26 2% 0
TBPHD142/CyOGFP 1056 616 58% 446 42% 42 4% 0
TBPHD23/TBPHD23 930 591 64% 197 21% 295 32% 100
TBPHD142/TBPHD142 539 327 61% 86 16% 172 32% 100
OregonR 758 628 83% 543 72% 15 2% 0

Quantitative analysis of TBPH minus flies from embryonic stages to adulthood indicates that this mutation induce little larval or pupal, -but not embryonic-, lethality.
Nevertheless, homozygous flies present serious motility defects during eclosion and adulthood.

Fig. 2. Endogenous TBPH protein is present in larval and adult brains. Anti-TBPH immunostaining in wild type larval (i, v) and adult (ix) brains show the intracellular
localization of the endogenous protein. Squares (i0, v0, ix0) are higher magnifications. Signal disappear in TBPHD23 homozygous brains (iii, vii and xi). ii, vi, x, iv, viii and xii are
phalloidin staining. Scale: 50 lm.

1588 F. Feiguin et al. / FEBS Letters 583 (2009) 1586–1592
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stereoscope. Larvae were allowed to adapt for 30 s and the number
of peristaltic waves during the period of two minutes time were
counted. Around 30 larvae were counted for each genotype and
separate LB agar plate was used for each genotype.

2.10. Climbing assay

Newly eclosed males were transferred in batches of 30 to fresh
vials and aged for 3–4 days. They were transferred, without anes-
thesia, to a 15 ml conical tube, tapped to the bottom of the tube,
and their subsequent climbing activity quantified as the percent-
age of flies that reach the top of the tube in 15 s.

2.11. Walking assay

Newly eclosed males were transferred in batches of 15 to fresh
vials and aged for 3–4 days. Individual flies were placed in the cen-
ter of 145 mm Petri dish marked with 1 cm square grid. Locomo-
tion was quantified as the number of grid line crossings during
30 s.

2.12. Life span

Adult flies were collected during two days and transferred to
fresh tubes at a density of 20 per vial with a proportion of 10 male

Fig. 3. Presynaptic TBPH function regulates flies locomotion. (A) Expression of two different TBPH RNAi insertions in neurons using 1407-GAL4 and elav-GAL4 reduced
endogenous TBPH protein in adult heads (upper blot). First line shows TBPH transfected S2 cell extracts as a positive control. (+/+) states for wild type backgrounds while ( /
+) is for TBPHD23 heterozygous flies. Tubulin was internal loading control (lower blot). (B) Climbing defects in TBPH RNAi treated flies during time, 1407-GAL4 > TBPH-RNAi
(left) and elav-GAL4>TBPH-RNAi (right), compared to wild type or GAL4 flies expressing UAS-LacZ. n = 100 flies for genotype, error bars indicate S.D.; asterisk P < 0.0001 by
ANOVA single factor. (C) TBPH homozygous or heterozygous alleles treated with elav-GAL4 > TBPH RNAi (forth, fifth and sixth lanes of the left graph), present impaired
spontaneous walking and climbing activities (second, third and forth lanes of the right graph). These defects become suppressed by expressing hTDP-43 with the pan-
neuronal elav-GAL4 or the more restricted neuronal driver D42-GAL4. Similar rescue was obtained with the endogenous TBPH protein (last three lanes). n = 50 flies for each
genotype, error bars indicate S.D.; P < 0.0001 calculated by ANOVA single factor. (D) Western blot analysis of rescued flies. TBPHD23/TBPHD23;D42-GAL4/UAShTDP-43 and
TBPHD23/TBPHD23;elav-GAL4/UAShTDP-43 flies were blotted using antibodies against TBPH (upper blot) and against Flag to label flagged hTDP-43 (middle blot). Observe that
Flagged hTDP-43 strains do not express endogenous TBPH. Tubulin was the loading control (lower blot).

F. Feiguin et al. / FEBS Letters 583 (2009) 1586–1592 1589
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and 10 female. All the experiments were conducted in a humidi-
fied, temperature controlled incubator at 25 !C and 60% humidity
on a 12-h light and 12 h dark cycle. Flies were fed with standard
cornmeal (2.9%), sugar (4.2%), yeast (6.3%) fly food. Every third
day, flies were transferred to new tubes containing fresh medium
and deaths were scored. Survival rate graph was plotted with per-
centage of survival flies against days. Approximately 260 flies were
tested per each genotype.

3. Results and discussion

3.1. Loss of Drosophila TDP-43 affects locomotive behaviors and life
span

To suppress the drosophila TDP-43 gene (TBPH-CG10327) we
generated chromosomal deletions from TBPHEY10530 (see Section
2). Two of these excised lines, TBPHD23 and TBPHD142 showed
small 1.6 and 0.8 kb deletions, respectively, that partially removed

TBPH coding and regulatory regions (Fig. 1A). These deletions com-
pletely abolished endogenous protein expression and were there-
fore considered null alleles of TBPH (Fig. 1B). Homozygous
TBPHD23 or TBPHD142 flies were viable after embryogenesis and
more than 60% of them arrived to pupal stages, with the majority
( 80%) undergoing metamorphosis. Nevertheless, a high percent
of TBPH mutant animals were unable to eclose and remained
trapped inside their pupal cages (Table 1). Homozygous flies that
instead managed to get rid of the external cuticle were morpholog-
ically identical to wild type controls (Fig. 1C), however, they pre-
sented dramatic locomotive defects with spastic, uncoordinated,
movements, incapacity to fly or walk normally and reduced life
span (Fig. 1D and Supplementary Movies S1 and S2).

To determine the place of TBPH function, we explored its
endogenous distribution and intracellular localization. TBPH pro-
tein was present at higher concentrations in head tissues com-
pared with thorax or abdomen in adult flies (Fig. 1E). Similarly,
our anti-TBPH antibody could detect the endogenous protein in

Fig. 4. Morphological defects at neuromuscular synapsis in TBPH mutant flies. (A) Confocal images of motoneurons presynaptic terminals at muscles 6 and 7 (abdominal
segment III) in wild type third instar larvae stained with anti-HRP antibodies, reveals the branching pattern and the presence of big (arrowhead) and small (arrow) synaptic
boutons. (B) and (C) Similar staining and anatomical position for TBPHD23 and TBPHD142 homozygous larvae respectively, show reduced axonal branching pattern and number
of synaptic boutons. (D) TBPHD23 minus third instar larvae rescued by expressing UAShTDP-43 in motoneurons with D42-GAL4 shows recovery of presynaptic complexity
with increased formation of synaptic boutons and axonal terminal branching. Magnification 63 . (E) Number of peristaltic waves observed during 2 minutes in 120 h third
instar larvae. n = 20 for each genotype, error bars indicate S.D.; P < 0.0001 calculated by ANOVA. (F) Quantification of big synaptic boutons present in consecutives abdominal
segments (n = 20 animals). (G) Analysis of small synaptic boutons (n = 20 animals). (H) Quantification of presynaptic terminals branches in wild type, TBPH minus and hTDP-
43/TBPH rescued third instar larva. n = 20 animals for each genotype, error bars indicate S.D.; P < 0.0001 calculated by ANOVA single factor. Scale: 10 lm.

1590 F. Feiguin et al. / FEBS Letters 583 (2009) 1586–1592
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neuronal cells during larval development and adulthood (Fig. 2).
TBPH staining showed very well defined spherical structures that
may correspond to the cell nucleus inside neuronal cell bodies
present in optic lobes (Fig. 2i and ii) midbrain areas and ventral
ganglia of larval (Fig. 2v and vi) and adult brains (Fig. 2ix and x).
Identical immunostaining performed in TBPH minus tissues did
not detected any particular signal confirming the specificity of
the observations described above (Fig. 2iii, iv, vii, viii, xi and xii).
These experiments demonstrate that TBPH is highly expressed in
neuronal tissues from developmental stages to adulthood and sug-
gest that its loss of function may induce locomotive deficits of neu-
rological origin.

3.2. TDP-43 function in neurons regulates flies locomotion

To test this hypothesis, we decided to suppress TBPH expression
by RNA interference (RNAi) exclusively in neural tissues [13].
Expression of TBPH RNAi using two different pan-neuronal drivers
elav-GAL4 and 1407-GAL4 [14], consistently reduced endogenous
TBPH protein levels in Drosophila heads and induced locomotive
defects in climbing assays (Fig. 3A and B). More convincingly, we
observed that these phenotypes became enhanced if similar RNAi
treatments were applied to TBPH heterozygous flies (see elav > R-
NAi3v; TBPHD23/+ in Fig. 3C and Supplementary Movie S3), indicat-
ing that suppression of TBPH activity in post mitotic neurons was
the presynaptic activity of sufficient to induce locomotive defects
in vivo. To confirm these results we decided to rescue TBPH minus
phenotypes by reintroducing the deleted gene. In addition, we
decided to test whether the human protein (hTDP-43) was able
to replace the endogenous protein in vivo. For these experiments
we generated transgenic flies containing flag tagged TBPH and
hTDP-43 cDNAs and targeted their expression in TBPHminus back-
grounds using the GAL4/UAS system (Fig. 3D). Strikingly, we found
that the expression of hTDP-43 by the neuronal post mitotic driver
elav-GAL4 managed to rescue the motility defects observed in
TBPH homozygous flies to a situation similar to wild type
(Fig. 3C, and Supplementary Movie S4). Moreover, we found that
expression of hTDP-43 in a more restricted population of neurons
that include motoneurons by D42-GAL4 [15], was sufficient to res-
cue TBPH null phenotypes. In fact, these flies recovered their loco-
motive capacities (Fig. 3C, and Supplementary Movie S5) and
incremented their life span (Fig. 1D) demonstrating that hTDP-43
function is evolutionary conserved and sufficient in a limited sub-
population of neurons to restore these traits. However, the partial
recovery of the life span observed in these D42-GAL4 expressing
flies indicates that TDP-43 may also be required in other types of
neurons or different tissues.

3.3. TDP-43 regulates the formation of motoneurons presynaptic
terminals at NMJ

To gain insight into the mechanisms behind these motility de-
fects, we decided to analyze the morphology of motoneurons pre-
synaptic terminals at neuromuscular junctions (NMJ) in TBPH
minus flies. To label these structures we used anti horseradish per-
oxidase antibodies (HRP) that label neuronal membranes [16] and
quantified the synaptic pattern of motoneuron axons that inner-
vate muscles 6 and 7 in three different larval abdominal segments
(AII, AIII, AIV). These structures present two types of synaptic bou-
tons that can be easily distinguish by their size in 1b (big) and 1s
(small) (Fig. 4A) [17]. We observed that in TBPH minus larvae,
the complexity of the presynaptic terminals became dramatically
affected as reflected by the reduced number of axonal branches
and synaptic boutons present inside the muscles (Fig. 4B and C,
F–H). In addition, we found that these anatomical defects together
with the functional problems in larval motility could be rescued by

the expression of hTDP-43 under D42-Gal4 (Fig. 4D and E) indicat-
ing that the morphological modifications observed at the synaptic
terminals are the basis of these behavioral problems and TBPH/
hTDP-43 function is required to form and maintain these
structures.

Thus, our results demonstrate that the activity of TDP-43 in
neurons is necessary to regulate locomotive behaviors in vivo
and indicates that the neurological problems observed in ALS pa-
tients may not be restricted to the formation of insoluble protein
fragments of aggregated TDP-43 within the cytosol but also to
the loss of TDP-43 function in the nucleus (see model in Fig. 5).

