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Abstract 
 

ADAR is an adenosine deaminase that acts on dsRNA. Once bound to 

dsRNA, ADAR deaminates specific adenosines into inosines. If this occurs within 

the coding region of a transcript the inosine will be read as a guanosine. This can 

lead to a change in the amino acid at this position and increase protein diversity. In 

mammals there are three ADAR genes: ADAR1, ADAR2 and ADAR3. However, only 

ADAR1 and ADAR2 have been shown to be enzymatically active. ADAR1 is widely 

expressed and can edit both coding RNA and non-coding RNA. ADAR2 is restricted 

to the CNS and the key transcript that it edits encodes the GluR-B subunit of the 

glutamate-gated ion channel receptor. Editing of the Q/R site in the GluR-B transcript 

occurs with an efficiency of more than 99.9% and changes the genomically encoded 

glutamine into an arginine. This results in an ion channel that is impermeable to 

calcium. The ADAR2 knock-out mice are viable, but suffer from epileptic seizures 

and die by day 20. This phenotype can be rescued by expressing the edited R isoform 

of GluR-B, suggesting that this site is the most important target for ADAR2. 

Drosophila has only one Adar gene and its product has been reported to edit more 

than one hundred adenosines in different transcripts. Many of these transcripts 

encode subunits of ion channels, and it has been hypothesised that lack of ion 

channel editing causes the behavioural defects and age-related neurodegeneration 

observed in Adar deletion mutants. In this thesis I investigate the function of ADAR 

in an uncharacterised Adar mutant, Adar5G1.  

 

To characterise the Adar5G1mutant I not only used standard histology but a 

3D imaging technique, optical projection tomography (OPT), that had not been 

reported to be used with Drosophila before this work. OPT allows the internal organs 

to be imaged without any manual sectioning or dissecting. I used OPT to identify 

neurodegenerative vacuoles from within the intact head and present the data both in 

2D and in 3D. In addition to this, I demonstrate that this technique can be used to 
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image global expression patterns in the Drosophila adult and I relate the TAU-β 

galactosidase expression pattern to the Drosophila anatomy. 

The neurodegeneration observed by OPT was confirmed by detailed analysis 

of stained wax sections. Complete loss of Adar, in the Adar5G1 mutant revealed age-

dependent vacuolisation of the retina and mushroom body calyces. The vacuolisation 

observed in the Adar5G1 mutant was rescued by expression of Drosophila Adar and 

human ADAR1 p110, and ADAR2. However the cytoplasmic form of ADAR1, 

ADAR1 p150, did not rescue the vacuolisation of the Adar5G1 mutant. ADAR3, a 

catalytically inactive ADAR, rescued the vacuolisation phenotype of the Adar5G1 

mutant, suggesting that ADAR may have an additional function independent of 

editing activity.  

 

The vacuolisation of the Adar5G1mutant was found not to be associated with 

type I programmed cell death. However, it was associated with swollen nerve fibres 

and degrading ommatidia containing multilamellar whorls. Neurodegeneration in 

various Drosophila mutant models and human neuropathies has been associated with 

similar cellular structures, suggesting that loss of ADAR results in neurodegeneration 

common to many of the known neuropathies.  

 

   Finally, I found that expression of edited isoforms of the nicotinic receptor 

channel 34E subunit (Nic 34E) failed to rescue the locomotion phenotype of the Adar 

mutant. However, I found preliminary evidence that one of the lines generated for an 

edited isoform of Rdl, a subunit of the GABA receptor ion channel, gave a partial 

rescue of both locomotion and neurodegeneration of the Adar1F4 and Adar5G1 mutant.  
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1.1 RNA editing 
RNA editing is a post-transcriptional process that generates diversity by 

creating nucleotides changes that differ from the genomically encoded nucleotide. In 

mammals there are two types of RNA editing: cytosine to uracil editing and 

adenosine to inosine editing, both of which are carried out by a hydrolytic 

deamination reaction (Figure 1.1). Hydrolytic deamination is where the hydroxyl 

group of a water molecule nucleophilically attacks the C-6 of the purine nucleotide, 

this removes the amino group and replaces it with the oxygen molecule from the 

water (Frick et al., 1986). The reaction is catalysed by members of the cytodine 

deaminase family, which mediate cytosine to uracil (C-U) editing and adenosine to 

inosine (A-I) editing. The first example of C-U editing in mammals was a C-U 

editing event that creates a stop codon in the Apolipoprotein B (ApoB) transcript, and 

hence creates a truncated isoform (Chen et al., 1987; Powell et al., 1987). The C-U 

editing of the ApoB transcript is catalysed by APOBEC-1 (ApoB mRNA-editing 

enzyme catalytic polypeptide 1) and APOBEC1 complementation factor (ACF) 

(Lellek et al., 2000; Mehta et al., 2000; Teng et al., 1993). 

 

The most common form of RNA editing in higher eukaryotes is adenosine 

deamination into inosine (Basilio et al., 1962).  In yeast the tRNAAla is edited at the 

wobble position of the anticodon (position 34) and also at position 37 (Holley et al., 

1965). The enzymes that carry out this process are called the ADATs (adenosine 

deaminase that acts on tRNA). ADAT1, which edits position 37 of tRNAAla, is not 

essential for yeast viability (Gerber et al., 1998), whereas ADAT2 and ADAT3, 

which heterodimerise, are essential for yeast viability, and edit the wobble position, 

position 34 (Gerber and Keller, 1999). It is believed that the enzyme family of 

adenosine deaminases that act on dsRNA (ADAR) evolved from an ADAT1-like 

enzyme that acquired double stranded RNA binding domains (dsRBDs) (Gerber et 

al., 1998; Keegan et al., 2004). ADAR meditated editing of dsRNA occurs in all 

metazoans and has the potential to modify codons and create or abolish splice sites. 
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This PhD focuses on ADAR function and the role it plays in the invertebrate model 

Drosophila melanogaster. 

 

 

 

 

 

 
 

 
Figure 1.1 Deamination of purine bases. 

The hydroxyl group of H2O nucleophilically attacks the C-6 of the nucleotide removing the 

amino group and replacing it with the oxygen from the H2O (Frick et al., 1986). The 

APOBECs and ADARs act as general base catalysts in order to mediate the deamination of 

cytosine into uracil and adenosine into inosine, respectively (Chen et al., 1987; Frick et al., 

1986; Powell et al., 1987). 
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1.2 A-I editing by ADAR 
Initially ADAR was described as an enzyme with an RNA unwinding and 

modifying activity present in the nucleus of both Xenopus laevis oocytes and 

mammalian tissue culture cells (Bass and Weintraub, 1987; Rebagliati and Melton, 

1987; Wagner and Nishikura, 1988). The destabilisation of the duplex RNA was 

soon found to be due to the conversion of adenosine to inosine by a hydrolytic 

deamination reaction (Bass and Weintraub, 1988; Polson et al., 1991; Wagner and 

Nishikura, 1988). Cloning of the first ADAR enzyme, ADAR1, from human and 

bovine revealed that the ADAR1 protein contains three double-stranded RNA 

binding motifs and a deaminase domain (Kim et al., 1994a; Kim et al., 1994b; 

O'Connell et al., 1995). These protein domains are common to all ADAR enzymes 

(Figure 1.2), and have been identified in chicken (Herbert et al., 1995), Drosophila 

(Palladino et al., 2000b), zebrafish and fugu (Slavov et al., 2000a; Slavov et al., 

2000b), the silk moth (Skeiky and Iatrou, 1991), and Caenorhabditis elegans (Hough 

and Bass, 1997; Tonkin et al., 2002).   

 

The substrate requirement of ADAR is an RNA duplex formed from long 

stretches of intermolecular RNA (Bass and Weintraub, 1988; Wagner et al., 1989) or 

intramolecular RNA of an optimum length of 100bp (Nishikura et al., 1991). 

Intermolecular dsRNA that is as short as 23bp and intramolecular dsRNA that is 

15bp can be bound by ADAR, and intramolecular RNA as short as 23bp can be 

edited albeit at a very low efficiency (Nishikura et al., 1991). Intermolecular dsRNAs 

that have 5’overhangs, 3’ overhangs, are blunt ended or that are only partially 

double-stranded are also edited (Bass and Weintraub, 1988; Wagner et al., 1989). 

ADARs do not recognise a consensus sequence but they do have some sequence 

preferences for example adenosines that are 3’ of an adenosine or uracil are edited 

more frequently by ADAR1 and ADAR2 than adenosines that are 3’ of a guanosine 

or cytosine (Kimelman and Kirschner, 1989; Lehmann and Bass, 2000; Polson and 

Bass, 1994). Also ADAR2 edits more efficiently if there is a uracil 3’ of the 

adenosine (Lehmann and Bass, 2000). Moreover adenosines that are in a bulged 
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position with cytosine in the dsRNA are edited with a greater efficiency (Maas et al., 

1996; Ohlson et al., 2007; Wong et al., 2001).  

 

 

 
 
 

 
 

 

 
Figure 1.2: Domain structure of the ADAR enzymes. 

ADAR is characterised by a deaminase domain (yellow) and two to three dsRBDs (pink). 