In view that TDP-43 was characterized as RNA binding protein
of the heterogeneous nuclear ribonucleoproteins (hnRNP) family
with splicing inhibitory capacity [18], it may well be that TDP-43
induce motoneurons defects by affecting spliceosomes activity
and/or mRNA transport and localization. Similarly, multiple defects
in mRNA processing associated with locomotive deficiencies were
recently described for the survival motor neuron protein (SMN)
[19], giving a major support to the idea that defects in the mRNA
metabolism may play a significant role in motoneuron degenera-
tion. In conclusion our data demonstrate an evolutionary con-
served function of TDP-43 in regulating synaptic terminals and
locomotive behaviors and provide a new model to understand
the mechanisms that lead to TDP-43 mediated neurological dis-
eases in vivo.
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Fig. 5. Possible mechanism of TDP-43 mediated neurological defects in ALS. TDP-43
is a nuclear protein that in wild type situation shuttles to the cytoplasm. In ALS
brains instead, it becomes abnormally aggregated in the cytoplasm and depleted
from the cell nucleus suggesting that these modifications may be related to the
neurological problems observed in these patients. We found that depletion of
Drosophila TDP-43 was sufficient to generate atrophic presynaptic terminals and to
induce locomotive defects in vivo. Since the human TDP-43 protein was able to
assume the role of the endogenous gene in flies, we hypothesize that nuclear loss of
TDP-43 function may be related to the locomotion problems observed in the
disease. This view provides a new interpretation of the pathological mechanisms in
ALS and predicts similar defects at neuromuscular junctions in affected patients.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2009.04.019.
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Abstract

TDP-43 is an evolutionarily conserved RNA binding protein recently associated with the pathogenesis of different
neurological diseases. At the moment, neither its physiological role in vivo nor the mechanisms that may lead to
neurodegeneration are well known. Previously, we have shown that TDP-43 mutant flies presented locomotive alterations
and structural defects at the neuromuscular junctions. We have now investigated the functional mechanism leading to
these phenotypes by screening several factors known to be important for synaptic growth or bouton formation. As a result
we found that alterations in the organization of synaptic microtubules correlate with reduced protein levels in the
microtubule associated protein futsch/MAP1B. Moreover, we observed that TDP-43 physically interacts with futsch mRNA
and that its RNA binding capacity is required to prevent futsch down regulation and synaptic defects.
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Introduction

TDP-43 is an RNA binding protein of 43 kDa that belongs to
the hnRNP family and plays numerous roles in mRNA
metabolism such us transcription, pre-mRNA splicing, mRNA
stability, microRNA biogenesis, transport and translation [1,2].
TDP-43 is very well conserved during the evolution, especially
with regards to the two RNA-recognition motifs (RRMs), the first
(RRM1) being responsible for the binding of TDP-43 with UG
rich RNA [3]. In consonance with these described functions,
TDP-43 prevalently resides in the cell nucleus where it co-localizes
with other members of the RNA processing machinery [4].
Nevertheless, in pathological conditions such as amyotrophic
lateral sclerosis (ALS) and frontotemporal lobar degeneration
(FTLD), TDP-43 appears in the form of large insoluble protein
aggregates redistributed within the cytoplasm [5]. At the moment,
however, it is not clear how these alterations may lead to
neurodegeneration. In theory, the cytosolic accumulation of TDP-
43 may induce a toxic, gain of function effect on motoneurons
whilst the exclusion of TDP-43 from the cell nucleus may lead to
neurodegeneration due to a loss of function mechanism. At
present, several lines of evidence mainly from different cellular and
animal models support either view suggesting that both models
may be acting to lead the disease condition [6,7]. Recently, to
determine the physiological role of TDP-43 in vivo we have
reported that the flies which lack the TDP-43 homologue (TBPH)
closely reproduce many of the phenotypes observed in ALS
patients, such as progressive defects in the animal locomotion and
reduced life span [8]. Moreover, we have observed that loss of

TDP-43 function in Drosophila resulted in reduced number of
motoneurons terminal branches and synaptic boutons at neuro-
muscular junctions (NMJs), indicating TDP-43 may regulate the
assembly and organization of these structures. In coincidence with
that, it should be noted that overexpression of TDP-43 in
Drosophila has been reported to increase dendritic branching [9],
lead to motor dysfunction and reduced life span [10], axon loss
and neuronal death [11], is generally toxic regardless of inclusion
formations [12], and at least in part is the cause behind the
degeneration associated with TER94 mutations which is the
Drosophila homologue of the VCP protein [13]. Taken together,
and in consideration that Drosophila TDP-43 (TBPH) can
functionally substitute for human TDP-43 in functional splicing
assays [14], all these reports confirm that Drosophila may
represent a highly suitable animal model to investigate TDP-43
functions both in normal and disease conditions.
Drosophila larval NMJ is a well-characterized system to analyze

the cellular and molecular events that are involved in synapse
development and plasticity [15]. Synaptic growth during larval
development is expanded according to muscle size and is
accomplished by the addition of new boutons to the existing
presynaptic terminals [16]. Typically, defects in synapse formation
and synaptic growth are linked to cytoskeleton abnormalities, since
the synaptic boutons and the newly formed buds require the
underlying presynaptic microtubules to maintain their structural
organization and plasticity inside the innervated muscles. Thus, to
determine the physiological role of TDP-43 in vivo and the
pathological consequences of its altered function, we decided to
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analyze in depth the molecular organization of Drosophila NMJs
during larval development in TDP-43 minus flies.

Results

TDP-43 is Required for Synaptic Growth and Bouton
Shape
Growth and formation of motoneurons synaptic terminals at the

neuromuscular junctions (NMJs) in Drosophila melanogaster entails
continuous addition and stabilization of new synaptic boutons to
accommodate the rapidly growing larval muscles during develop-
ment [17]. It was recently described also by us and other
researchers that loss of function mutations in TDP-43 induced
locomotive defects and influenced the morphological organization
of the NMJ [8,18]. However the mechanisms behind these
phenotypes, whether they were due to defects in synaptic growth
or stabilization, are not known. To explore these possibilities, we
now decided to quantify motoneurons terminal branches forma-
tion and expansion, together with the number of big synaptic
boutons (1b) created on muscles 6 and 7 at different stages of larval
development. For these experiments we analyzed NMJs organization
from 38 hrs first instar larvae (L1), 62 hrs second instar (L2), to
matured 110 hrs third instar larvae (L3), using two different TBPH
mutant alleles. The neuronal membrane marker anti-HRP was used
to determine whether synaptic terminal defects occur in TBPHminus
alleles. No significant differences in the NMJ morphology during first
instar larval stages (L1) were detected in two TBPH minus alleles
compared to wild type controls (Figure 1A–C L1 and 1D for
quantifications, wt= 13.460.4 boutons, TBPHD23=11.860.46 bou-
tons, TBPHD142= 12.260.38 boutons, n= 16 larvae, p.0.05. We
also observed that presynaptic ramifications and muscular insertions
appeared normal in L1, TBPH mutant motor axons. In contrast to
this, we observed significant abnormalities in L2 TBPH mutants
regarding to NMJ morphology (Figure 1A–C L2 and 1D,
wt=2760.67 boutons, TBPHD23=17.460.58 boutons,
TBPHD142=16.660.53 boutons, n= 16 larvae, p,0.001). The
synaptic terminal defects were even more evident in third instar larval
stage (L3), where a very little addition of new synaptic boutons was
detected in TBPH mutant flies (Figure 1A–C L3 and 1D,
wt=4160.80 boutons, TBPHD23=22.560.87 boutons,
TBPHD142=2360.87 boutons, n= 17 larvae, p,0.001). Muscle
development was normal in TBPH mutant flies since no differences
in organ growth, cytoskeleton organization or postsynaptic differen-
tiation were observed regarding to wild type controls (Figure S1A–F
and G). Thus, these experiments indicated that TBPH function in
motoneurons promotes presynaptic growth and the addition of new
synaptic boutons during larval development.
In addition, we analyzed whether synaptic stability was

compromised in TBPH minus larvae. For these experiments, we
used a previously established assay to quantify presynaptic
retraction events in NMJ. This assay is based on the evidence
that formation of postsynaptic structures in Drosophila muscles
depends on the presence of the pre-synaptic terminals [19].
Therefore, postsynaptic resident proteins will only be present at
sites where presynaptic terminals are located. Consequently,
postsynaptic sites that do not have opposite presynaptic neuronal
markers, identify regions of the NMJs where the nerve terminals
once were present and retracted leaving their ‘‘footprints’’ [20].
To quantify synaptic retraction events or footprints we used a
postsynaptic marker protein Discs-large (Dlg) and anti-HRP
staining to label presynaptic terminals [21]. Double-labeled NMJ
of third instar larvae were analyzed and no significant differences
in the number of footprints were found in TBPH minus flies
(Figure S1 Hiv-Hvi TBPHD23, Hvii–Hix TBPHD142) compared to

wild type controls (Figure S1 Hi–Hiii and I for quantifications).
These data further suggested that the NMJ defects observed in
TBPH mutants were due to a lack of new synaptic bouton
formation rather than to increased presynaptic retraction. In order
to control that the TBPH loss of function defects at motoneuron
synaptic terminals were not due to a more general problem of
neuronal degeneration, we determined the viability of these
motoneurons by expressing the GFP protein using the D42-GAL4
driver in both wild type and TBPH mutant flies. Larval brains
were dissected at third instar stage and stained with the neuronal
marker elav (Figure S2A). The number of GFP positive neurons in
the terminal abdominal segment, in particular a4-a5-a6-a7, of the
dorsal cluster of the ventral nerve cord was counted [22]. We
found that the viability of motoneurons was not affected in TBPH
mutant flies (Figure S2B) indicating that the synaptic phenotypes
described above were specific for TBPH function.
Defects in synaptic growth as described in TBPH mutants were

very often associated with alterations in synaptic bouton shape. We
therefore analyzed the morphology of individual big synaptic
boutons present on muscles 6 and 7 in L3 wild type and TBPH
mutant larvae. Staining with anti-HRP antibodies showed that,
wild type 1b boutons were rounded and had a smooth surface with
a uniform distribution along the presynaptic terminals that
resemble the ‘‘beads on a string’’ (Fig. 1E) [23]. TBPHD23 and
TBPHD142 mutant synaptic boutons appeared deformed and were
irregularly spaced along the terminal axons with several fused or
elongated silhouettes and clear loss of their characteristic round-
smooth shape (Figure 1F–G). Similar alterations were observed in
TBPH-RNAi expression in neurons by using the elav-GAL4 driver
(Figure 1H), implying the neuronal origin of these defects.
Although the analysis was centered on muscles 6 and 7, aberrant
boutons were detected in almost every body muscle examined.
This bouton phenotype was highly penetrant and specific for
TBPH gene function since genetic rescues performed in TBPH
mutant neurons, obtained by expressing the endogenous TBPH
protein with D42-GAL4 driver, was able to recover the phenotype
(Figure 1I, and 1J for quantifications). Thus, these experiments
demonstrated that TBPH function is required in motoneurons to
sustain synaptic growth and boutons shape.

Testing for Potential Alterations in Cytoskeletal Factors
that Sustain Synaptic growth and Bouton shape
The exponential growth of Drosophila NMJ during development

occurs by the addition of new boutons. Newly formed boutons
originate after budding from their parent boutons and NMJ
expansion takes place by extending neural processes and bouton
enlargement. This entire process is mainly supported by the
underlying presynaptic cytoskeleton and induced us to hypothesize
that alterations in the organization of these structures might
explain the morphological defects observed in TBPH mutant
alleles. In support of this idea, it was previously described that
NMJ defects similar to TBPH loss of function were found in
several other mutants that induce alterations in the organization of
the microtubules (MT) at the synaptic terminals [24,25].
Based on these considerations we therefore decided to test for

alterations at the level of important factors known to play a role in
synaptic organization at the cytoskeletal level. Regarding to that,
the intracellular localization of different presynaptic proteins
involved in synaptic function such as Bruchpilot [26] and Synapsin
[27] were not affected by the absence of TBPH function (Figure
S3A,B). Similarly, we did not find alterations in the expression
levels of the adhesion protein Fasciclin II (Figure S3C) [28], type II
BMP receptor Wit-C (Figure S3D) [29], Bruchpilot (Figure S3E)
and the cytoskeletal protein Spectrin (Figure S3F) [30]. For the
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Figure 1. Loss of TBPH function affects synaptic growth and boutons shape. (A) Confocal images of wild type NMJs on muscle 6 and 7,
abdominal segment II, at L1 (38 h), L2 (62 h) and L3 (110 h) stages using a-HRP antidody. (B) And (C) Similar a-HRP staining showing NMJ
morphology at different stages of larval development in TBPHD23 and TBPHD142 homozygous larvae. Scale bar 20 mm. (D) Quantifications showing
total number of boutons present in the abdominal segment II of wild type and TBPH mutant alleles during larval development. (E) Regular shape and
distribution of 1b boutons in wild type NMJs compared to misshapen boutons in (F) TBPHD23/- (G) TBPHD142/- and (H) TBPHD23/+;elav.TBPH-RNAi
mutants. (I) Bouton shape is rescued by expressing UAS TBPH in motor neurons with D42-GAL4. Scale bar 5 mm. (J) Quantifications showing regular
and irregular boutons present in the abdominal segment II at third instar larval stages in wild type and mutant alleles. *** Indicates p,0.001
calculated by one-way ANOVA. Error bars indicate SEM.
doi:10.1371/journal.pone.0017808.g001
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contrary, our experiments detected that the protein levels of futsch
were consistently reduced in TBPH minus heads (Fig. 2C). This
was considered particularly interesting since futsch is a neuron-
specific microtubule binding protein homolog to human MAP1B
responsible for maintaining MT integrity at presynaptic terminals
during NMJ expansion [31]. In addition, mutations in Drosophila
MT binding protein futsch reproduce many of the alterations that
are observed in TBPH loss of function, such as small NMJ with
deformed boutons [32], suggesting that altered MT organization
could represent at least part of the molecular mechanism behind
the NMJ defects observed in TBPH minus flies.

TDP-43 Activity is Necessary for Microtubule
Organization at Presynaptic Terminals
To test this possibility, we then decided to investigate the MT

organization by analyzing futsch staining, which labels bundled and

unbundled MTs and provides a reliable marker for the
cytoskeleton at presynaptic terminals [24,33,34]. Anti-futsch
specific antibody 22c10 was used to stain MTs and big boutons
at muscle 6/7 were analyzed. In wild type NMJs, futsch labeling
highlights bundled MTs and occupies the main part of the
presynaptic terminals, filling almost completely the proximal
synaptic boutons. In newly formed or distally located synaptic
boutons, however, futsch staining was fainter, fragmented and more
diffuse (Figure 2Ai–Aiii). The futsch-staining pattern at each
synaptic bouton was scored as percentage of the number of
boutons in which futsch immunostaining appeared full, diffuse or
absent (Figure 2B). Compared with this situation, in TBPH mutant
alleles total futsch staining was dramatically modified. An increased
number of boutons had a diffuse pattern and complete absence of
futsch was observed at distal terminals (Figure 2Aiv–Avi TBPHD23,
Avii–Aix TBPHD142 and 2B for quantifications). These pheno-

Figure 2. Loss of TBPH interferes with microtubule organization. (A) Confocal images showing futsch staining at the terminal synaptic
boutons of (Ai–Aiii) wild type, (Aiv–Avi) TBPHD23, (Avii–Aix) TBPHD142. Note the complete absence of futsch at the most distal, newly formed, boutons
in TBPH mutants (arrow head). (Ax–Axii) Expression of TBPH protein by D42-Gal4 rescues futsch staining in TBPH mutant larvae. (B) Quantifications of
futsch staining pattern in muscle 6–7 abdominal segment II showing increased number of diffused futsch and futsch negative boutons in TBPH
mutant alleles compared to wild type. n= 15 larvae. **p,0.01 and ***p,0.001 calculated by one-way ANOVA. (C) Western blot analysis and the
respective histogram confirmed the reduced futsch expression levels in TBPH mutant fly heads compared to wild type. n=4.
doi:10.1371/journal.pone.0017808.g002
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types together with futsch protein levels, however, could be rescued
by expressing the TBPH protein in motoneurons with D42-GAL4
(Figure 2Ax–Axii, 2B and 2C) demonstrating that these alterations
were specific of TBPH function and suggesting that MT stability in
TBPH mutants might be affected in concomitance with futsch
down regulations. To test this possibility, we performed double
staining of presynaptic terminals with antibodies against acetylated
tubulin and HRP. Acetylation of specific lysine residue in a-
tubulin is a posttranslational modification that marks stabilized
MTs and contributes to the regulation of microtubule dynamics
[35]. Moreover, increased a-tubulin acetylation and MT stability
was noticed in cells transfected with microtubule-associated
proteins such as MAP1B, MAP2 or Tau [36]. In TBPH minus
alleles, acetylated MTs are significantly reduced in distal boutons
(Figure 3Aiv–vi TBPHD23, Avii–ix TBPHD142 arrow head and 3B
for quantifications) compared to prominent tubulin acetylation
labeling in wild type terminal boutons (Figure 3Ai–iii and 3B). The
decrease in acetylated tubulin labeling was rescued by introducing
the endogenous protein back in motoneurons using D42-GAL4
(Figure 3Ax–xii and 3B).

Reduced futsch and Microtubules Stability Cause the
Presynaptic Defects Observed in TDP-43 Mutants
Although heterozygous and trans heterozygous combinations

between the mutant alleles of futsch N94 and TBPHD23 did not
show major differences in synaptic growth or bouton numbers
compared with wild type controls (Figure S4A–B), we observed
that the neuronal expression of the TBPH protein in TBPHD23

homozygous mutant flies was not able to rescue the presynaptic
phenotypes if one copy of futsch was removed from the genetic
background. Thus, futschN94/+;TBPHD23/TBPHD23;elav-GAL4.
TBPH animals (Figure 4D, F–G) compared to +/+; TBPHD23/

TBPHD23; elav-GAL4.TBPH flies (Figure 4C, F–G), showed
structural defects in the assembled synaptic terminals with reduced
number of 1b boutons and terminal branches. At the molecular
level, we found that the organization of stable MTs were affected
in futschN94/+;TBPHD23/TBPHD23; elav-GAL4.TBPH flies
(Figure 5Ax–xii) compared to +/+; TBPHD23/TBPHD23; elav-
GAL4.TBPH flies (Figure 5Avii–ix), indicating that TBPH
function may requires futsch activity to stabilize MTs during
synaptic growth and bouton formation. Likewise, we found that
stabilization of MTs at motoneurons synaptic terminals was
sufficient to rescue the anatomical defects observed in TBPH
mutant flies. For these experiments we took the advantage of
previous data demonstrating that the neuronal expression of
mammalian Tau was capable of rescuing Futsch loss of function
phenotypes in Drosophila neurons by replacing the microtubule-
binding ability of the endogenous protein [37]. Thus, we used a
transgenic fly expressing low levels of human Tau in TBPHD23

homozygous neurons using elav-GAL4. We found that human Tau
expression in TBPHD23 mutant larvae rescued the reduced
number of synaptic boutons and terminal branches in TBPH
mutant alleles (Figure 4E, 4F–G). We also found that the rescued
boutons were round with a smooth outline and beaded
appearance like wild type controls. Furthermore, we observed
that the presence of acetylated MTs in distal presynaptic structures
was also rescued by human Tau expression (Figure 5Axiii–xv and
5B for quantifications) demonstrating that defects in MT stability
were responsible for the morphological defects observed in TBPH
mutant boutons. Although, Tau-induced morphological rescue of
presynaptic terminals was almost equivalent to the values obtained
with the expression of the endogenous TBPH protein itself
(Figure 4F–G and Figure 5B) functional recovery of larval motility
was not achieved in Tau-rescued flies (Figure S4C) indicating that

Figure 3. Reduced stable MT and Tubulin acetylation in TBPH mutants. (A) Confocal images showing wild type boutons with stable MT
bundles (Ai–Aiii, arrowhead) labeled by acetylated Tubulin. TBPH mutants (Aiv–Avi) TBPHD23/-, (Avii–Aix) TBPHD142/- show the absence of acetylated
MTs staining at the distal boutons (arrowhead). (Ax–Axii) D42-GAL4 driven TBPH expression rescues the lack of stable MTs in the TBPH loss of
function. Scale bar 5 mm. (B) Quantifications of stable MT labeled by acetylated Tubulin in the abdominal segment II showing significant labeling
reduction in TBPH mutant alleles compared to wild type larval NMJ. ***p,0.001 calculated by one-way ANOVA. n= 16 larvae.
doi:10.1371/journal.pone.0017808.g003
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besides the stabilization of MTs, TBPH may regulates additional
functions in motoneurons.

The TBPH Protein Physically Interacts with futsch mRNA
Most of the functional properties of TDP-43 described up to

now, have been shown to depend very heavily on its RNA binding
ability [38]. Therefore, to gain further insights into the
mechanisms of TBPH action we first tested for a possible physical

interaction between the TBPH protein and futschmRNA (Figure 6).
For these experiments we performed immunoprecipitation studies,
using a monoclonal anti-Flag antibody, from Drosophila heads
expressing Flag-tagged TBPH under the control of the elavGAL4
promoter (Fig.6A, GOF). Likewise, immunoprecipitation experi-
ments were performed using cells extracts from wild type W1118
flies as well as from flies overexpressing the unrelated Flag-tagged
Drosophila protein REEP (Figure 6A, REP) or from flies

Figure 4. TBPH function requires futsch activity to promote NMJ growth. NMJ morphology in muscle 6/7 abdominal segment II of (A)
futschN94/+ (B) TBPHD23/- (C) TBPHD23/-;elav.TBPH (D) futschN94/+;TBPHD23/-;elav.TBPH (E) TBPHD23/-;elav.Tauwt, Scale bar 20 mm is valid for all
figures. Note the NMJ growing defects in futschN94/+;TBPHD23/-;elav.TBPH genotypes compared to TBPHD23/-;elav.TBPH. Human Tau protein
expression showed the recovery in NMJ growing defects observed in TBPH mutants. (F) Quantifications showing significant reduction in the number
of boutons and (G) the number of branches in futschN94/+;TBPHD23/-;elav.TBPH genotypes compared to TBPHD23/-;elav.TBPH. Tau protein
expression recovered the NMJ growing defects observed in TBPH mutants. n=13 larvae.
doi:10.1371/journal.pone.0017808.g004
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overexpressing TBPH F/L150–152 (FL), a variant of TBPH
mutated within the RNA binding domain (Figure 6A, FL, and see
below). Real Time quantitative PCR was used for quantification of
the fold-enrichment above controls (GOF/REP and GOF/FL). As
expected, the general level of enrichment was higher for GOF/
REP with respect to GOF/FL (for example, for futsch we observe
approx. 25X enrichment for GOF/REP and 11X for GOF/FL).
This is consistent with the fact that the FL mutant differs from the
wild-type protein from just two aminoacid substitutions. As a
positive control, we verified by RT-qPCR that the protein
complex immunoprecipitated by anti-Flag TBPH contained the
hdac-6 mRNA, in agreement with previous publications [39]. On
the other hand, we observed negligible levels of enrichments for
rpl-52 mRNA, a ribosomal protein with ubiquitous expression
(Figure 6A, rpl-52), as well as for homer, a protein enriched in the
nervous system (Figure 6A, homer). No enrichment was also
observed for rpl-11 mRNA (data not shown). Also as expected, we
observed a higher level of enrichment with the REP protein as
opposed to the FL mutant when the putative TBPH binding site
(UG)9 was added to head extract samples (Figure 6A). Taken
together, these data demonstrate that TBPH interaction with the
futsch mRNA is highly specific and supports the hypothesis that
the observed effects on futsch protein expression might depend on
this direct connection.

The RNA-binding Capacity of TBPH is Essential for its
Function in vivo
To analyze the functional consequences of this TBPH-futsch

mRNA physical interaction, we decided to test whether the RNA-
binding activity of the protein was responsible for the regulatory roles
described above. RNA binding ability of TDP-43 plays an important
functional role in alternative splicing and neurodegeneration [40]. In
particular, point mutation of two Phenylalanine residues to Leucine
(F147L and F149L) in RNP-2 of RRM1 disrupts TDP-43
interaction with RNA, hence describing its importance in RNA
recognition [3,41]. Therefore to check for the importance of this
RNA binding activity in vivo we generated transgenic flies expressing
a mutated form of Drosophila TDP-43 in which the conserved
Phenylalanine residues present at positions 150 and 152, of RNA
recognition motif 1 (RRM-1) in TBPH, were replaced with Leucine.
Transgenic flies carrying the TBPHF/L150–152 construct under UAS
sequences were expressed in neurons using elav-GAL4 and it was
found that TBPH without RNA binding activity was not able to
rescue the TBPH loss of function phenotypes compared with
endogenous TBPH, although the intracellular localization of these
constructs was similar in both the cases (Figure S5A). Thus we found
that expression of TBPHF/L150–152 using D42-GAL4 in TBPHD23

homozygous flies failed to recover the anatomical defects observed in
mutant animals regarding the number of synaptic boutons, synaptic
branches and MTs organization (Figure 6C–G). Moreover, we
found that the biochemical levels of futsch protein in TBPHF/L150–152

rescue fly heads were not recovered (Figure 6H) although the
transgenic expression levels were even higher than the endogenous
TBPH protein (Figure S5B) indicating that regulation of futsch is
specific to the RNA binding capacity of TBPH. Finally, we observed
that the functional recovery of fly motility in the form of larval

movement (Figure S5C), adult flies walking (Figure S5D) and
climbing (Figure S5E) was affected in TBPHF/L150–152 rescued flies
compared to wild type TBPH expressing controls. Interestingly,
however, we did observe that the TBPHF/L150–152 construct reached
some degree of activity compared to TBPHmutant flies rescued with
GFP (Fig. 6D, S5C–E), suggesting that some residual protein activity
may exist in the other intact domains. Nonetheless, based on these
results we can say that the RNA-binding activity of TBPH, through
the RRM-1 domain is definitively essential for its function in vivo.