ADAR1 and ADAR2 contain nuclear localisation signals, NLS (black). ADAR1 has two 

major isoforms, the short form p110, is produced from the second methionine, M296, and 

the long from, ADAR1 p150, which contains two z-DNA binding domains, a z-DNAα 

(green) and z-DNAβ (blue). ADAR3 contains an N-terminal ssRNA-binding domain 

(orange). The ADAR family is thought to have evolved from an ADAT1-like enzyme that 

acquired dsRBDs. Figure adapted from Keegan et al., 2004. 
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The first biological ADAR substrate to be identified was the transcript 

encoding the Glutamate-gated ion channel subunit B (GluR-B). The GluR-B 

transcript is edited by ADAR2 at the Q/R site at an efficiency of 99.9% (this editing 

event will be discussed in more detail in section 1.3). Deletions surrounding the Q/R 

site, which is located at the 3’end of exon 11, revealed that sequence complementary 

to the region surrounding the Q/R site in the downstream intron was required for 

editing at the Q/R site (Brusa et al., 1995; Egebjerg et al., 1994; Higuchi et al., 1993). 

The sequence located downstream of the editing site, called the editing site 

complementary sequence (ECS), forms a duplex that is recognised by ADAR. 

Formation of an RNA duplex occurs at all edited sites (Aruscavage and Bass, 2000; 

Burns et al., 1997; Dawson et al., 2004; Herb et al., 1996). Although the canonical 

dsRNA hairpin recognised by ADAR is usually formed from the sequence 

surrounding the editing site and sequence in the downstream intron there are some 

exceptions to this rule. For example the dsRNA required for editing of the para 

transcript, which encodes a subunit of the sodium channel, is formed only by coding 

sequence (Hanrahan et al., 2000; Reenan et al., 2000). Likewise the Drosophila Adar 

transcript is edited at a site that is located in dsRNA formed only by exonic sequence 

(Keegan et al., 2005; Palladino et al., 2000a). Furthermore, a simple hairpin may not 

be the only means to create the dsRNA that is recognised by ADAR, editing of the 

Drosophila synaptotagmin transcript, a calcium binding protein involved in synaptic 

release (Adolfsen and Littleton, 2001), requires the formation of a pseudoknot 

(Reenan, 2005).   

 

ADAR mediated A-I editing of dsRNA can be specific or non-specific. 

Specific editing is extremely selective for specific adenosines and occurs in coding 

transcripts (Higuchi et al., 1993) and in microRNAs (Kawahara et al., 2007b). Non-

specific ADAR editing occurs on many adenosines in long stretches of untranslated 

dsRNA. This type of editing can sometimes be referred to as hypermutation. Non-

specific editing can occur in RNAs such as 3’UTRs (Morse et al., 2002; Morse and 

Bass, 1999) introns and intergenic regions (Blow et al., 2004; Morse et al., 2002), 



Chapter 1: Introduction 

 7

and ALU repeats (Athanasiadis et al., 2004; Blow et al., 2004; Levanon et al., 2004).  

Non-specific editing also targets virally encoded dsRNA for example the measles 

virus (Cattaneo et al., 1988) and the polyoma virus (Kumar and Carmichael, 1997). 

However, even with non-specific editing certain adenosines are preferentially edited 

more than others, this is likely to be due to the stability of the surrounding sequence 

(Scadden and O'Connell, 2005). The majority of studies into the function of ADAR 

have so far concentrated on the mammalian enzymes. Before discussing what is 

known about the Drosophila ADAR enzyme I will describe the function of 

mammalian ADARs, the transcripts they edit and the diseases with which they are 

associated. 

 

 

1.3 Mammalian ADAR.  
In mammals there are three ADAR genes: ADAR1, ADAR2, and ADAR3, 

however only ADAR1 and ADAR2 have been shown to have deaminase activity 

(Chen et al., 2000; Melcher et al., 1996a). It has been speculated that ADAR3 may 

act as a negative regulator of the other two enzymes (Chen et al., 2000). The 

different functions of these enzymes clearly show that adenosine to inosine RNA 

editing is an important process for many areas of RNA biology. In this section I will 

introduce the mammalian enzymes and then discuss the substrates they edit. 

 

ADAR1 
ADAR1 is strongly expressed in the brain, the lung, the placenta, and the 

kidney and it is weakly expressed in the heart, skeletal muscle, the liver and the testis 

(O'Connell et al., 1995). Various ADAR1 isoforms are generated by alternative 

splicing and by promoter selection. Splice variation of ADAR1 occurs in the human 

kidney and results in the production of three isoforms. ADAR1a contains a deletion 

of 19 amino acids between the second and third dsRBD, ADAR1b contains a 

deletion of twenty six amino acids after the third dsRBD, and ADAR1c contains both 
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deletions (Liu et al., 1997). All isoforms are capable of editing efficiently and it is 

suggested that the splice variation results in slight differences in the binding 

specificity of ADAR1 (Liu et al., 1999; Liu et al., 1997; Liu and Samuel, 1999). 

However the most important control of ADAR1 isoform variation is due to the 

ADAR1 promoter. 

 

The two major isoforms of ADAR1 are expressed from a either constitutive 

promoter (PC) or an interferon inducible promoter (PI) (George and Samuel, 1999; 

Patterson and Samuel, 1995; Patterson et al., 1995). Both of which can undergo 

splicing as discussed previously (Liu et al., 1997). The constitutive promoter 

produces ADAR1 p110, which contains the deaminase domain, the three dsRBDs 

and a nuclear localisation signal (NLS), which ensures ADAR1 p110 is in the 

nucleus (Figure 1.2) (Patterson and Samuel, 1995; Patterson et al., 1995). The long 

form of ADAR1 (ADAR1 p150) is interferon inducible (Patterson and Samuel, 1995; 

Patterson et al., 1995) and contains extra domains at the amino terminus: a z-

DNAα binding domain, a z-DNAβ binding domain, and a nuclear export signal 

(NES) within the z-DNAα binding domain (Herbert et al., 1997; Poulsen et al., 2001; 

Schwartz et al., 1999). Interferons are released upon host infection by a dsRNA virus 

this suggests that ADAR p150 may play a role in the host defence system, this is 

further confirmed by the identification of edited viral RNAs (editing of viral RNAs 

will be discussed in greater detail in Section 1.4). 

 

ADAR2 
The second ADAR enzyme, ADAR2, contains a deaminase domain and two 

dsRBDs (Melcher et al., 1996b; O'Connell et al., 1997).  It is expressed strongly in 

the brain but unlike ADAR1 it is also strongly expressed in the heart, the placenta 

and the pancreas, whereas it is only weakly expressed in skeletal muscle and it is not 

expressed in the kidney and the liver (Gerber et al., 1997; Melcher et al., 1996b). 

Alternative splicing and ADAR2-mediated editing generate several ADAR2 
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isoforms. Inclusion of an alternatively spliced ALU-like sequence element into the 

deaminase domain of the human ADAR2 enzyme reduces the editing activity 

(Gerber et al., 1997). Conversely in mouse the insertion present in the deaminase 

domain of ADAR2 is shorter and increases editing activity at the Q/R site of the 

GluR-B transcript (Rueter et al., 1999). ADAR2 also edits its own transcript at 16 

sites. Editing of one site is in intron 4 and creates a splice site that leads to a 

frameshift that generates a truncated enzyme (Dawson et al., 2004; Rueter et al., 

1999). Other splice variants of ADAR2 are known to occur in the N-terminus 

(Slavov and Gardiner, 2002) and in the C-terminus, which reduces activity in human 

ADAR2 but only effects the 3’UTR of ADAR2 in mouse (Lai et al., 1997; Slavov 

and Gardiner, 2002). 

 

ADAR3 
Both the rat and human ADAR3 are 73% identical to ADAR2 (Figure 1.2) 

(Melcher et al., 1996a). No editing activity has been demonstrated for this enzyme 

but it is known that expression of ADAR3 is restricted to the CNS (Chen et al., 2000; 

Melcher et al., 1996a). A role for this ADAR enzyme has been speculated to be as a 

negative regulator of ADAR1 and ADAR2, either directly or indirectly (Chen et al., 

2000). In addition to dsRNA binding ADAR3 also has the capability to bind ssRNA 

through an arginine rich domain in the N-terminus, leading to the possibility that the 

that the substrate of ADAR3 is very specific and is still to be discovered (Chen et al., 

2000). 

 

  

1.4 ADAR substrates in mammals 
As briefly discussed in Section 1.2, ADAR-mediated editing can be specific 

or non-specific. Specific editing takes place on single adenosines within short 

imperfect RNA hairpins, which can form within coding transcripts and non-coding 

transcripts such as microRNAs (miRNA). Non-specific editing, sometimes called 
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hypermutation, edits many adenosines in a long stretch of almost perfect double 

stranded DNA. Examples of ADAR substrates are discussed below. 