Discussion

Evaluating the Potential Functional Connection Between
TBPH and futsch Expression
Based on the above results, it seems evident that TBPH

maintains NMJ growth and MT organization through futsch
protein action and that TDP-43 RNA binding ability plays a
crucial role in this process. Similar to TBPH, other RNA binding
protein Fragile X-related (Fxr) gene regulates futsch to control
synaptic structure and function by directly associating with futsch
mRNA to alter the expression levels of futsch protein. In
particular, Fxr acts as a translational repressor of futsch to
regulate MT dependent synaptic growth and function [34].
Regarding TBPH, therefore, we first of all wanted to determine
whether reduced expression of futsch protein in our TDP-43
minus flies could be directly related to a reduction in the mRNA
levels of these factors. However, quantitative PCR analysis of
futsch mRNA levels in TDP-43 minus and rescued flies did not
show appreciable differences with respect to wild type flies (Fig.
S5F). These results suggested that TBPH regulation of futsch was
not due to differences in RNA stability, transport or trans-
lation. In this respect, a visual inspection of the futsch gene
(FBtr0112628) showed potential UG-repeats in the 59UTR
region near to the ATG codon of the protein that could act as
TDP-43 binding site and which could be consistent with a role
similar to that of Fxr in affecting mRNA translation. In keeping
with this hypothesis, it should be noted that a recent proteomic
study performed on the human TDP-43 protein have highlighted
its potential interaction with several components of the
translational machinery [42], although this has not been
confirmed in a subsequent study [43]. Further work, however,
will be required to test these hypotheses.

Concluding remarks
In this work, we show that in our TBPH minus Drosophila model

the changes observed at the level of NMJs and synaptic boutons
formation can be explained by defects at the cytoskeleton level,
which in turn are mediated by a down regulation of the futsch
protein (but not mRNA). These results provide additional insight
with regards to potential disease mechanisms mediated by TDP-43
and considerably extend our knowledge with regards to defining
the basic molecular functions of this protein. Future work will be
aimed at better characterizing more in depth the functional
mechanism through which TBPH regulates futsch protein levels
and how these results can be extended to the human disease
model.

Figure 5. TBPH function requires futsch activity to stabilize presynaptic MTs. (A) Confocal images showing the distribution of acetylated
MTs in distal boutons of (Ai–Aiii) futschN94/+, (Aiv–Avi) TBPHD23/-, (Avii–Aix) TBPHD23/-;elav.TBPH, (Ax–Axii) futschN94/+;TBPHD23/-;elav.TBPH and
(Axiii–Axv) TBPHD23/-;elav.Tau. Note that Tubulin acetylation and stable MT reduction was noticed in the distal boutons of FutschN94/+; TBPHD23/-;
elav.TBPH compared to similar rescue in the TBPHD23 mutant background alone (arrow head). Expression of Tau protein in TBPH mutant alleles was
able to rescue the distribution of acetylated MTs at synaptic boutons. Scale bar 5 mm valid for all figures. (B) Quantifications of acetylated stable MTs
in muscle 6/7 abdominal segments II n= 13 larvae. * p,0.05, ** p,0.01 and ***p,0.001.
doi:10.1371/journal.pone.0017808.g005
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Materials and Methods

Neuromuscular junctions
To quantify the NMJ growth, embryos from all genotypes were

collected during 2 hrs in agar plates and staged at 25uC.
Homozygous first, second and third instar larvae were selected
against GFP expressing chromosome balancers. Body wall muscles
were dissected as per the previous protocols [44]. Primary antibodies
a-HRP (Jackson immunoresearch laboratory, 1:100), a-Synapsin
(DSHB, 1:10),a-Highwire (DSHB, 1:10),a-Bruchpilot (DSHB, 1:10),
a-DLG (DSHB, 1:250), a-futsch (DSHB, 1:50), a-tubulin (Calbio-
chem, 1:100) and a-acetylated tubulin (Sigma-Aldrich, 1:2000) and
secondary antibodies Alexa 488 Goat-anti rabbit and Alexa 555
Goat-anti mouse IgG (Invitrogen, 1:500) were used.
Quantifications of futsch and acetylated Tubulin MT

bundles at NMJs: were done as described in [24,45] with minor
modifications. The bundled appearance of MTs in the proximal
boutons in general occupies .75% of the bouton space was
considered as full, while boutons in which MTs are fragmented
and occupies ,75% of bouton space are classified as diffused.
Finally the boutons without MT staining are considered as empty
boutons.

Immunostaining
For brains we followed the protocol by Wu et al [46]. Briefly,

larval brains were dissected carefully in PB-0.3%Triton-X100
(PBT) buffer and fixed in freshly prepared ice cold 4%
paraformaldehyde (PFA) for 30 min. Blocking was done with
5% normal goat serum (NGS) and primary antibodies a-Flag
(Sigma, 1:200) and a-elav (DSHB, 1:250) was used. Samples were
incubated at 4uC overnight and treated with fluorescent
conjugated secondary antibodies Alexa 488 Goat-anti rabbit IgG
and Alexa 555 Goat-anti rat IgG (Invitrogen, 1:500) for 2 hrs at
room temperature. All primary and secondary antibodies were
diluted in PBT-5% NGS. Slow fade gold antifade reagent
(Invitrogen) was used as a mounting medium and the samples
were analyzed with a confocal laser-scanning microscope.

Larval movement
To evaluate the peristaltic waves of third instar larvae, we

followed our previously established protocol [8]. Briefly, Individual
larvae were selected and washed carefully with water to remove
any remaining food attached to the body. The larvae were
carefully transferred with the help of forceps to 0.7% agarose
plates (100 mm). Under the stereoscope, larvae were allowed to
adopt for 30 sec and start counting the peristaltic waves per 2 min.
Minimum 25 larvae per each genotype were counted individually
and average has been taken.

Walking Assay
Walking ability of young flies with the age of 3–4 days was

performed as described earlier [8]. Briefly, individual fly was

placed on transparent 145 mm diameter petri plate whose bottom
was marked with 161 cm square grid lines. Flies were allowed to
adopt for at 30 sec and walking was analyzed by counting the
number of 161 grids crossed by the fly. Minimum 50 flies were
tested individually from each genotype and the average has been
taken.

Climbing assay
Climbing ability of different genotypes was performed in an

empty transparent Duran 50 ml glass cylinder. The cylinder was
divided into three parts as bottom, middle and top. Age matched
flies to be tested, were dropped at the bottom of the cylinder
carefully and climbing ability was scored based on the flies that are
moving onto the top in 15 sec. Three trials was performed on each
day and the average was taken as climbing ability. Thirty flies per
batch and minimum of 100 flies in each genotype were tested.

Bouton shape
Boutons with round and smooth outline having equal diameter

on both the axis were considered as regular boutons, whereas the
boutons with deformed shape having rough outline and fusiform
appearance are treated as irregular boutons.

Fly stocks
W1118, OregonR, FutschN94, D42-GAL4, elav-GAL4, UAS-

CD8-GFP were obtained from Bloomington Indiana. UAS-Tauwt

was gifted by Mel Feany.

Western blot analysis
Protein was extracted using lysis buffer containing 10 mM Tris

HCl, pH-7.4, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 10%
Glycerol, 50 mM NaF, 5 mM DTT, 4 M Urea and protease
inhibitors (Complete mini EDTA free from ROCHE). The
extracted protein was separated in SDS polyacrylamide gels and
blotted on to 0.2 mm nitrocellulose membranes (Sigma-Aldrich).
Membranes were blocked and incubated with primary antibodies
overnight. Primary antibodies such as a-TBPH (1:3000), a-Wit-C
(DSHB, 1:200), a-FasII (DSHB, 1: 100), a-Spectrin (DSHB,
1:3000), a-Bruchpilot (DSHB, 1:300), a-Tubulin (Calbiochem,
1:3000) and a-Actin (Sigma A2066) were used. Goat anti-rabbit/
anti-mouse igG HRP conjugated were used as secondary
antibodies (1:100000, Pierce). Proteins detection was done with
Femto Super Signal substrate (Pierce, 1:10).

Western blots for futsch protein levels
Western blot analysis to detect futsch protein was done in

agreement with Zou. et al [47]. Briefly, 20 fly heads were
homogenized in ice cold lysis buffer containing 1% CHAPS,
20 mM Tris/HCl (pH 7.5), 10 mM EDTA, 120 mM NaCl,
50 mM KCl, 2 mM DTT and protease inhibitors (Roche,
Complete Mini EDTA free). The homogenization step was

Figure 6. TBPH binding to futsch mRNA is required for NMJ growth and MT organization. (A) qPCR analysis of mRNAs
immunoprecipitated by Flag-tagged TBPH. The enrichment-fold is referred to an unrelated protein (REP, Right charts) or to the mutant
TBPHF/L150–152 (FL, Left charts). Significant levels of enrichment were observed for futsch mRNA, together with hdac-6 mRNA and the (UG)9 RNA used
as positive controls. The mRNAs of the ribosomal protein rpl-52 and homer were not enriched significantively. (B) Wild type TBPH protein expression
in TBPHD23/-;D42.TBPH flies succeed to rescue the synaptic growth compared to (C) TBPH RRM1 mutant isoform in TBPHD23/-;D42.TBPHF/L150–152

larval NMJ, Scale bar 20 mm. (D) Quantifications of big synaptic boutons and (E) terminal branches in muscle 6–7 (abdominal segments II and III) in
TBPHF/L150–152 and TBPH wild type rescues. (F) Quantifications showing the reduced futsch staining in the distal boutons of TBPHF/L150–152 rescue
NMJs compared to wild type TBPH protein. n= 12 larvae. ***p,0.001, **p,0.01. (G) Confocal images showing reduced futsch positive staining in the
distal boutons of TBPHF/L150–152 rescues (Giv-Gvi see arrowhead) compared to wild type TBPH rescues (Gi-Giii). Scale bar 5 mm. (H) Western blot
analysis and the respective histogram showing the reduced levels of futsch protein expression in TBPHD23/-;elav.TBPHF/L150–152 compared with
TBPHD23/-;elav.TBPH (upper panel) n=3. Tubulin was used as a loading control (bottom panel).
doi:10.1371/journal.pone.0017808.g006
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followed by incubation in ice and centrifugation at 9000 g for
10 min at 4uC. Supernatants were collected and approximately
30 mg of total protein was loaded in pre-cast gradient gels with
NuPAGE (Invitrogen NuPAGEH Novex 3–8% Tris-Acetate Gel
1.0 mm, NuPAGE LDS Sample buffer, NuPAGE reducing agent).
The upper part of the gel, up to molecular weight 250 kDa, were
placed on filters soaked with 1% SDS and transferred to
nitrocellulose membrane at 0.12 amp current for 16 hrs in
20 mM Tris and 150 mM Glycine [31]. The lower part of the gel,
for tubulin as a loading control, was transferred to nitrocellulose in
20% methanol, 20 mM Tris and 150 mM Glycine for 1 hr, at
350 mA current. Blocking with 5% milk in TBS-T 0.1% Tween20
followed by incubation with primary antibody a-futsch (DSHB,
1:400) and a-tubulin (Calbiochem, 1:3000). After extensive
washes, membranes were incubated with secondary antibody anti
mouse HRP-labeled (Pierce), diluted 1:100000 and developed in
Femto Super Signal substrate (Pierce, 1:10).

Quantitative Real-time PCR analysis
Total RNA was extracted from the heads of wild type, TBPH

minus alleles and the endogenous rescues (using D42-Gal4 and
elav-Gal4) by using Trizol reagent (Invitrogen) as per the
manufacturer’s protocol. cDNA was synthesized with 1 mg of
RNA sample by using M-MLV Reverse transcriptase (Invitrogen)
and exameric random primers. Specific primers were designed to
amplify futsch gene (futsch_254s, TTTCGGGATCCAACGGCTT-
TAAC; futsch_349as (96bp), GCGTCCAGTCGGTCTAGG and
the gene expression levels was checked by real-time PCR using
SYBR green technology. House keeping gene Rpl-11 (Forward,
CCATCGGTATCTATGGTCTGGA and reverse, CATCG-
TATTTCTGCTGGAACCA) was amplified and used to normal-
ize the results. All amplifications were performed on CFX96TM,
Real-time PCR detection system (Bio-Rad). The relative expres-
sion levels were calculated according to the following equation:
DCT=CT(Target)-CT(normalized).

Immunoprecipitation and RNA identification by RT-PCR
Protein G magnetic beads (Invitrogen) were washed two times

with PBS+0.02% tween and coated with anti-FLAG M2 monoclo-
nal antibody (Sigma). Fly heads (W1118, elav.TBPH, elav.FL
and elav.REP) were homogenized in a lysis buffer containing
20 mM Hepes, 150 mM NaCl, 0.5 mM EDTA, 10% Glycerol,
0.1% Triton X-100, and 1 mMDTT with a Dounce homogenizer,
followed by centrifugation for 5 min at 0.4 g. RNA containing
[19]9 repeats, prepared as described by Buratti and collaborators
[3], was added to the head extracts in order to control the efficiency
of selection between non-specific and specific purification. The
pretreated beads and head extracts were mixed and incubated for
30 min at 4uC, followed by washing five times with lysis buffer.
Bound RNA transcripts were extracted with DynaMagTM-Spin
(Invitrogen). The beads were treated with Trizol (Ambion) and
precipitated with glycogen and Isopropanol. First-strand synsthesis
was achieved with SuperscriptTM-III (Invitrogen). Real Time PCRs
were carried out with gene specific primers. The used primers are
the following:. Futsch: 59-CTCGCCAAAGCCCACATCACC-39
and 59-GTCACCCTCACACTCAGCTCC-39. homer: 59-GGT-
ATAAACTGCTGCGGAAG-39, and 59-GACACTGATGATG-
CGGTAC-39. hdac-6: 59-CGAGCGGCTGAAGGAGAC-39 and
59-ACCAGATGGTCCACCAATTCG-39. rpl-52: 59-GAAAA-
TAACAAAGATCTGCTTGGCC-39 and 59-AAGTGGCCCTT-
GGGCTTCAG-39. Specific reverse transcription of [19]9 RNA
was carried out with pBSKS 929_950as oligo 59-AGCGGGCAGT-
GAGCGCAACGCA-39. Amplification of [19]9 transcripts was
obtained with the following oligos: pBSKS 667_687s 59-

TGGCGGCCGCTCTAGAACTA-39 and pBSKS 903_924s 59-
ATGTGAGTTAGCTCACTCATTA-39.
In order to calculate the enrichment fold, initially, all data were

normalized to the respective inputs. Then, the signal was
represented by how many more fold increase was measured
compared to the control signal. To this aim, the enrichment was
calculated by subtraction of controls DCt (unrelated REP protein
(IP-REP) or TBPHF/L150-152 (IP-FL), a variant of TBPH mutated
within the RNA binding domain control) from DCt of experi-
mental sample overexpressing TBPH-wt (IP-GOF).
The results were derived from three independent immunopre-

cipitation experiments and error bars represent standard devia-
tions on the normalized ratios.
The statistical significance of differences observed between

control- and specific- immunoprecipitation samples was deter-
mined by t-test (p,0.05).

Data analysis and statistics
Total number of boutons and branches were acquired from

longitudinal muscle 6/7 of hemisegments A2 and A3 of all
genotypes. Branches were defined as an extension of the
presynaptic motor neuron that has not less than two or three
boutons. Immunoreactivity of futsch and acetylated tubulin was
quantified from the images acquired at the same fluorescence
intensity using Zeiss LSM510 confocal microscope. Statistics were
performed using GraphPad Prism version 4.0b software. One-way
ANOVA was performed using Bonferroni’s multiple comparison
test to compare two or more independent groups. The significance
between the variables was showed based on the p-value obtained
(*indicates p,0.05, ** p,0.01 and *** p,0.001). All the numbers
in the histograms represent mean 6 SEM.

Supporting Information

Figure S1 Loss of TBPH does not affect muscles
development or synaptic stability. (A, D) Wild type body
wall muscles stained with phalloidin and tubulin respectively.
Similar stainings in (B, E) TBPHD23/-, (C, F) TBPHD142/- showed
no changes in muscle morphology and cytoskeleton organization.
(G) Quantifications showing no significant difference between the
wild type and the TBPH minus muscles during larval develop-
ment. (H) Confocal images of postsynaptic DLG protein showing
no pre-synaptic retractions in (Hi–Hiii) wild type, (Hiv–Hvi)
TBPHD23/- and (Hvii–Hix) TBPHD142/- larval NMJ. Scale 5 mm.
(I) Percentage of third instar larvae NMJs presenting footprints
showed no significant differences between wild type and TBPH
minus alleles. The numbers of NMJs analyzed per each genotype
is indicated above the columns.
(TIF)

Figure S2 TBPH loss of function does not affect
motoneurons formation and survival. (A) D42-GAL4 driven
expression of GFP protein in dorsal medial clusters of motoneu-
rons in (Ai–Aiii) wild type background and in (Aiv–Avi)
TBPHD23/- background labeled similar cellular populations. Scale
bar 20 mm. (B) Quantification of the number of GFP positive
motoneurons present in the dorsal medial cluster of different
abdominal segments at the ventral ganglion. No differences
between wild type flies and TBPH mutant alleles were observed.
n=7 larvae.
(TIF)

Figure S3 Subcellular localization patterns and protein
expression levels of different presynaptic proteins
involved in NMJs formation were not affected by TBPH
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depletion. (A) Confolcal images showing the distribution of the
active zone marker Bruchpilot in (Ai–Aiii) wild type, (Aiv–Avi) in
TBPHD23/- and (Avii–Aix) in TBPHD142/-. Other presynaptic
terminal markers such as (Bi-Bix) Synapsin showed no difference
in their localization in TBPH null alleles compared to wild type.
Scale 5 mm. Western blots analysis showing no difference in the
expression levels of pre-synaptic proteins (C) Fas-II, (D) Wit-C, (E)
Bruchpilot and (F) Spectrin. Note that tubulin was used as a
loading control in the bottom panel of each blot and its expression
levels were further corroborated against actin used as a second
loading control (G).
(TIF)

Figure S4 Genetic interactions between TBPH and
futsch transheterozygous flies. Quantitative analysis of (A)
number of big synaptic boutons and (B) terminal branches in
muscle number 6/7 abdominal segments II and III. Heterozygous
and trans heterozygous alleles of futschN94 and TBPHD23 present
no significant changes in the number of big synaptic boutons and
synaptic branches compared to wild type larval NMJ. (C) Larval
motility in the third instar larvae showing no rescue with the Tau
protein expression in TBPH mutant background compared to
similar rescue with endogenous TBPH expression. (n=40 larvae
for each genotype).
(TIF)

Figure S5 Functional comparisons between TBPH wild
type protein and the RNA binding defective TBPHF/L150-152

isoform (A) Nuclear localization of TBPH wild type protein (Ai–
Aiii) and TBPH F/L150–152 (Aiv-Avi) in the neuronal cell bodies of the
dorsal medial motor neurons of ventral ganglion. Scale bar 20 mm.
(B) Expression levels of TBPH full-length protein and TBPH F/L150–

152 in the fly heads expressed with elav-Gal4 (upper panel). Tubulin
was used as a loading control (bottom panel). (C) TBPHF/L150–152

rescues the motility defects such as larval movement, (D) defects in
walking (n=50) and (E) climbing (n=250). (F) Real-time PCR
quantifications of the futsch transcript levels in the heads from wild
type, TBPH minus alleles and endogenous TBPH rescue withD42-
Gal4 and elav-Gal4. Four independent experiments were quantified
and the average is plotted in the graph.
(TIF)
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Background: TDP-43 and hnRNPA1/A2 factors 

are implicated in neurodegeneration. 

Results: The human and fruit fly TDP-43 and 

hnRNPA1/A2 orthologs show physical, genetic 

and functional interplays. 

Conclusion: The functional cooperation between 

TBPH/Hrp38 and TDP-43/hnRNP A/B is 

conserved throughout evolution. 

Significance: TBPH/Hrp38 interplay can be 

critical for neurodegeneration and Drosophila is a 

model suitable to study the impact of this 

interaction. 

 

ABSTRACT 

 

Human TDP-43 represents the main 

component of neuronal inclusions found in 

patients with neurodegenerative diseases, 

especially FTLD and ALS. In vitro and in vivo 

studies have shown that the TDP-43 Drosophila 

ortholog (TBPH) can biochemically and 

functionally overlap the properties of the 

human factor. The recent direct implication of 

the human hnRNPs A2B1 and A1, known TDP-

43 partners, in the pathogenesis of multisystem 

proteinopathy and ALS, supports the 

hypothesis that the physical and functional 

interplay between TDP-43 and hnRNP A/B 

orthologs might play a crucial role in the 

pathogenesis of neurodegenerative diseases. To 

test this hypothesis and further validate the fly 

system as a useful model to study this type of 

diseases, we have now characterized human 

TDP-43 and drosophila TBPH similarity in 

terms of protein-protein interaction pathways. 

In this work, we show that TDP-43 and TBPH 

share the ability to associate in vitro with 

Hrp38/Hrb98DE/CG9983, the fruit fly ortholog 

of the human hnRNP A1/A2 factors. 

Interestingly, the protein regions of TDP-43 

and Hrp38 responsible for reciprocal 

interactions are conserved through evolution. 

Functionally, experiments in HeLa cells 

demonstrate that TDP-43 is necessary for the 

inhibitory activity of Hrp38 on splicing. Finally, 

Drosophila in vivo studies show that Hrp38 

deficiency produces locomotive defects and life 

span shortening in TDP-43 +/- animals. These 

results suggest that hnRNP protein levels can 

play a modulatory role on TDP-43 functions. 

INTRODUCTION 

 TDP-43 (43-kDa TAR DNA-binding 

protein, TARDBP) is a nuclear factor involved in 

regulation of mRNA splicing, mRNA stability and 

other cellular processes (1). Initially associated 

with the pathogenesis of monosymptomatic forms 

of CFTR (2-4), TDP-43 has been found in the 

ubiquitin-positive cytosolic aggregates of neurons 

from patients with Amyotrophic Lateral Sclerosis 

(ALS) and Frontotemporal Lobar Degeneration 

(FTLD-U) (5,6). More recently, pathological TDP-

43 inclusions have been described also in several 

additional neurodegenerative diseases such as 

 http://www.jbc.org/cgi/doi/10.1074/jbc.M114.548859The latest version is at 
JBC Papers in Press. Published on February 3, 2014 as Manuscript M114.548859

 Copyright 2014 by The American Society for Biochemistry and Molecular Biology, Inc.
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Alzheimer’s, Huntington’s and Parkinson’s 

diseases (7) and also MSP (formerly known as IB 

MPFD/ALS (8). Presently, however, the molecular 

mechanisms that link TDP-43 to 

neurodegeneration are not clear. Interestingly, the 

observation that in all patients carrying TDP-43 

aggregates this region is cleaved and becomes 

aberrantly phosphorylated has focused particular 

attention on studying the C-terminus of this 

protein in the pathogenesis of neurodegenerative 

disorders (9). 

 At the functional level, recent studies have 

demonstrated that the C-terminal domain is 

important for TDP-43 splicing activity and is 

responsible for the interaction of this protein with 

many other cellular factors and bodies such as 

stress granules (10-12). In particular, the inhibitory 

role in pre-mRNA splicing played by TDP-43 

relies on its ability to tether different members of 

the hnRNP A/B family in proximity of the 

inhibited exon, through interactions mediated by 

the 342-366 Q/N-rich region localized in the C-tail 

(13,14). In keeping with this conclusion, mutants 

of human and Drosophila TDP-43 without this 

region are unable to interfere with exon inhibition 

(15). Most importantly, this Q/N-rich sequence is 

also involved in modulating TDP-43 self-

interaction and binding to polyglutamine 

aggregates, thus playing an important role in 

reducing TDP-43 natural tendency to aggregate 

(16,17). 

 One open question that still carries 

considerable importance towards the development 

of animal models of TDP-43 pathology is to 

clarify how much the biological interactions and 

function have been conserved across different 

species. The reason being that a high degree of 

similarity will facilitate the use of these models for 

the development of effectors capable of 

modulating TDP-43 functional properties in 

humans. Multiple protein alignment across 

different species of sequence from TARDBP have 

highlighted that this factor has been conserved 

throughout evolution (15,18). This very high level 

of conservation can also be extended to all its 

basic functional properties. For example, it is clear 

that even TDP-43s from evolutionarily distant 

organisms share a binding specificity for similar 

(UG) rich RNA sequences (15). 

 In particular, the functional overlap 

between human and Drosophila TDP-43 with 

regards to the splicing process was already well 

known following the observation that Drosophila 

TBPH could functionally complement the absence 

of human TDP-43 in HeLa cells (14). 

 The biological similarity between these 

two proteins was even more generally confirmed 

in a Drosophila melanogaster model of TDP-43 

proteinopathy, where expression of the 

endogenous TBPH gene was abolished (19). The 

resulting flies showed locomotor dysfunctions and 

reduced life span that could be rescued by 

expression of the human TDP-43 factor (19). 

Presently, several different studies carried out in 

Drosophila strongly support the functional 

homology of the human and Drosophila TDP-43 

orthologs, as recently reviewed by us (20). 