 

Specific editing   
The major excitatory neurotransmitter in the mammalian CNS is the 

excitatory amino acid glutamate. Glutamate can act on G-protein coupled receptors 

(metabotropic) and ligand gated receptors (ionotropic). One of the ionotropic 

receptors stimulated by glutamate is the AMPA (amino 3-hydroxy-5-methyl-4-

isoxazole) receptor. The AMPA receptor is composed of four subunits that are 

encoded for by four separate genes: Glutamate-gated ion channel subunit A, B, C and 

D (GluR-A, -B, -C, and -D).  The kainate receptors are non-NMDA ionotropic 

receptors that respond to glutamate. The kainate receptor family is compromised of 

five genes, KA1, KA2, and GluR-5, -6 and -7. Kainate receptors are formed from 

tetramers of the subunits. ADAR mediated editing at three sites in the 

transmembrane domain of the GluR-6 transcript, affects the calcium permeability of 

GluR-6-containing ion channels (Kohler et al., 1993). Editing within the ligand 

binding domain of GluR-B, -C and -D occurs at the R/G site (Kohler et al., 1993) and 

affects the kinetics of receptor activation, desensitisation and recovery from 

desensitisation (Grosskreutz et al., 2003; Lomeli et al., 1994). Editing at one site 

within the pore occurs at the Q/R site of the GluR-B transcript and the GluR-5, and –

6 transcripts (Sommer et al., 1991). Q/R site editing results in the replacement of a 

glutamine that is located in the pore of the ion channel with an arginine. Inclusion of 

this edited subunit renders the AMPA receptor impermeable to calcium (Burnashev 

et al., 1992; Hume et al., 1991). In addition to this, the edited form of GluR-B is 

retained within the ER where it slows the rate of AMPA receptor assembly to ensure 

the formation of a correctly functioning receptor (Greger et al., 2002). Editing of the 

Q/R site in the GluR-5 and the GluR-6 transcripts occurs at a rate of 40% and 80% 

respectively (Bernard and Khrestchatisky, 1994; Higuchi et al., 1993). Editing of the 

Q/R site in the GluR-B transcript, which is known to be mediated by ADAR2, occurs 
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at an efficiency of 100% (Melcher et al., 1996b; O'Connell et al., 1997). Editing also 

occurs in the intron downstream to the Q/R site in the GluR-B transcript, editing at 

this site, called hotspot 1, is carried out by ADAR1 it is thought to have no biological 

consequence, and is only used in vitro assays testing for ADAR1 function (Melcher 

et al., 1996b).  

 

Serotonin (5 HT) is a neurotransmitter, which like glutamate, can act on both 

G-protein coupled receptors and ligand gated receptors. The serotonin 2C receptor 

(5-HT(2C)R) is a G protein coupled receptor that has five editing sites (sites A-E) 

and is selectively edited by both ADAR1 and ADAR2.  ADAR2 only edits site D 

whereas ADAR1 edits sites A and B (Burns et al., 1997; Liu et al., 1999; Wang et al., 

2000). RNA editing of the five sites within exon 5 of 5-HT2cR changes three amino 

acids that reduce the efficacy of G protein coupled signalling (Burns et al., 1997; 

Herrick-Davis et al., 1999; Niswender et al., 2001; Price et al., 2001; Wang et al., 

2000), and reduces the time that the receptor is expressed at the cell surface (Marion 

et al., 2004). Furthermore adenosine to inosine editing controls splice site selection 

and isoform production (Flomen et al., 2004; Wang et al., 2000).  

 

To find other transcripts that were edited by ADAR in mammals, biochemical 

screens (Ohlson et al., 2005) and bioinformatic screens (Athanasiadis et al., 2004; 

Blow et al., 2004; Clutterbuck et al., 2005; Kim et al., 2004; Levanon et al., 2004) 

have been performed. Surprisingly site selective editing of mammalian coding 

transcripts does not seem to be very prevalent. One example of a mammalian 

transcript edited by ADAR that was uncovered by a biochemical screen is the 

transcript encoding gamma aminobutyric acid type A receptor subunit α3 

(GABAA α3) (Ohlson et al., 2005; Ohlson et al., 2007). Editing of the GABAA α3 

transcript results in an isoleucine to methionine change, but the effect on protein 

function has still to be determined (Ohlson et al., 2007). Another transcript that is 

edited site specifically is the transcript encoding for the signalling peptide BC10. 

BC10 editing was found in a bioinformatic screen that looked for nucleotide 
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mismatches in aligned mammalian expressed sequences and genomic sequence, the 

effect of editing the BC10 transcript is unknown (Clutterbuck et al., 2005; Levanon 

et al., 2004). A summary of some of the transcripts edited by ADARs is listed in 

Table 1.1. 

 

Table 1.1: Site specific editing of transcripts by ADAR in mammals. 

 

Transcript Consequence Reference 

GluR-A R/G (Lomeli et al., 1994) 

GluR-B R/G Q/R (Sommer et al., 1991) 

GluR-C R/G (Lomeli et al., 1994) 

GluR-D R/G (Lomeli et al., 1994) 

5HT2C-R I/V/M, N/G/S/D (Burns et al., 1997) 

ADAR2 Introduces a 3’ splice site (Rueter et al., 1999) 

BC10 Editing in 5’UTR and 

K/R, Q/R, and Y/C 

(Clutterbuck et al., 2005) 

 

 

Hyper-editing  
Bioinformatic screens have shown that the most common sequence edited by 

mammalian ADARs are located in repetitive sequence present in introns and 3’UTRs 

(Athanasiadis et al., 2004; Blow et al., 2004; Herbert et al., 1997; Levanon et al., 

2004). The most edited sequences are ALUs embedded in the non-coding sequence 

of genes (Kim et al., 2004). ALU repeat sequences are only found in primates and 

are not present in the mouse and so editing of ALU sequences is a primate specific 

editing event. Repeat elements such as SINES are present in the mouse genome and 

they are found to be edited, by an ADAR enzyme (Kim et al., 2004).  
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ALU repeats are not the only ADAR substrate subjected to hyperediting as 

many RNA viruses have been found to be hyperedited. For example Subacute 

Sclerosing Panencephalitis and Measles Inclusion Body Encephalitis are 

neurological diseases due to persistent measles infection. In these diseases the gene 

encoding the matrix protein is hyperedited (Cattaneo, 1994; Cattaneo and Billeter, 

1992; Cattaneo et al., 1988). Cells persistently infected with human Parainfluenza 

Virus 3 show adenosine hypermutation that is likely to be due to ADAR mediated 

editing (Murphy et al., 1991). A-I hypermutation of mammalian viruses has also 

been detected in Vesicular Stomatitus Virus (O'Hara et al., 1984), Respiratory 

Syncytial Virus (Rueda et al., 1994), and Polyoma Virus (Kumar and Carmichael, 

1997).  

 

Hypermutated dsRNA is known to have two fates dependent on its 

localisation. In the nucleus hypermutated RNA forms a complex with the splicing 

factor PSF, the nuclear matrix protein matrin 3, and the inosine specific factor p54nrb. 

This is thought to prevent the export of the edited RNA into the cytoplasm (Kumar 

and Carmichael, 1997; Zhang and Carmichael, 2001). However in the cytoplasm, 

Tudor-SN, which is part of the RISC complex cleaves hypermutated RNA (Scadden 

and O'Connell, 2005). In addition to regulating transcript stability it is possible that 

hyperediting of ALU repeats within introns could alter the RNA structure and alter 

splicing patterns (Kim et al., 2004). Some of the substrates, which undergo non-

specific editing, are summarised in Table 1.2. 
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Table 1.2: RNA hypermutated by mammalian ADAR. 

 

RNA Reference 

Measles Virus (Cattaneo, 1994; Cattaneo and 

Billeter, 1992; Cattaneo et al., 1988) 

Vesicular Stomatitus Virus (O'Hara et al., 1984) 

Respiratory Syncytial Virus (Rueda et al., 1994) 

Polyoma Virus (Kumar and Carmichael, 1997) 

Parainfluenza Virus 3 (Murphy et al., 1991) 

Introns and intergenic regions (Blow et al., 2004) 

ALU repeats  (Athanasiadis et al., 2004; Kim et 

al., 2004; Levanon et al., 2004) 

 

ADAR and the RNAi pathway 
The RNAi pathway and ADAR both require dsRNA, and have the potential 

to overlap. The RNAi pathway is triggered by either short interfering RNAs (siRNA) 

or by micro RNAs (miRNA). However it seems, that in mammals miRNAs and not 

siRNAs are biologically relevant. For this reason I will only discuss the miRNA 

pathway. In mammals the RNA interference pathway is a gene-silencing pathway 

regulated by specific RNA molecules called miRNAs (Figure 1.3). The pathway 

begins with the processing of the primary miRNA (pri-miRNA) by the RNase III 

enzyme Drosha into short stem loops called precursor miRNAs (pre-miRNA) (Cai et 

al., 2004; Lee et al., 2003b; Lee et al., 2002). In the cytoplasm the pre-miRNA is 

further processed into mature miRNA (short dsRNA 21-24nt in length) by the RNase 

III enzyme Dicer (Hutvagner et al., 2001; Ketting et al., 2001). The mature miRNA 

is incorporated into a complex containing Dicer and a member of the Argonaute 

family, Ago1, Ago2, or Ago3 (Gregory et al., 2005; Hammond et al., 2001; Martinez 
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et al., 2002). The two miRNA strands are separated; one strand remains in the 

complex, now called the RNA-induced silencing complex (RISC) and the RNA 

guides the RISC complex to a complementary sequence within a 3’ UTR and marks 

the transcript for cleavage or represses translation (Elbashir et al., 2001a; Elbashir et 

al., 2001b; Schwarz et al., 2002). 