Altogether, therefore, most of the data collected so 

far promote the use of Drosophila models to 

investigate the molecular mechanisms underlying 

human neurodegenerative disorders derived from 

TDP-43 alterations. 

 In this work, we have now further 

extended this connection by exploring the 

interaction of TDP-43 and TBPH with fruit fly 

hnRNP proteins. Using co-immunoprecipitation 

experiments we have found that the Drosophila 

ortholog of human hnRNP A1/A2 proteins 

(Hrb98DE/Hrp38) maintains the ability to bind 

both to TDP-43 and TBPH. Interestingly, we 

found that the regions involved in this interaction 

have been highly conserved in all these proteins 

there is a functional, genetic interaction between 

Hrp38 and TBPH.  

 

EXPERIMENTAL PROCEDURES  

 

GST-overlay (Far Western) , HPLC analysis 

and Mass Spectrometry. 

 Western blots containing 150mg of HeLa 

nuclear (NE), HeLa cytoplasmic (S100), and 

Drosophila nuclear extract (L2NE) were incubated 

for 2 hours with either GST-TDP-43 or GST-

TBPH (10 µg of protein in 20 ml of PBS, 10% 

(w/v) of non-fat dried milk) for 1 hour. The 

membrane was then washed four times with PBS 

plus 0.2% Tween-20 (Polyoxyethylene sorbitan 

monolaurate) and is then incubated for another 

hour with a commercial anti-GST antibody 

(Sigma) at a dilution of 1:2000. The blots were 

then washed again four times using PBS plus 0.2% 

tween-20 and incubated for another hour with anti-
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goat HRP antibody (Dako A/S) at a dilution of 

1:2000. After four final washes the western blots 

were developed using ECL (Amersham 

Pharmacia). Fractionation of nuclear extracts was 

performed on a HPLC Agilent 1100 Series using a 

Phenomenex C4 300A (250x4.6mm) Reverse 

Phase Column. The proteins were eluted using a 

solution 95% acetonitrile+0.1%TFA in a 20 to 

70% linear gradient over 38 minutes. The different 

fractions from 35% to 43% mobile phase were 

first speed dried for 2 hours to reduce volume and 

then concentrated using YM-10 filters (Microcon). 

Each fraction was then divided in two and loaded 

on 10% SDS-PAGE gels, one to be stained with 

Coomassie whilst the other was blotted on 

Optitran Nitrocellulose BA-S 83 membrane 

(Schelicher&Schuell) and subjected to GST-

overlay as described above. Internal sequence 

analysis from the Coomassie Blue-stained bands 

excised from the SDS-PAGE gel was performed 

using an electrospray ionization mass spectrometer 

(LCQ DECA XP, Thermo Finnigan). The bands 

were digested by trypsin, and the resulting 

peptides were extracted with water and 60% 

acetonitrile/1% trifluoroacetic acid. The fragments 

were then analyzed by mass spectrometry and the 

proteins were identified by analysis of the peptide 

MS/MS data with Turbo SEQUEST 

(ThermoFinnigam) and MASCOT (Matrix 

Science). 

 

Plasmid construction 

 The generation of pFLAG TDP-43 and 

pFLAG TBPH constructs has been described 

previously (14,15,21). The Apo AII (pTB-

ApoAIIm) splicing reporter minigenes has been 

described by Mercado and co-workers (22), 

respectively. The Hrp38 ORF was kindly 

provided by Prof. Joan Steitz. The Hrp38 ORF 

was amplified by PCR with the following oligos 

HRP38_s, 5’-

tcaGAATTCaagcttATGGTGAACTCGAACCAG

AACCAGAA-3’; HRP38 _as, 5’-

tcaGGTACCgcggccgcctcgagTCAATATCTGCGG

TTGTTGCCACCGT-3’ and subsequently cloned 

in pFLAG-CMV2 vector for eukaryotic 

expression. The EGFP-TDP-43 (321–366) vector 

used in the co-immunoprecipitation experiments 

has already been described by Budini and co-

workers (16). 

 The EGFP-Hrp38-(293-365) vector was 

generated by PCR amplification of the Hrp38 

region spanning the residues 293-365 with the 

following oligos: Hrp38 C-term XhoI_s, 5'-

AGATCTCGAGCGGCGGCAACAATTGGAAC

AATGGTG-3'; Hrp38 C-term BamHI_as, 5'-

TCCGGTGGATCCTCAATATCTGCGGTTGTT

GCCACCGTT-3'. All constructs were sequenced 

to confirm their identity and to exclude the 

presence of other mutations. 

 

Transfections and RT-PCRs 

 The plasmid DNA used for transfections 

was purified with JetStar columns (Genomed). 

Liposome-mediated transfections of 2.5x10
5
 

human HeLa cells were performed using Effectene 

(Qiagen). The amount of constructs used for each 

transfection ranged between 0.5 and 1!g. siRNA 

transfections were performed in HeLa cells by 

using the small interfering RNA (siRNA) 

oligonucleotide specific for TDP-43 

(GCAAAGCCAAGAUGAGCCU) and the 

Oligofectamine Reagent (Invitrogen), as 

previously described (14). At the end of 

transfections, the cells were harvested and the 

RNA was extracted with Trifast reagent 

(EuroGold). The cDNA was prepared with M-

MLV Reverse Transcriptase (Invitrogen) and 

poly-dT primer, according to the manufacturer’s 

instructions. PCRs were carried out for 35 

amplification cycles (95°C for 30s, 55°C for 30s 

and 72°C for 30 s) and PCR products were 

analyzed on 1.5% agarose gels. 

 

Co-immunoprecipitations 

 For co-immunoprecipitation assays, HeLa 

cells (60% of confluence) were transfected with 

2!g of each plasmid set and Effectene reagent. 

The cells were collected in PBS supplemented 

with protease inhibitors (Roche Applied Science) 

and lysed by sonication. The lysates were 

incubated with 0.6 !g of anti-GFP antibody (Santa 

Cruz Biotechnology) for 3 h at 4 °C, and then 30 

!l of A/G Plus agarose beads (Santa Cruz 

Biotechnology) were added. After overnight 

incubation at 4 °C, the beads were precipitated and 

washed three times with PBS. After SDS-PAGE, 

the immunoprecipitates were probed with an anti-

FLAG antibody (F1804, Sigma) in Western blot 

analysis. 
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Fly Stocks. 

 RNAi flies against TBPH (ID38377) and 

Hrp38/Hrb98DE/CG9983 (#31303) were obtained 

from VDRC Vienna and Bloomington Stock 

Center, USA, respectively. 

 

Quantitative real time PCRs. 

 Total RNA was extracted from the heads 

of wild type W
1118

, ElavG4, tbph
!23

/+; Hrp38
RNAi

 

and ElavG4, tbph+/+; Hrp38
RNAi

 by using Trizol 

reagent (Invitrogen) according to the 

manufacturer’ s protocol. cDNA was synthesized 

with 1 "g of RNA sample by using Superscript
TM

-

III (Invitrogen) reverse transcriptase and oligo dT 

primers. Specific primers were designed to 

amplify the Hrb98DE/Hrp38 gene (forward: 

GTCTAGAATATGCGCAAGCTGTTCATC and 

reverse: 

AGAATTCCGTTTCTTGCCAGTCTCCTT) and 

the gene expression levels were checked by real-

time PCR using SYBR green technology. 

Housekeeping gene Rpl-11 (forward: 

CCATCGGTATCTATGGTCTGGA and reverse: 

CATCGTATTTCTGCTGGAACCA) and Rpl-32 

(forward: AAGCGGCGACGCACTCTGTT and 

reverse: GCCCAGCATACAGGCCCAAG) were 

amplified and used to normalize the results. All 

amplifications were performed on CFX96™, Real-

time PCR detection system (Bio-Rad). The 

relative expression levels were calculated 

according to the following equation: #CT = 

CT(Target)-CT(normalized). 4 PCR reactions for each 

genotype (2 duplicates) were performed. 

 

Climbing Assay. 

 Newly eclosed flies were transferred in 

batches of 20-25, (1:1 male:female), to fresh vials 

and aged for 4 days. They were then transferred, 

without anaesthesia, to an empty transparent 

Duran 50 ml glass cylinder. The cylinder was 

divided into three parts (bottom, middle and top). 

The climbing ability was quantified as the 

percentage of flies that reached the top of the tube 

in 15 seconds. Three trials were performed and the 

average value was calculated. A minimum of 160 

flies for each genotype were tested.  

 

 

Life Span. 

 Adult flies were collected for two days 

and transferred to fresh tubes at a density of 20-25 

per vial (1:1 male:female). Every third day, flies 

were transferred to new tubes containing fresh 

medium and deaths were scored. Survival rate 

graph was plotted with percentage of survival flies 

against day. All the experiments were performed 

in a humidified, temperature controlled incubator 

at 25 °C and 60% humidity on a 12-h light and 

12 h dark cycle. Flies were fed with standard 

cornmeal (2.9%), sugar (4.2%), yeast (6.3%) fly 

food. 

 

Immunohistochemistry 

Drosophila adult brains were dissected in 

1X PB (100mM Na2HPO4/NaH2PO4, pH 7.2) 

0.3%Triton X-100 and fixed in 4% 

paraformaldehyde for 20 minutes. Brains were 

washed in PB 0.3%Triton (20 minutes for 3 times) 

and than were blocked in 5% Normal Goat Serum 

30 minutes. Primary antibodies (anti-Elav DSHB 

1:250 and anti anti-Futsch 22C10s DSHB 1:50) 

were incubated over night at 4°C. Secondary 

antibodies were incubated at room temperature for 

two hours (Alexa Fluor® 488 mouse, 1:500; Alexa 

Fluor® 555 rat 1:500). Images were captured on a 

Zeiss 510 Meta confocal microscope. Labelling 

futsch intensities normalized to anti-Elav staining / 

area were calculated with ImageJ.  

 

 

RESULTS 

Human and Drosophila TDP-43 orthologs 

share the same pattern of human and fruitfly 

nuclear interactors  

 In order to compare the interactors of both 

human and drosophila TDP-43 a GST-overlay 

(Far-Western) analysis was performed as 

previously described (13). In this experiment, 

equal amounts of human HeLa nuclear (NE) and 

cytoplasmic (s100) extracts along with S2 

drosophila nuclear extract (L2NE) were blotted 

onto a Western blot membrane (Fig. 1A, left 

panel) and incubated with recombinant GST-TDP-

43 (Fig. 1A, central panel) or GST-TBPH (Fig. 

1A, right panel). Comparison of the signals in the 

NE and L2NE lanes confirmed that GST-TDP-43 

and GST-TBPH shared a similar recognition 

pattern of interactors mostly localized in the 32.5-

47.5 kDa MW range. As control, both GST-TDP-

43 and GST-TBPH yielded negligible signals in 

the cytoplasmic extract (S100 lane). 

 Previous characterization of human TDP-
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43 interacting factors using this kind of assay 

found that the strongest bands were hnRNP A1, 

hnRNP A2, hnRNP C1, hnRNP B1 and hnRNP 

A3, respectively (13). Interestingly, GST-TBPH 

was also observed to bind specifically to these 

proteins in the HeLa nuclear extract (Fig.1A, 

middle panel). This was also in keeping with 

previous reports from our lab that GST-TBPH 

could supershift human GST-hnRNP A2 in a 

band-shift experiment (14). 

 Most interestingly, a similar situation to 

the human extract recognition pattern could also 

be observed for the nuclear Drosophila proteins in 

the L2NE extract. In particular, three major bands 

that we named 1, 2, and 3 respectively were 

specifically recognized both by GST-TDP-43 and 

GST-TBPH (Fig.1A, middle and central panel). 

However, no further information was available 

with regards to the identity of these three bands. 

 

Identification of the Drosophila factors 

interacting with TDP-43 and TBPH. 

 To identify these factors, the L2NE 

nuclear extract was fractionated by HPLC with a 

C4 reverse phase column (see Fig.1B, upper panel, 

for the elution profile). After collection, equal 

amounts of each fraction were loaded onto two 

separate SDS-polyacrylamide gels. The first was 

stained with Coomassie Blue (data not shown), 

whereas the other was blotted and incubated with 

GST-TDP-43 in a Far-Western assay (Fig. 1B, 

lower panel). By alignment of the Coomassie 

Blue-stained gel with the overlay signals we 

observed one faint and one strong band that 

migrated at the same height as the overlays shown 

in Fig.1A, right panel. These bands were excised 

from the Coomassie Blue-stained gel and 

identified by mass-spec analysis  as Hrp38/ 

Hrb98DE/ CG9983 (P07909) (band 2) and  as 

hnRNP Squid/Hrp40/CG16901 (Q08473) (band 

1). Unfortunately, using this technique we could 

not discover the identity of band 3, probably 

because the reverse-phase fractionation of the 

Drosophila nuclear extract caused its denaturation. 

However, based on the nature and relative 

mobility of the two identified factors it is highly 

probable that band 3 may represent 

HRB87F/hrp36/ CG12749, another well known 

hnRNP A/B homologue in Drosophila. 

 Interestingly, both identified proteins 

belong to the Drosophila hnRNP A family and are 

orthologs of the human hnRNP A1 and hnRNP 

A2/B1 factors (23-25), that were previously shown 

to be the most efficient at interacting specifically 

with human TDP-43 (14). From these data, we 

concluded that the Drosophila hnRNP A/B family 

are the most efficient interactors of Drosophila 

TBPH in the same way that their human orthologs, 

hnRNP A1 and hnRNP A2/B1 factors, are of 

human TDP 43 (14). 

 The observation that Drosophila TBPH 

and human hnRNP proteins can cross-interact is 

also consistent with the substantial conservation in 

TBPH of the 321-366 region located within the C-

tail of TDP-43 (Fig. 1C). In fact, we have already 

established in previous studies  that the 321-366 

region of TDP-43 is important for TDP-43 hnRNP 

A/B protein-protein interactions (14,16). 

 

Mapping the sequences required for the 

interaction of TDP-43 with Drosophila Hrp38. 

 After the identification of Hrp38/ 

Hrb98DE/ CG9983 and Squid/Hrp40/CG16901 as 

two putative interactors of both human and 

Drosophila TDP-43 we focused the attention on 

Hrp38 because its signal in the GST-overlay using 

human GST-TDP-43 was much stronger than that 

of Hrp40, both before (Fig.1A, right panel) and 

after fractionation (Fig.1B, lower panel). This is in 

keeping with the observation that there is an 

extremely high sequence similarity also between 

Drosophila Hrp38 and human hnRNP A1 and A2 

at the level of both the RRM and C-terminal 

sequences that are known to be mostly involved in 

determining RNA-protein and protein-protein 

interactions, respectively 

 First of all, therefore, we sought to 

validate using co-immunoprecipitation the 

interaction between TDP-43 and Hrp38 in vivo. To 

achieve this aim, we cloned the Hrp38 cDNA in 

the pFLAG eukaryotic expression vector (flag-

Hrp38) and set up a co-immunoprecipitation assay 

by co-transfecting in HEK293 cells a GFP-TDP-

43 wild type fusion protein (EGFP-TDP-43) in 

combination with the plasmid expressing flag-

Hrp38. The results shown in Fig.2A demonstrate 

that flag-Hrp38 can efficiently co-

immunoprecipitate EGFP-TDP-43, but not EGFP 

alone. As control, Western blot analysis showed 

that both EGFP and EGFP-TDP-43 were strongly 

expressed at the protein level (Fig. 2A, lower 

panel !-EGFP). 
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 To perform a more precise mapping of the 

interacting region, recent experiments aiming at 

mapping the TDP-43 domain responsible of 

binding to the various hnRNPs demonstrated that 

the region spanning from residue 321 to residue 

366 is responsible for the interaction with hnRNP 

A2 (14,16). 

 In this respect, the alignment of the human 

and fly TDP-43 C-terminal domains highlights 

that this area of human TDP-43 shows a very high 

degree of similarity within the Gly-rich domain of 

TBPH spanning residues 428-481 (Fig. 1C). 

Therefore, we repeated the co-

immunoprecipitation experiments of flag-Hrp38 

(Fig. 2B, upper panel, flag-Hrp38) in combination 

with a fusion protein consisting of EGFP carrying 

only the human region 321-366 (Fig. 2B, upper 

panel, EGFP-TDP-321-366). As shown in Figure 

2B, flag-Hrp38 co-immunoprecipitated also with 

TDP-321-366, but not with EGFP alone. 

 

 

Mapping the Hrp38 sequence required for the 

interaction with human TDP-43. 

 With regards to identifying the Hrp38 

region involved in this interaction, previous 

studies on hnRNP A1-mediated protein 

interactions have shown that they mostly rely on a 

short region within the Gly-rich domain of the 

human hnRNP A1 (26). In keeping with this 

original observation, we have also recently shown 

by immunoprecipitation analysis that the region of 

hnRNP A2 involved in the interaction between 

this protein and TDP-43 must be comprised within 

its C-terminus region that spans residues 288-341 

(16) and that the C-terminus of TBPH is required 

to supershift hnRNP A2 in a band-shift assay (14). 

 Based on these considerations, the 

alignment of the C-terminus regions of human 

hnRNPA1 and hnRNP A2 with Hrp38 showed that 

within the hnRNP A1, hnRNP A2, and Hrp38 

sequences there is a highly conserved motif that 

could be responsible for this cross-interaction (Fig. 

2C). 

 Therefore, we prepared a fusion vector of 

EGFP with the region of Hrp38 spanning from 

residue 293 to 365 (EGFP-Hrp38 (293-365)) and 

carried out co-transfection and co-

immunoprecipitation experiments in combination 

with a flagged version of human TDP-43 (flag-

TDP-43) or of fly TBPH. As shown in Fig. 2D and 

2E, the Hrp38 region spanning these amino acids 

was able to specifically co-immunoprepitate both 

flag-TDP-43 and flag-TBPH, thus establishing this 

region as the one responsible for the interaction of 

Hrp38 with both human and fly TDP-43 orthologs. 

 

Hrp38 supports the inhibitory role of TDP-43 

for Apo AII exon 3 splicing. 

 After confirming the in vivo interaction 

between TDP-43 and Hrp38 and mapping the 

interacting sequences, it was then interesting to 

test whether this interaction was also functionally 

significant. To achieve this, we used the Hrp38 

cDNA eukaryotic expression vector to test 

whether Hrp38 could affect the splicing of TDP-

43-related reporter minigenes similarly to what 

had been observed for the human hnRNP A2 

ortholog (14). Initially, the effects of Hrp38 

overexpression in HEK293 cells were monitored 

by using the ApoAII splicing reporter assay (Fig. 

3A) where the involvement of TDP-43 was 

previously well characterized (22,27). In this 

system, the independent overexpression of Hrp38 

was able to decrease the amount of exon inclusion 

(Fig. 3B, lanes 3 and 4), although to a lesser extent 

compared to TDP-43 overexpression (Fig. 3B, 

lane 2). 

 Most importantly, in order to assess 

whether the activity of Hrp38 on splicing was 

direct or indirect (i.e., dependent on the presence 

of TDP-43), we repeated the experiment after 

endogenous TDP-43 silencing by siRNA 

treatment. The hypothesis behind this experiment 

is that if the effects of Hrp38 on ApoAII splicing 

were mediated by TDP-43, then the silencing of 

endogenous TDP-43 should abrogate the Hrp38 

splicing inhibition observed in Fig.3B. 

 In normal conditions, the Apo AIIm 

minigene reporter displays approximately 35+/-

5% of exon inclusion (Fig. 3C, lane 1). As 

expected, the RNAi with anti-TDP-43 resulted in a 

significant increase in the amount of the ApoAII 

exon 3 inclusion (Fig.3C, lane 2) whilst the 

overexpression of siRNA-resistant wild-type TDP-

43 promoted strong ApoAII exon 3 skipping (Fig. 

3C, lane 3). Unlike TDP-43, however, the 

overexpression of Hrp38 in the absence of 

endogenous TDP-43 did not modify the splicing 

pattern of both reporters (Fig. 3C, lane 4). 

 Similar results were obtained by using 

another well characterized splicing reporter assay 
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(CFTR C155T; data not shown) (3,28,29). In 

conclusion, these results demonstrate that 

Drosophila Hrp38 can interact with human TDP-

43 also at the functional level. 

 It was therefore important to see whether 

Hrp38 could modulate the disease phenotype in 

our Drosophila models. 

 

Hrp38 and TBPH genetically interact to 

prevent locomotor defects and reduced life span 

in a Drosophila model of Amyotrophic Lateral 

Sclerosis. 

 We have previously shown that the 

suppression of TBPH exclusively in neurons by 

RNA interference (RNAi) closely mirrored the 

main symptoms observed in ALS, such as drastic 

alterations in locomotive behaviours and 

shortening of life span (19,30). We now sought to 

investigate whether the suppression of Hrp38 in 

Drosophila neurons could induce similar ALS-

related phenotypes in vivo or enhance the 

neurological alterations provoked by the reduction 

of TBPH expression. It should first of all be noted 

that the in vivo depletion of the two single genes 

are lethal when homozygous (19,31). For these 

reasons, in order to test the presence of a genetic 

interaction between TBPH and Hrp38 genes, 

hypomorphic alleles and heterozygous 

backgrounds were used for both genes. 

 Therefore, efficient pan-neuronal RNAi-

mediated knockdown of Hrp38 was obtained using 

the elav-GAL4 driver. The reduction of Hrp38 

expression in Drosophila brains (Fig. 4C) 

produced significant locomotor alterations, as 

revealed by defects in climbing assay, associated 

to a severe shortening of the life span, as 

compared to controls (Fig. 4A-B). These 

phenotypes closely resemble the defects observed 

in the TBPH-ko flies (19), and suggest that these 

proteins might be involved in the regulation of 

similar genetic traits. 

 Indeed, on one hand, we found that TBPH 

gene dose modifications in Hrp38-RNAi 

backgrounds strongly enhanced the above 

described phenotypes. This is outlined by the 

remarkable differences observed in climbing 

activity between Elav-GAL4, tbph+/+; Hrp38
RNAi

 

flies and in flies where TBPH expression levels 

were reduced by either removing one copy of the 

gene (Elav-GAL4, tbph
!23

/+; Hrp38
RNAi

) or by 

expression of a double RNAi against these two 

proteins (ElavGAL4, tbph
!23

/+; 

TBPH
RNAi

/Hrp38
RNAi

) (Fig. 4A). 

 On the other hand, the observation that 

reduction in life span was directly proportional to 

the TBPH-gene copy number in the Elav-

GAL4/Hrp38
RNAi

 flies (Fig. 4B), suggested that 

these genes are functionally related to common 

metabolic pathways. 

In order to determine whether the differences in 

locomotive behaviours and life span described 

above were effectively due to increased 

degeneration of Drosophila neurons, we used the 

human homolog microtubule-binding molecule 

MAP-1B, futsch in Drosophila, as maker of 

neuronal damage, as demonstrated by our previous 

studies on TBPH-dependent synaptic microtubules 

organization (30). 

Therefore, we stained adult brains with a 

monoclonal antibody against futsch and analysed 

the distribution of the axons in the lamina and 

medulla, a highly innervated cerebral areas sited in 

the Drosophila optic lobes, immediately behind 

the retina. We observed that the neuropil of Elav-

GAL4, tbph
!23

/+; Hrp38
RNAi

; or Elav-GAL4, 

tbph
!23

/+; TBPH
RNAi

 individually treated flies in 

the lamina appeared less stained and thinner 

compared to wild type controls with the presence 

of irregular holes in these structures due to the loss 

of innervating axons. Nevertheless, these 

phenotypes became drastically increased after the 

expression of a double RNAi against these two 

proteins (Elav-GAL4, tbph
!23

/+/Hrp38
RNAi

; 

TBPH
RNAi

) (Fig. 5A). Demonstrating that these 

proteins are required to maintain the innervation of 

complex cerebral areas and indicating that the 

neurological defects observed in TBPH and Hrp38 

supressed flies involved an enlarged 

neurodegenerative process. 

 

 

DISCUSSION  

 TDP-43 is a nuclear factor highly 

conserved through evolution (18). A high degree 

of homology exists among the TDP-43 orthologs 

from human, rodents, Drosophila melanogaster 

and Caenorhabditis elegans (15). From a 

structural point of view, TDP-43 belongs to the 

hnRNP family of nuclear proteins (32) and its 

functions are mostly involved in the regulation of 

all aspects of mRNA metabolism, starting from 

transcriptional regulation, the control of pre-
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mRNA splicing, mRNA transport/stability, 

microRNA expression, and probably mRNA 

translation (1). The central importance played by 

this factor to maintain cellular viability comes 

from knockout transgenic mice lines in which it 

was observed that embryonic development was 

severely impaired when in a homozygous state 

(33-35). From a human disease point of view, 

several studies have demonstrated that TDP-43 has 

a primary role in the origin and development of 

different neurodegenerative diseases, the exact 

molecular mechanism(s) mediating such an 

involvement is still largely unknown (36). 