 

The early studies that analysed ADAR function showed that ADAR could 

bind short intermolecular dsRNA molecules of 23bp (Nishikura et al., 1991). More 

recently this binding specificity has been further confirmed by experiments showing 

that ADAR antagonises the RNAi pathway either by editing siRNA precursors 

(Knight and Bass, 2002; Scadden and Smith, 2001) or by just binding and 

sequestering siRNAs (Yang et al., 2005). Adenosine to inosine editing has also been 

detected in mammalian miRNAs.  For example both the precursor and mature form 

of miRNA22 are edited in mouse and humans with both ADAR1 and ADAR2 being 

implicated as the enzymes involved (Luciano et al., 2004). The consequence of 

editing miRNA22 has yet to be elucidated however editing of pre-miRNA by ADAR 

may regulate miRNA biosynthesis in several ways. Editing may alter the structure of 

the miRNA to make it an unfavourable substrate for Drosha. This has been observed 

with the edited form of miRNA142, the duplex structure becomes destabilised 

making it a less favourable substrate for cleavage by Drosha, and more favourable 

for degradation by an inosine specific ribonuclease and Tudor-SN (a component of 

RISC) (Kawahara et al., 2007a; Yang et al., 2006). Alternatively editing can change 

the target specificity, which was observed for miRNA376 (Blow et al., 2006; 

Kawahara et al., 2007b). A summary of miRNAs edited by ADAR is listed in Table 

1.3. 
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Figure 1.3: ADAR antagonism of the RNAi pathway. 
Normally miRNAs are expressed in pri-mRNA clusters. The pri-miRNA is cleaved by 

Drosha to produce the pre-miRNA. The pre-miRNA is transported into the nucleus where 

DICER cleaves it. Ago3 and Dicer select a strand and form the RISC complex. The single 

strand of RNA guides the complex to complementary mRNA where it either marks the 

transcript for degradation or inhibits translation. ADAR has the potential to bind and edit the 

dsRNA substrates produced throughout the miRNA pathway.  
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Table 1.3: miRNAs edited by mammalian ADAR. 

 

miRNA Consequence Reference 

miRNA376 Changes target gene of 

miRNA. 

(Blow et al., 2006; 

Kawahara et al., 2007b). 

miRNA22 Unknown consequence. (Luciano et al., 2004). 

miRNA142 Destabilisation of the duplex 

and degradation of the miRNA.

(Kawahara et al., 2007a; 

Yang et al., 2006). 

 

 

 

1.5 ADAR deficient mice 
 

ADAR2 deficient mice 
Adenosine to inosine editing is a mechanism that plays an important role in 

normal brain function. This is further underscored by the generation of transgenic 

mice deficient in ADAR activity (Brusa et al., 1995; Feldmeyer et al., 1999; Higuchi 

et al., 2000). As discussed previously in Section 1.4 the Q/R site of the GluR-B 

transcript is edited by ADAR2 at an efficiency greater than 99.9% (Higuchi et al., 

1993; Seeburg et al., 1998), loss of editing at the Q/R site causes an increase in 

AMPA receptor permeability and alters dendritic structure (Feldmeyer et al., 1999). 

This leads to epileptic seizures and death by day 20 (Brusa et al., 1995; Feldmeyer et 

al., 1999). Expression of the GluR-B transcript that is not edited at the Q/R site 

causes an increase in the rate of release of GluR-B from the ER, suggesting that 

editing is not only controlling the gating of the channel but also the rate at which the 

channel is assembled at the synapse (Greger et al., 2002). A dramatic loss of ADAR2 

in mouse leads to a 10-fold reduction of editing at the Q/R site of the GluR-B 

transcript this results in increased calcium permeability of principal neurons (Higuchi 

et al., 2000). In addition to this, loss of ADAR2 in mouse leads to incorrect splicing 
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of the GluR-B transcript, which results in a nuclear accumulation of the GluR-B pre-

mRNA (Higuchi et al., 2000). Similar to the mice expressing only the unedited 

isoform of GluR-B the ADAR2 KO mice suffer from seizures and die within 20 days 

(Brusa et al., 1995; Feldmeyer et al., 1999; Higuchi et al., 2000). Introduction of a 

GluR-BR allele into the ADAR2 KO mouse partially rescues the phenotype the GluR-

BR allele is heterozygous and completely rescues this early phenotype when the allele 

is homozygous (Higuchi et al., 2000). The GluR-B transcript is the only mammalian 

transcript known to date to be edited with an efficiency of 100%, this alongside the 

observation that the edited form of GluR-B can rescue the ADAR2 KO strongly 

implicates the Q/R site of the GluR-B transcript as the main target of ADAR2 editing 

activity. 

 

 

ADAR1 deficient mice 
ADAR1 like ADAR2 is expressed in the CNS (Gerber et al., 1997; Melcher 

et al., 1996b; O'Connell et al., 1995). Initially it was believed that loss of ADAR1 in 

mouse would have a similar phenotype to the ADAR2 knock out mouse. Instead it 

was found that loss of ADAR1 causes defects in the developing haematopoietic 

system and the embryo dies by E12.5 due to widespread apoptosis and defects in 

erythropoiesis (Wang et al., 2004; Wang et al., 2000).  It is still unclear as to what is 

the biological role of ADAR1, but it seems that there is a requirement for ADAR1 in 

early development. ADAR1 is known to edit various transcripts including the 

serotonin 2C receptor transcript, at sites A and B, (Burns et al., 1997; Liu et al., 

1999; Wang et al., 2000) and the GluR-B transcript at the R/G site (Melcher et al., 

1996a). However editing of these sites is not essential for viability. Similarly 

ADAR1 can edit siRNA and miRNAs but ADAR2 can also carry out this role (Yang 

et al., 2006). Finally, ADAR1 p150 is interferon inducible suggesting that perhaps 

the role for this form of ADAR1 is in host defence. 
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1.6 ADAR and disease 
Glutamate is an excitatory amino acid that can promote neuronal cell death 

by over stimulation of glutamate receptors such as the AMPA receptor. Editing of 

the GluR-B transcript at the Q/R site decreases calcium permeability of the AMPA 

receptor (Feldmeyer et al., 1999). It is possible that a decrease in editing at the Q/R 

site in the GluR-B transcript could be a cause of neuronal cell death in various human 

neuropathies. Indeed reduction of ADAR2 and the subsequent reduction in editing of 

the Q/R and R/G sites in the GluR-B transcript has been observed in glioblastoma 

induced epilepsies (Maas et al., 2001). Another disease associated with glutamate 

toxicity is the motorneuron disease sporadic amytrophic lateral sclerosis (ALS) 

(Carriedo et al., 1996; Lu et al., 1996; Spreux-Varoquaux et al., 2002). Dissected 

motorneurons from sporadic ALS patients express GluR-B transcripts that have 

decreased editing at the Q/R site, it is possible that this contributes to the high influx 

of calcium that leads to neuronal cell death (Kawahara et al., 2006). Reduced editing 

at the Q/R site of the GluR-B transcript has also been found in the prefrontal cortex 

of Alzheimer’s patients and schizophrenic patients, and also in the striatum of 

Huntington’s patients (Akbarian et al., 1995). A reduction in editing at the Q/R site 

of the GluR-B pre-mRNA also decreases the levels of the mature GluR-B transcript 

(Higuchi et al., 2000). This will result in an increase in the number of AMPA 

receptors that do not contain GluR-B. The resulting increase in intracellular calcium 

caused by the decrease in editing of the Q/R site in the GluR-B transcript has the 

potential to induce cellular cascades that result in neuronal insult and possibly cell 

death.  

 

To date no human ADAR2 mutations have been reported, however mutations 

in the ADAR1 gene have been identified in patients suffering from the pigment 

disorder dyschromatosis symmetrica hereditaria (DSH) (Miyamura et al., 2003). 

More than forty mutations have been reported, all are heterozygous and most are loss 

of function (Li et al., 2004; Liu et al., 2004; Suzuki et al., 2005; Suzuki et al., 2007; 

Zhang et al., 2004). In rare cases, patients carrying an ADAR1 mutation suffer from 
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neurological diseases such as mental dystonia (Patrizi et al., 1994; Tojo et al., 2006). 

The onset of mental dystonia has been associated with glutamine excitotoxicity 

(Nobrega et al., 2002). It is possible that the mutations in ADAR1 could increase 

ADAR1 binding to the Q/R site thereby interfering with ADAR2 activity. Another 

possibility is that mutant forms of ADAR1 and wild-type ADAR2 form 

heterodimers, which are known to be very stable and interfere with ADAR2 editing 

activity (Chilibeck et al., 2006) and so it is possible that this neurological disease is 

due to a decrease in editing of the Q/R site caused by a mutation in ADAR1.  