 In order to better understand its biological 

role in health and disease it is obviously of the 

utmost importance to characterize its molecular 

targets and cellular partners. In fact, as with almost 

all members of the hnRNP family, the biological 

functions mostly depend on the presence of 

complex interaction networks that form distinct 

functional modules (37-39). For example, it has 

been long established that within the nuclear 

compartment hnRNP proteins are usually 

assembled into ribonucleoprotein particles, (40) 

and binary interactions have been described 

between several of these members: such as PTB 

and hnRNP L (41), hnRNP K and hnRNP A1, 

hnRNP A2/B1 and other nuclear proteins (42). In 

addition, it has been demonstrated that hnRNP A1, 

C1, E2, I, K, and L can form both homodimeric 

and heterodimeric interactions with each other 

(43). This behaviour has also been observed for 

TDP-43. This protein, in fact, has been proposed 

to exist as a dimer or as part of ribonucleoprotein 

complexes within the nuclear environment (44-

47). 

 Considering these similarities, therefore, it 

is expected that knowledge of TDP-43 protein-

binding network will help researchers to better 

understand the pathways underlying the 

pathogenesis of diseases, as has been previously 

shown to occur for several other factors involved 

in neurodegeneration (48-51). 

 In this direction, recent proteomic studies 

have shown that TDP-43 can associate with 

several factors involved in trafficking of biological 

membranes and transcription (52-54) as well as 

RNA metabolism both in the nucleus and in the 

cytoplasm (55,56). At present, however, the 

number of verified partners of TDP-43 is still 

limited. Nonetheless, it is now well known that 

among the better characterized interactors, there 

are several hnRNP A/B family members such as 

hnRNP A2/B1, A1, A3, and C2 (13,14,57,58).  

 In keeping with this situation, we show 

here that one Drosophila ortholog of the human 

hnRNP A/B family (Hrp38) can bind very 

efficiently to both TBPH and human TDP-43. 

Most importantly, our results show that the regions 

of the human and fly factors involved in this 

protein-protein interaction seem to be structurally 

conserved. In fact, TDP-43 residues 321-366 that 

were previously mapped as the minimal binding 

region required for interaction with hnRNP A2 

(14) retain the ability to bind Hrp38. This 

conservations appears to be reciprocated by Hrp38 

itself, as the cluster of amino acids implicated in 

this protein-protein interactions also shows a very 

good level of evolutionary conservation between 

Hrp38 and hnRNPs A1/A2, with 36% identity and 

33% similarity over 33 residues. 

 Most importantly, the high degree of 

conservation of these interactions can be carried 

over at the functional level, as Hrp38 can 

modulate the splicing of two model exons only in 

presence of TDP-43. Even at a more general level, 

in vivo studies carried out in Drosophila also 

support this view. In particular, the locomotor 

deficit and reduction in life span, as well as the 

level of neuropil degeneration caused by the 

simultaneous decrease in expression of both 

factors were higher than that expected by an 

additive effect of reduction in the level of the two 

single factor. 

 Taken together, these observations support 

the hypothesis that the functional cooperation 

between TBPH/Hrp38 and TDP-43/hnRNP A/B 

are fundamental also in vivo and are extremely 

well conserved throughout evolution, despite the 

observation that the general structural 

conservation of the human and Drosophila TDP-

43 C-terminal domains is low. 

 This is a particularly important 

conclusion, considering the recent criticism that 

research focused on neurodegeneration based on 

classic lab-animal models can lead to potentially 

misleading results if not sufficient care is taken to 

establish whether the chosen model is sufficiently 

similar to the human disease under study (59). 

What these results mean, therefore, is that the 

Drosophila system should be considered quite 
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adequate to study ways that modulate the 

interaction of TDP-43 and other hnRNP factors. 

 Most importantly, it has recently been 

found that mutations in hnRNPA2/B1 and 

hnRNPA1 can also lead to multisystem 

proteinopathy and ALS (60). Interestingly, the 

position of these mutations D290V/D302V in 

hnRNP A2B1 and D262V/D314V are in the 

region that is involved with the binding to TDP-

43. The expression of these mutant forms of 

human hnRNPA2 and hnRNPA1, as well as of 

mutant forms of the fly homologue Hrp38 in 

transgenic Drosophila led to severe muscle 

degeneration and enhanced formation of fibrils by 

the mutated proteins, due to the fact that these 

missense substitutions are localized in a prion-like 

domain (60). For these reasons, therefore, a better 

characterization of this interaction could be quite 

important to provide us with additional insights on 

disease mechanisms and the factors which can 

potentially affect its origin and severity. 
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FIGURES LEGENDS 

 

Figure 1. Identification of TDP-43 and TBPH interactors by GST-overlay and reverse-

phase chromatography methods.  

A) Staining (Red Ponceau) and GST-overlays (TBPH and TDP-43) of human HeLa cytoplasmic 

(S100), HeLa nuclear (NE), and drosophila second instar larva nuclear extracts (L2NE). 

Molecular weights (kDa) are shown on the left. The assays were carried out using recombinant 

GST-TDP-43 or GST-TBPH as probes. B) reverse-phase chromatography (upper panel) and 

GST-overlay (lower panel) of Drosophila L2NE fractionated nuclear extract. Mass spec analysis 

of the drosophila TDP-interactors has permitted to identify at least two factors, Squid/Hrp40 (1) 

and HRB98/Hrp38 (2). C) Amino acid alignment of the C-terminal domains from TDP-43 and 

TBPH. The region of TDP-43 spanning residues 321-366 is underlined. Symbols below the 

alignment indicate: identity (asterisk), close similarity (colon), more distant similarity (period). 

 

Figure 2. Hrp38 co-precipitates with TDP-43.  

A) Co-immunoprecipitation of Hrp38 with TDP-43. HEK293 cells were cotransfected with flag-

Hrp38 and EGFP-TDP43 or EGFP-empty constructs and subjected to immunoprecipitation with 

polyclonal anti-EGFP (IP !-EGFP) followed by immunoblotting with antibodies as indicated. A 

non specific band (*), probably derived from a cleavage in the TDP 43 portion as it is not seen in 

EGFP alone, was also detected by anti-EGFP antibody. 

B) Co-immunoprecipitation of Hrp38 with the region of TDP-43 spanning residues 321-366. 

HEK293 cells were cotransfected with flag-Hrp38 and EGFP-TDP43 (321-366) or EGFP-empty 

constructs and subjected to immunoprecipitation with polyclonal anti-EGFP (IP !-EGFP) 

followed by immunoblotting with antibodies as indicated. 

C) Amino acid alignment of the Gly-rich tract of Hrp38 (ROA1_DROME) with the regions from 

the human hnRNP A1 (ROA1_HUMAN) hnRNP A2 (ROA2_HUMAN) critical for protein-

protein interaction according to the mapping previously performed (26). Symbols below the 

alignment indicate: identity (asterisk), close similarity (colon), more distant similarity (period). 

MUSCLE program was used for alignment (61). 

D) Co-immunoprecipitation of TDP-43 with the region of Hrp38 spanning residues 293-365. 

HEK293 cells were cotransfected with flag-TDP-43 and EGFP-Hrp38 (293-365) or EGFP-empty 

constructs and subjected to immunoprecipitation with polyclonal anti-EGFP (IP !-EGFP) 

followed by immunoblotting with antibodies as indicated. 

E) Co-immunoprecipitation of TBPH with the region of Hrp38 spanning residues 293-365. 

HEK293 cells were cotransfected with flag-TBPH and EGFP-Hrp38 (293-365) or EGFP-empty 

constructs and subjected to immunoprecipitation with polyclonal anti-EGFP (IP !-EGFP) 

followed by immunoblotting with antibodies as indicated. 

 

Figure 3. Hrp38 factor inhibits splicing of the ApoAII exon 3 in a TDP-43-dependent 

manner.  

(A) Schematic representation of the minigene ApoAII-ISEm used in the splicing assay. The 

human ApoA-II exon 3 and its flanking introns were cloned in the !-globin/fibronectin reporter 

system (pTB). !-globin, fibronectin EDB exons and human ApoA-II exon 3 are indicated in 

grey, black and white boxes, respectively. Solid lines indicate Apo AII IVS2 and IVS3. The 

black circle indicates the (GT)16 tract. Dashed lines indicate splicing options. (B) Hrp38 

overexpression has an inhibitory effect on splicing of ApoAII-ISEm (lane 4). The RT–PCRs 
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show the increasing splicing inhibitory activity of Hrp38 with respect to the controls (lane 1, -). 

The percentages of exon inclusion along with SEMs obtained in three independent transfection 

experiments are reported. Western blots against the FLAG peptide and tubulin are shown below 

to show equal transgene expression. The overexpression of TDP-43 was used as a control of 

splicing inhibition (lane 3). (C) The inhibitory effect of Hrp38 on the splicing of ApoAII-ISEm is 

lost after TDP-43 silencing. The percentages of exon inclusion along with SEMs obtained in 

three independent transfection experiments are reported. Western blots against TDP-43, tubulin 

and FLAG peptide are shown below to show silencing efficiency (anti-TDP-43), transgene 

overexpression (anti-FLAG) and comparable protein load (anti-tubulin). The overexpression of 

TDP-43 was used as a control of splicing inhibition (lane 3). 

 

Figure 4. Hrp38 and TBPH genetically interact to regulate flies locomotion and life span. 

(A) Climbing ability analysis of Hrp38 silenced flies demonstrates the existence of a genetic 

interaction between TBPH and Hrp38. The phenotype of Hrp38 neuronal silencing becomes 

significantly stronger if one copy of TBPH is removed, as compared to the silencing in a wild 

type background (Elav-GAL4, tbph!23/+; Hrp38RNAi versus Elav-GAL4, tbph+/+; Hrp38RNAi, 

p<0,01). The results of Hrp38 silencing in a TBPH sensible background further support this 

genetic interaction. In fact, Hrp38 silencing exacerbated the phenotype caused by TBPH 

silencing (Elav-GAL4, tbph!23/+; TBPHRNAi versus Elav-GAL4, tbph!23/+; TBPHRNAi/Hrp38RNAi, 

p<0,001).  n = 200 flies for genotype, error bars indicate SEM. Statistics were performed using 

GraphPad Prism. One-way ANOVA was performed using Bonferroni’s multiple comparison test 

to compare the genotypes (** indicates p<0,01 and  *** p<0,001). (B) Percentage of flies 

survivors during aging. Median lifespan are: 49 days for wild type (n=208), 44 days for tbph!23 /+ 

(n=126), 33 days for Elav-GAL4, tbph!23/+; TBPHRNAi (n=150), 14 days for Elav-GAL4, 

tbph!23/+; TBPHRNAi/Hrp38RNAi (n=138), 51 days for Elav-GAL4, tbph!23/+; GFP (n=159), 32 

days for Elav-GAL4, tbph!23/+; Hrp38RNAi (n=312) and 36 days for Elav-GAL4, tbph+/+; 

Hrp38RNAi (n=235). Log rank test and p-value: wild type versus tbph!23/+ (p=ns), wild type versus 

Elav-GAL4, tbph!23/+; TBPHRNAi (p<0.0001), wild type versus Elav-GAL4, tbph!23/+; TBPHRNAi 

/Hrp38RNAi (p<0.0001), wild type versus Elav-GAL4, tbph!23/+; GFP (p=ns), wild type versus 

Elav-GAL4, tbph!23/+; Hrp38RNAi (p<0,0001), wild type versus Elav-GAL4, tbph+/+; Hrp38RNAi 

(p<0.0001), Elav-GAL4, tbph!23/+; TBPHRNAi versus Elav-GAL4, tbph!23/+; TBPHRNAi 

/Hrp38RNAi (p<0.0001) and Elav-GAL4, tbph+/+; Hrp38RNAi versus Elav-GAL4, tbph!23/+; 

Hrp38RNAi (p<0.0001) . Statistics were performed using GraphPad Prism. Logrank test was 

performed to compare survival distribution of the genotypes (*** indicates p<0.001). (C) RNAi 

treatment against Hrp38, reduced mRNA expression levels in Drosophila heads, as compared to 

control untreated flies. 

 

Figure 5. Increased neuropil degeneration in RNAi treated adult flies. 

(A) Confocal images of optic lobe of adult brains stained with anti-Elav (in red) and anti-22C10 

(futsch) (in green) antibodies in 1/2 days old flies, reveals strong defects in the innervation of the 

lamina and medulla regions in control brains (i-iii) compared to Elav-GAL4,tbph!23/+; TBPHRNAi  

(iv-vi), Elav-GAL4,tbph!23/+; TBPHRNAi /Hrp38RNAi (vii-ix) and Elav-GAL4, tbph!23/+; Hrp38RNAi 

(x-xii). Scale bar 30 µm (B) Quantification of futsch intensity in lamina and medulla regions 

indicated that the density of axons in these regions became dramatically reduced after RNAi 

treatments. n=5. 
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