 

The serotonin 2C receptor is a G protein coupled receptor that has been 

associated with mental disorders such as major depression and schizophrenia 

(Castensson et al., 2003; Iwamoto and Kato, 2003). ADAR1 edits sites A and B of 

the serotonin 2C receptor transcript whereas ADAR2 edits site D (Burns et al., 1997; 

Liu et al., 1999; Wang et al., 2000). Reduced editing of the ADAR1 site, site A, was 

identified in depressed suicide victims (Gurevich et al., 2002), and in schizophrenic 

suicide victims but not in schizophrenic patients (Niswender et al., 2001). However a 

reduction in editing of all five sites in the serotonin 2C receptor transcript was 

detected in different cohort of patients with schizophrenia (Sodhi et al., 2001). One 

problem with these studies is that small patient numbers were used to analyse the 

editing of the transcript coding for serotonin 2C receptor. 

 

The expression of the long isoform of ADAR1 is induced by interferon 

(George and Samuel, 1999; Patterson and Samuel, 1995; Patterson et al., 1995). 

Interferon plays a role in the inflammation response and an increase in ADAR1 

expression has been observed in human inflammatory diseases and in mouse models 

of inflammation (Kabir et al., 2002; Yang et al., 2003a; Yang et al., 2003b). For 

example systemic lupus erythematosus (SLE) is an inflammatory disease associated 

with high levels of interferon (Hooks et al., 1979; Ronnblom and Alm, 2001). SLE is 

caused by an imbalance between the helper T cells and the cytotoxic T cells (Dayal 

and Kammer, 1996). T cell activity is dependent upon the adenyl cyclase /cAMP / 
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protein kinase A (AC/cAMP/PKA) signalling pathway. PKA consist of two 

isozymes, type I PKA and type II PKA. A reduction of type 1 PKA activity was 

found within a cohort of lupus patients, and was found to be due to decreased levels 

of the α and β regulatory subunits (RIα and RIβ of type) of type 1 PKA (Kammer, 

1999; Laxminarayana et al., 1999). Mutations in the transcripts of RIα were found in 

patients with SLE, these included a high number of single nucleotide substitutions, 

mainly T-C and A-G (Laxminarayana and Kammer, 2000; Laxminarayana et al., 

2002). An increase in ADAR1 expression in T cells has been observed in cases of 

SLE and this lead to the suggestion that ADAR1 may be mediating the A-G changes 

observed in the RIα  transcript (Laxminarayana et al., 2002). To assay for ADAR 

activity in T cells of SLE patients, the editing pattern of the ADAR2 transcript was 

sequenced (Laxminarayana et al., 2007). ADAR1 and ADAR2 are both known to 

edit the ADAR2 transcript (Dawson et al., 2004; Rueter et al., 1999). Editing of an 

ADAR1 specific site was observed only in the T cells of SLE patients and not in the 

T cells of normal patients (Laxminarayana et al., 2007), suggesting that there was an 

increase in ADAR1 activity in this cohort of SLE patients. 

 

 

1.7 Drosophila Adar 
In Drosophila there is only one ADAR enzyme. ADAR is expressed from the 

X chromosome and shows most homology with ADAR2 (Casey and Gerin, 1995; 

Ma et al., 2001; Palladino et al., 2000a). ADAR consists of a deaminase domain and 

two dsRNA binding domains (dsRBD) (Figure 1.2). The expression of the two major 

ADAR isoforms is developmentally regulated from an early and a late promoter 

(Figure 1.4). The early promoter constitutively expresses Adar 3a at low levels. The 

Adar 3a transcript contains exon 3a and this creates a greater distance between the 

two dsRBDs (Palladino et al., 2000a). The late promoter is stronger and expresses 

the Adar 3/4 isoform from larvae through to adulthood (Ma et al., 2002; Palladino et 

al., 2000a). The temporal expression of the two Adar transcripts overlap, and it has 
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been shown that ADAR 3a and ADAR 3/4 can function as heteromers (Gallo et al., 

2003). Additional diversity in ADAR isoforms results from ADAR mediated editing 

in the catalytic domain of the Adar 3/4 transcript. The self-editing site, termed the 

S/G site (Figure 1.4), changes the codon from a serine to a glycine and this results in 

an enzyme with reduced activity (Keegan et al., 2005; Palladino et al., 2000a).   

 

 

1.8 Drosophila Adar mutants 
The previously described Adar deletion mutants have behavioural problems 

that lead to uncoordinated locomotion, sterility, conditional lethality, sensitivity to 

oxidative stress, and degeneration of the CNS (Chen et al., 2004; Ma et al., 2001; 

Palladino et al., 2000b).  The Drosophila Adar 1F4 mutant (Figure 1.4) contains a 

deletion within the promoter region and was generated by the mobilisation of a 

nearby P element (Palladino et al., 2000b). The Adar 1F4 mutant is a hypomorph, 

and the locomotion phenotype is rescued by the GAL4 driven expression of the 

unedited form of Adar 3/4, (Adar 3/4 G) (Keegan et al., 2005). In addition to the 

behavioural phenotype the Adar 1F4 mutant undergoes age-related 

neurodegeneration that is characterised by neuropil vacuolisation of the retina at 30 

days, and of the optic lobe and the central brain by 50 days (Palladino et al., 2000b). 

The second Adar mutant described, hypnos2, was isolated in an EMS mutagenesis 

screen assaying for susceptibility to anoxia. The hypnos2 mutant expresses an ADAR 

enzyme that lacks part of the second dsRBD and part of the deaminase domain (Ma 

et al., 2001). The hypnos2 mutant also suffers from age-related neurodegeneration, 

however rather than the neuropil vacuolisation that is observed in the Adar 1F4 

mutant, neuronal cell death was observed in the cortical lamina (Ma et al., 2001).  

 

One of the main aims of this PhD was to investigate the neurodegeneration 

observed in Adar mutants, using a variety of imaging techniques. Therefore, before I 

go onto describe the transcripts that are edited by ADAR in Drosophila I will briefly 
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describe the Drosophila central nervous system and other Drosophila models of 

neurodegeneration. 

 

 

 

 

 

 
 

 

Figure 1.4. The deletions and spliced isoforms of Drosophila Adar. 

Drosophila Adar is located on the X chromosome. Expression is developmentally regulated 

at two promoters and results in two major isoforms, ADAR 3a and ADAR 3/4.   ADAR 3/4 

and not ADAR 3a edits its own transcript, this site is marked with an asterisk. The two Adar 

mutants Adar1F4 and Adar5G1 were generated by the mobilisation of a nearby P element 

(Palladino et al., 2000b). The breakpoints in the Adar1F4 mutant strain affected only the  

promoter region. The Adar5G1 mutant strain bears a deletion that removes a large piece of 

genomic DNA that was thought would cover the entire Adar gene. However prior to this 

thesis the full extent of the Adar5G1 deletion was unknown. Figure adapted from Palladino et 

al 2000b. 

 
 

 23



Chapter 1: Introduction 

 24

1.9 Drosophila neurobiology  
The antennal lobes are the most frontal part of the Drosophila brain. Posterior 

to the antennal lobes is the midbrain, which is made up of the protocerebrum, 

duetocerebrum and the tritocerebrum. The tritocerebrum is part of the sub-

oesophageal ganglion and contains the axons that connect the ventral side of the 

brain to the dorsal side. The duetocerebrum contains the antennal lobes and the 

mechanosensory neuropil behind the antennal lobes, which receives non-olfactory 

input from the antennae. Finally the optic lobes are connected to the protocerebrum 

via the optic bundles, which include the optic tract, the optic peduncle and the optic 

tubercles (Figure 1.5A) (Strausfeld, 1976).  

 

The antennal lobes are part of the olfactory system. The antennal olfactory 

receptor neurons (ORNs) express one out of the 62 odorant receptors (OR) (Clyne et 

al., 1999; Vosshall et al., 1999). The axons of the ORNs project along the antennal 

nerve to the antennal lobe and innervate one of the fifty separate glomeruli (Couto et 

al., 2005; Kondoh et al., 2003; Laissue et al., 1999). Generally one antennal lobe 

glomerulus is innervated by ORNs expressing the same class of OR (Couto et al., 

2005; Fishilevich and Vosshall, 2005; Vosshall et al., 2000). Surrounding the 

antennal lobes are the neuronal cell bodies of the projection neurons (PNs) (Stocker 

et al., 1990). The dendrites of the PNs innervate specific glomeruli (Jefferis et al., 

2001). The axons of the PNs project to the mushroom body (MB) calyces and the 

lateral horn (Jefferis et al., 2001; Stocker et al., 1990; Wong et al., 2002).  

 

The olfactory network is known to establish synaptic connections with the 

calyces of the MBs. Genetic data on the olfactory system and MBs show that both 

structures are necessary for courtship behaviour (Hildebrand and Shepherd, 1997; 

Kondoh et al., 2003; McBride et al., 1999). Chemical ablation of the MBs and MB 

structural mutants disrupt olfactory learning and memory (de Belle and Heisenberg, 

1994; Heisenberg et al., 1985). In order to process olfactory learning and memory the 

MB depend upon the cAMP-signalling pathway (Connolly et al., 1996; Zars et al., 
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2000). The MBs are a paired tripartite structure that is symmetrical on either side of 

the sagittal midline (Crittenden et al., 1998; Technau and Heisenberg, 1982). It 

consists of the MB calyces, the pedunculi and the MB lobes (Figure 1.5B). The 

calyces lie in the dorso-posterior cortex and are surrounded by approximately 2500 

neuronal cell bodies (Kenyon cells) which arise from four neuroblasts (NBs) (Ito et 

al., 1997; Kenyon, 1896; Technau and Heisenberg, 1982). Each NB divides to give 

rise to five classes of Kenyon cells (KCs):  γ, α’/β’, pioneer α / β, early α / β and late 

α / β (Lee and Luo, 1999; Zhu et al., 2003). The dendrites of the KCs project into the 

calyx. In the calyx the KC dendrites, arising from each of the four NBs, separate into 

four domains, with only some overlap at adjoining domains (Ito et al., 1997; 

Strausfeld, 2002; Zhu et al., 2003). In addition to the four domains there is a fourfold 

region that is innervated by dendrites from all four KC clones (Zhu et al., 2003). 

More recently it was shown that the dendrites in the calyx are further organised into 

seventeen domains, each of which is defined by the class of the KCs (Lin et al., 

2007). There is also stereotypy of the PN innervating the calyx, as they only send 

their projections to domains containing dendrites from a specific class of KC (Lin et 

al., 2007). 

 

The axons of the KCs project anteriorly through the peduncle until the 

anterior edge of the brain where the peduncle separates out into five lobes, two dorsal 

lobes (α and α’) and three medial lobes (β, β’ and γ) (Crittenden et al., 1998). The 

MB lobes are connected to other regions of the brain. Efferent neurons project onto 

the inferior medial and superior lateral protocerebrum, and also inferior neurons and 

afferent neurons that originate from the protocerebrum synapse onto the MBs (Ito et 

al., 1998). Fourth order interneurons project from the KC axons into the ventral 

nerve cord (Strausfeld, 1976).  
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Figure 1.5: Schematic of the Drosophila brain. 

A: The antennal lobes (ant lob) are the most anterior structure of the frontal brain, they 

receive olfactory signals from the antennal nerve (ant n). The α lobe of the MB is visible as 

is the lateral horn (l ho). The lamina (la), the medulla (me), the lobulla (lo) and the lobulla 

plate (lo p) make up the optic lobe and are connected to the central brain via the optic tract 

(op t) and the optic peduncle (op ped). Figure adapted from Strausfeld, 1976. B: Olfactory 

receptor neurons (ORNs) are sent to the antennal lobe via the antennal nerve (ant n). ORNs 

expressing one class of olfactory receptor (OR) innervate a specific glomerulus in the 

antennal lobe. Dendrites of projection neurons (PNs) stereotypically innervate specific 

glomeruli and relay the information to higher centres in the brain via three antennal nerves. 

The inner-antenno-cerebral tract (iACT) projects PN axons to the mushroom body (MB) 

calyx (ca) and the lateral horn (l ho). The middle cerebral-cerebral tract (mACT) branches 

from the iACT, and sends axons to the lateral horn, and some to the MB calyx. The outer 

cerebral-cerebral tract (oACT) sends PN axons to the inferior lateral protocerebrum (I l pr). 

The MB is a paired tripartite structure that consists of the calyx (ca), the peduncle (ped), and 

the MB lobes. The Kenyon cells project their dendrites into the calyx and send their axons 

anteriorly through the peduncle, at which point the axons separate into five lobes, the dorsal 

lobes (α and α’) and the medial lobes (β, β’, and γ). Figure adapted from Ito et al., 1998 and 

Crittenden et al., 1998.  
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Figure 1.5: Schematic of the Drosophila brain. 
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In between the MB lobes lies the central complex (CC). The CC lies over the 

midline of the brain and is made up four neuropil sub-structures, the fan-shaped 

body, the ellipsoid body, the protocerebral bridge, and the paired noduli (Figure 1.6). 

The CC is associated with two accessory areas, the ventral bodies and the lateral 

triangles (Hanesch et al., 1989; Power, 1943). The four neuropil sub-structures are 

interconnected via large-field and small-field neurons, whereas the sub-structures are 

connected to the accessory areas and regions in the protocerebrum mainly via the 

large-field neurons (Hanesch et al., 1989). Drosophila mutants that disrupt the 

structure of the protocerebral bridge, the fan-shaped body, and the ellipsoid body 

walk less and walk slower than wild-type control strains (Hotta and Benzer, 1972; 

Pielage et al., 2002; Strauss et al., 1992). Moreover the CC is involved in eliciting 

the correct movements in response to gravitational pull (Baker et al., 2007). As well 

as controlling walking speed the CC, which is the only symmetrical structure across 

the sagittal midline of the brain, controls locomotion in a straight line (Strauss et al., 

1992).  

 
 

Figure 1.6: The central complex. 

The central complex consists of four neuropil structures. The fan-shaped body (fs b), the 

ellipsoid body (eb) the protocerebral bridge (pro br) and the noduli. The small-field 

neurons mainly interconnect the four sub-structures whereas the large-field neurons also 

connect the central complex to other points in the brain.   
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The CC plays a role in controlling locomotion in response to visual, tactile or 

motor inputs (Baker et al., 2007; Wolf et al., 1998) however the main network that 

controls locomotion is in the thoracic ganglion. Little is known about the 

neuroanatomy involving visual input, locomotion and flight. One network that has 

been investigated is the giant fibre (GF) system, which is involved in the escape 

response (Levine and Wyman, 1973; Trimarchi and Schneiderman, 1995a; Trimarchi 

and Schneiderman, 1995b). The GF network is a symmetrical network of 

interneurons that process visual information to the motorneurons in the thoracic 

ganglion (King and Wyman, 1980; Koto et al., 1981; Thomas and Wyman, 1984). 

The adult GF neuronal cell bodies are located at the posterior edge of the brain, 

(Koto et al., 1981; Phelan et al., 1996). A thin neurite extends anteriorly from the GF 

neuronal cell bodies and branches out into the main GF axon and three dendritic 

processes (one large and two minor). The large ipsilateral process projects into the 

deutocerebrum (antennal lobes) where they send out short spiny arborisations, one of 

the minor process extends dorsomedially and the second projects ventrolaterally 

(Koto et al., 1981; Phelan et al., 1996). The two sides of the GF system in the central 

brain are connected by giant commissural interneurons (GCI) via connections 

between the GCIs and the minor dorsomedially projecting dendrite (Phelan et al., 

1996) (Figure 1.7).  

 

The large GF axon projects anteriorly and exits the brain through the cervical 

connective into the thoracic ganglion (Koto et al., 1981; Phelan et al., 1996) (Figure 

1.7). The thorax consists of three segments, the prothorax neuromere (T1), 

mesothorax neuromere (T2), and the metathorax neuromere (T3). Each segment is 

attached to a pair of legs, the wings are connected to the mesothorax and the halteres 

to the metathorax (Ferris, (1950)). The GF axon extends through T1 and into T2 

where it bends out to the ventrolateral edge of the ganglion (Koto et al., 1981; Phelan 

et al., 1996).  
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Figure 1.7: The Drosophila giant fibre system. 

The giant fibre neuronal cell bodies lie on either side of the midbrain at the posterior edge. A 

small neurite extends from the neuronal cell body and gives rise to the three dendritic 

branches and a large axon. The large dendritic branch extends anteriorly and arborises in the 

duetocerebrum including the antennal lobes. The minor dorsomedial process projects onto 

the interneurons of the giant commissural interneurons (GCI). The third dendritic branch 

projects ventrolaterally and is not shown here. The GF axons projects onto the T2 segment of 

the thoracic ganglion, where it synapses directly onto the TTMn neurons, and indirectly onto 

the DLM neurons via the PSI neurons. Figure adapted from (Allen et al., 2006). 
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In the T2 segment of the thoracic ganglion, the GF axon directly synapses on 

to the tergotrochanteral (jump) muscle motorneurons (TTMns) and indirectly to 

dorsal longitudinal flight muscles (DLMs) motorneurons via the periphery synapsing 

interneurons (PSI) (King and Wyman, 1980; Phelan et al., 1996).  GF-TTMn 

synapses are only electrical, GF-PSI synapses are electrical and chemical (Blagburn 

et al., 1999; King and Wyman, 1980; Phelan et al., 1996; Tanouye and Wyman, 

1980), whereas the PSI-DLMs synapses are chemical (Blagburn et al., 1999; King 

and Wyman, 1980). In particular the PSI-DLMs are cholinergic (Gorczyca and Hall, 

1984). Mutants that disrupt the GF network include the shaking-B (neural) transcript 

(Phelan et al., 1996), which affects various behaviours such as feeding (Balakrishnan 

and Rodrigues, 1991), grooming (Phillis et al., 1993) and visual signal transduction 

(Homyk et al., 1980) and are the result of the loss of gap junction formation at the 

electrical synapse (Phelan et al., 1996). After a mechanical shock the mutant easily 

shocked (eas) undergoes a burst of hyperactivity in the legs and wings before 

becoming paralysed (Pavlidis et al., 1994). This phenotype is common to the bang 

sensitive mutants (Ganetzky and Wu, 1982a; Ganetzky and Wu, 1982b; Pavlidis et 

al., 1994). The hyperactivity in the bang-sensitive mutants is due to the aberrant 

signalling in the GF network  (Pavlidis et al., 1994; Pavlidis and Tanouye, 1995).  

 

It is well established that the jump and flight escape response mediated by the 

GF pathway is stimulated by visual cues (Levine and Wyman, 1973; Trimarchi and 

Schneiderman, 1995a; Trimarchi and Schneiderman, 1995b).  The visual system is 

made up of the compound eye and the optic lobe. The compound eye comprises of 

approximately 750 ommatidia, each of which contains eight photoreceptor cells (R1-

R8) and twelve auxiliary cells (Wolff and Ready, 1993) (Figure 1.8). The outer 

photoreceptor cells R1-R6 span the length of the ommatidium and surround the inner 

photoreceptor cells, R7 or R8, which are in the distal and the proximal region of the 

ommatidium, respectively. The rhabodomere of each photoreceptor expresses a 

specific form of the visual pigment rhodopsin. R1-R6 express the Rh1 ospin (ninaE), 

which detects a broad range of light (Feiler et al., 1988; O'Tousa et al., 1985; Zuker 
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et al., 1985). R7 express the UV sensitive opsins Rh3 or Rh4, and R8 expresses the 

blue sensitive opsins Rh5 or Rh6 (Salcedo et al., 1999).  

 

 

 

 
 

Figure 1.8: The Drosophila ommatidium. 

The outer layer of the compound eye is made up of many lenses, directly underneath each 

lens is the pseudocone, which rests at the top of the ommatidium. Each ommatidium consists 

of eight photoreceptor cells, R1-R8 and 12 accessory cells. R1-R6 span the length of the 

ommatidium, whereas R7 is only found in the distal region of the ommatidium and R8 in the 

proximal region. The visual pigment rhodopsin is expressed in the rhabdomere of the 

photoreceptor. The accessory cells are the primary, secondary and tertiary pigment cells. The 

axons of R1-R6 innervate the lamina and R7 and R8 directly synapse onto the medulla. 

Figure adapted from Wolff and Ready, 1993. 
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The photoreceptors extend into the neuropil of the optic lobe, which can be 

sub-divided into four optic neuropils: lamina, medulla, lobulla and lobulla plate 

(Figure 1.5A) (Fischbach and Dittrich, 1989; Meinertzhagen and Hanson, 1993). The 

outer photoreceptor cells form a bundle of axons which synapse onto the columnar 

neurons of the lamina (Meinertzhagen and Hanson, 1993; Strausfeld, 1976). R7 and 

R8 extend through the lamina and terminate in the columnar segments of the medulla 

(Meinertzhagen and Hanson, 1993; Strausfeld, 1976) (Figure 1.9). Each column in 

the medulla is innervated by the R7 and R8 neurons and the lamina neurons that are 

post-synaptic to the R1-R6 neurons (Fischbach and Dittrich, 1989). Each column is 

divided into ten layers, defined by the arborisation patterns of the columnar neurons 

of the lamina, the R7 and R8 photoreceptor cells, and tangential neurons. The lamina 

neurons project into layers M1-M5, R7 projects into M6 whereas R8 projects into 

M3 (Figure 1.9). The medulla and the lamina are both connected to the central brain 

via the optic tract, optic peduncle, and the optic tubercles, which synapse at optic foci 

in the central brain and connect to descending neurons of the thoracic ganglion 

(Strausfeld, 1976). Little is known about the neuronal pathways that connect the 

optic lobe to the central brain, but it is known that tangential neurons that defines the 

M7 layer of the medulla project into the optic tract (Fischbach and Dittrich, 1989) 

and visual projections neurons project from the lamina to the ventro lateral 

protocerebrum (Otsuna and Ito, 2006). 
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Figure 1.9: The lamina and medulla of the Drosophila optic lobe. 

All four of the optic neuropils (lamina, medulla, lobulla, and lobulla plate) are segmented 

into columns. In the lamina the columns are called cartridges (blue pentagons represent one 

cartridge). The outer photoreceptor cells form a bundle of axons which spans from each 

ommatidium to a retinotopic point in the lamina, where they synapse onto the columnar 

neurons of the lamina (L1-L5), forming the cartridge (Meinertzhagen and Hanson, 1993; 

Strausfeld, 1976). The outer photoreceptor cells, R6-8 extend through the lamina and 

terminate in the columnar segments of the medulla (Meinertzhagen and Hanson, 1993; 

Strausfeld, 1976). Each column in the medulla is innervated by the R7 and R8 neurons and 

the lamina neurons post-synaptic to the R1-R6 neurons (L1-L5) (Fischbach and Dittrich, 

1989). Each column is divided into ten layers, defined by the arborisation patterns of the 

columnar neurons of the lamina and the R7 and R8 photoreceptor cells (only M1-M6 are 

shown here). The lamina neurons project into layers M1-M5, R7 projects into M6 whereas 

R8 projects into M3 (Fischbach and Dittrich, 1989). Figure adapted from (Ting and Lee, 

2007). 
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1.10 Drosophila models of neurodegeneration 
There are two types of Drosophila models for neurodegenerative disease, the 

first type expresses human pathological proteins that are known to cause 

neurodegeneration in humans. These include a Drosophila model expressing the 

mutant form of human Tau, which causes age-related neurodegeneration without the 

formation of the neurofibrillary tangles that are associated with the human disease 

(Wittmann et al., 2001). The Aβ peptides, found in Alzheimer’s disease, also 

produce Aβ aggregates in Drosophila and result in vacuole formation in the synaptic 

neuropil (Crowther et al., 2005). Other human neuropathies modelled in Drosophila 

include the CAG trinucleotide repeat expansions. CAG trinucleotide expansions 

occur in the coding sequence of genes and produce proteins containing a 

polyglutamate (polyQ) expansion, this occurs in the Huntingtin gene and causes 

Huntington’s disease (Jackson et al., 1998; Pandey et al., 2007; Warrick et al., 1998). 

All of the discussed human neurodegenerative diseases are called proteinopathies as 

the pathogenic protein form nuclear protein aggregates. The clearance of these 

protein aggregates is dependent upon autophagy (Berger et al., 2006; Kegel et al., 

2000; Ravikumar et al., 2002; Webb et al., 2003). 

 

Autophagy is a cell death mechanism that occurs naturally during many 

developmental processes, for example during the death of the pupal salivary glands 

in Drosophila (Jochova et al., 1997; Lee and Baehrecke, 2001). The process 

commences with the sequestration of cytoplasm and damaged organelles into a 

double membrane bound vesicle called an autolysosome (Dunn, 1990a; Mizushima 

et al., 2001). The autolysosome fuses with a lysosome, which contains the enzymes 

required for degradation (Dunn, 1990b). There are morphological differences 

between autophagy and apoptosis. Apoptosis or type I programmed cell death (PCD) 

is characterised by the condensation of the nucleus and cytoplasm, and DNA 

fragmentation, however organelles are maintained until late in the apoptotic process. 

In autophagy, or type II PCD, the organelles are degraded in the early stages of cell 

death and DNA fragmentation does not occur until late in the process, if at all 
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(Schweichel and Merker, 1973). Generally, autophagy occurs at a low level; 

however, when the cell is under stress autophagic activity is increased (Scherz-

Shouval and Elazar, 2007).  

 

The protein mTOR (the mammalian target of rapamycin) is a protein kinase 

that was originally isolated in yeast as a target of the drug rapamycin (Heitman et al., 

1991). mTOR is involved in many signalling pathways, one of which is the inhibition 

of autophagy (Blommaart et al., 1995; Noda and Ohsumi, 1998). Rapamycin can 

inhibit mTOR and induce autophagy to alleviate the toxicity of mutant Huntingtin 

aggregates formed in cell culture (Noda and Ohsumi, 1998; Ravikumar et al., 2002), 

and also in Drosophila and mouse models of Huntington’s disease (Ravikumar et al., 

2006; Ravikumar et al., 2004). Rapamycin also induces autophagy and removes 

protein aggregates in Drosophila Tau induced neurodegeneration and in a 

Drosophila model for Parkinson’s disease (Berger et al., 2006; Webb et al., 2003).  

 

There are 27 genes known to be involved in the control of autophagy 

(Klionsky et al., 2003). The gene product of ATG8 (Autophagy related gene 8) 

reversibly conjugates to the autophagosomal membrane (Ichimura et al., 2000), the 

conjugation and release from the autophagosomal membrane is dependent upon 

ATG4 (Autophagy related gene 4) (Kirisako et al., 2000). It would seem that ATG4 

is regulated by changes in REDOX potential (Scherz-Shouval et al., 2003). The 

production of H2O2, a reactive oxidation species (ROS), close to the mitochondria, 

inhibits ATG4 allowing ATG8 to remain on the maturing autophagosome, at the 

lysosome. When the concentration of H2O2 is low, ATG4 is active and removes 

ATG8 from the autophagosome, recycling ATG8 and hence promoting autophagy 

(Scherz-Shouval and Elazar, 2007). ROS such as H2O2 are the damaging 

intermediates formed during the reduction of oxygen into water, this occurs in the 

mitochondria and the damaging ROS can leak out into the cytoplasm (Beal et al., 

2005). Neurodegenerative diseases such as those caused by the excitatory amino 

acids can alter the intracellular calcium concentration (Frandsen and Schousboe, 
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1993). Increase in intracellular calcium can activate several enzymes that promote 

the production of endogenous ROS (Kowaltowski et al., 1995). Furthermore 

excitotoxic neuronal cell death has been associated with increase in intracellular 

calcium and the production of ROS (Ankarcrona et al., 1995; Bonfoco et al., 1995). 

This suggests a possible links between neurological diseases due to ion channels 

(channelopathies), an increase in ROS and an increase in autophagy.  

 

The second type of Drosophila models for neurodegeneration consist of 

Drosophila strains bearing mutations in endogenous genes. Many of the endogenous 

genes linked to Drosophila neurodegeneration are associated with a vacuolar 

phenotype. For example mutations in the Vacuolar medulla (Vam) gene forms 

vacuoles in the distal medulla soon after eclosion, and this results in a loss of motion-

dependent visual functions (Coombe and Heisenberg, 1986). Fly strains expressing 

mutant alleles of the negative regulator of Ras signalling Vap, also show 

vacuolisation of the CNS (Botella et al., 2003). In 1997, Min and Benzer identified 

two vacuolar mutants: sponegcake and eggroll that show structures analogous to 

those found in human neurodegenerative disorders. In the 13-day old brain of the 

spongecake mutant, vacuoles form in the optic lobe and resemble the membrane 

bound vacuoles present in Creutzfeldt-Jakob disease. In 10-day-old brains of the 

eggroll mutant, vacuoles are widespread and multilamellar structures similar to Tay 

Sachs disease are detected in the brain (Min and Benzer, 1997). Mutations in the 

swiss cheese gene also results in a vacuolar phenotype (Kretzschmar et al., 1997; 

Muhlig-Versen et al., 2005). swiss cheese is expressed in neurons and in glial cells 

and shares identity with the human protein neuropathy target esterase (NTE), which 

is thought to be involved in membrane lipid homeostasis (Zaccheo et al., 2004). This 

suggests that in the swiss cheese mutant, membrane lipid homeostasis may contribute 

to the vacuolisation process. Other mutants such as benchwarmer, which is thought 

to be a lysosomal, sugar carrier, was shown by transmission electron microscopy 

(TEM) to have increased numbers of vesicular structures that are involved in 

autophagy (Dermaut et al., 2005). This indicates that autophagy is not only observed 
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in Drosophila models expressing human pathogenic protein but also that mutations 

in Drosophila genes can induce it.   

 

 

1.11 ADAR targets in Drosophila  
In Drosophila initial evidence for edited transcripts arose by chance. These 

transcripts encoded the RNA binding protein 4f (4f-rnp) (Petschek et al., 1996) and 

the transcript encoding the alpha 1 subunit of the voltage-gated calcium channel, 

cacophony (Smith et al., 1998). The 4f-rnp gene encodes an RNA binding protein 

whose molecular function is unknown. The 4f-rnp transcript base pairs with a 

convergentally transcribed transcript, sas-10 (something about silencing-10) (Peters 

et al., 2003). The double-stranded  RNA generated by the base pairing of 4f-rnp and 

sas-10 is hyperedited on both strands, despite this, editing is only ever found in one 

transcript per RNA duplex (Peters et al., 2003; Petschek et al., 1996). cacophony is 

involved in the Drosophila male courtship song, the transcript coding for cacophany 

is edited at eleven sites, ten of which result in amino acid changes (Peixoto and Hall, 

1998; Smith et al., 1998). Other transcripts that were found by chance to be edited by 

ADAR include the transcript encoding the voltage-gated sodium channel, para 

(Hanrahan et al., 1999), and the DrosGluCl-α transcript, which encodes a subunit of 

the glutamate-gated chloride channel (Semenov and Pak, 1999). Also the transcript 

encoding the Dα6 subunit of the nicotinic acetylcholine receptor (nAChR) (Grauso 

et al., 2002), and the transcript encoding Shab a subunit of the Kv2 gene subfamily 

of voltage-gated potassium channels  (Bhalla et al., 2004) were found, by chance, to 

be edited by ADAR.  

 

In order to elucidate ADAR function in Drosophila several groups have 

attempted to identify edited transcripts both experimentally (Xia et al., 2005) and 

bioinformatically (Hoopengardner et al., 2003; Stapleton et al., 2002; Stapleton et al., 

2006). Xia and colleagues enriched for inosine containing mRNAs and hybridised 

the resulting fraction onto microarrays (Xia et al., 2005). This identified a potential 
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500 mRNAs edited by ADAR. Sixty-two had potential A to G mismatches. From the 

twelve that were analysed, only seven were edited (Appendix I, Table AI.1). To date 

the bioinformatic screens that have searched for transcripts edited by Drosophila 

ADAR have been more prosperous. Introns are generally poorly conserved, however 

if they contain an ECS then these regions are highly conserved. Therefore 

Hoopengardner and colleagues searched for regions of high conservation in the 

introns of 900 neurally expressed genes in Drosophila melanogaster and Drosophila 

pseudoobscura and looked for nucleotide discrepancies between the transcript and 

the genome (Hoopengardner et al., 2003). This identified most of the editing sites 

already discovered by chance and uncovered sixteen new edited transcripts, most of 

which were present in transcripts encoding for proteins involved in synaptic 

signalling (Appendix I, Table AI.2). Stapleton and colleagues produced a collection 

of full-length cDNAs for the Drosophila Gene Collection (DGC) and in doing so 

revealed thirty putative edited transcripts in adult head cDNA clones (Stapleton et 

al., 2002; Stapleton et al., 2006).  Twenty-seven of these transcripts were later 

verified and categorised into seven classes of protein: ion channels, ion homeostasis, 

cytoskeletal proteins, signal transduction, vesicular trafficking, and proteins of 

unknown function (Stapleton et al., 2006) (Appendix AI, Table AI.3). Editing is not 

always 100% efficient and so when comparing ESTs with the genome it must be 

noted that the edited form may not always be the one cloned (Stapleton et al., 2006), 

therefore there may well be other edited transcripts that have yet to be found. 

Furthermore the screens in Drosophila, and in mammals, have aligned ESTs to the 

genome. Mammalian miRNAs can be embedded in the 3’UTR but many are located 

in introns (Rodriguez et al., 2004), therefore it is possible that the screens in 

Drosophila and human are biased against non-coding RNAs. There is still the 

possibility that non-coding RNAs are edited in Drosophila.   

 

Full sequencing of the sixteen transcripts that were identified as substrates for 

ADAR (Hoopengardner et al., 2003) revealed that two of these substrates, which  

encode ligand gated ion channels, contain sites that are edited at an efficiency of 
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100% (James Brindle, unpublished data). These are the Nic34E transcript that 

encodes a subunit of the nicotinic receptor channel and the Rdl transcript, which 

encodes a subunit of the GABA-gated receptor (Brindle, unpublished data). In mouse 

editing that is as efficient as 100% is only seen at the Q/R site of GluR-B transcript 

(Melcher et al., 1996a; O'Connell et al., 1997). Expression of the edited form of 

GluR-B in the ADAR2 KO is sufficient to rescue the ADAR2 KO phenotype (Higuchi 

et al., 2000). A second aim to my PhD was to determine if either the edited form of 

NIC34E or RDL could rescue the Adar mutant phenotype. I will now describe what 

is known about these receptors in Drosophila. 

 
 

Resistance to Dieldrin (RDL) 
GABA receptors are pentameric ligand-gated chloride channels that are 

primarily inhibitory in the CNS (Ben-Ari et al., 1997; Lee et al., 2003a). The Rdl 

gene was identified because of a mutation in the gene that lead to insect resistance to 

dieldrin, and the gene was named accordingly (Ffrench-Constant et al., 1991; 

ffrench-Constant and Rocheleau, 1993). In Drosophila RDL is known to mediate fast 

and inhibitory signal transmission in the CNS (Lee et al., 2003a). Increased 

GABAergic signalling in the adult fly promotes convulsions, a decrease in 

locomotion and deficits in geotaxis (Leal and Neckameyer, 2002). Deletion of the 

Rdl gene in Drosophila is embryonic lethal (Stilwell et al., 1995). Control of 

locomotion is mediated by specific regions in the central complex, for example the 

ellipsoid body (Martin et al., 1999; Strauss and Heisenberg, 1993), which is a region 

that has been shown to express high levels of Rdl (Aronstein and Ffrench-Constant, 

1995; Harrison et al., 1996). Rdl is also present in the Drosophila medulla, lobulla, 

mushroom body, the antennal lobes and the thoracic ganglia (Aronstein and Ffrench-

Constant, 1995; Enell et al., 2007; Harrison et al., 1996). Strong immunoreactivity to 

RDL was also detected in the mushroom body of the blow fly (Brotz et al., 1997). 
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The RDL protein contains an extracellular N-terminal ligand binding domain 

and a transmembrane domain that contains four helical regions: TM1-4, with TM2 

lining the pore. Multiple splice forms of Rdl are produced in Drosophila, all differing 

at their external N-terminal domain (ffrench-Constant and Rocheleau, 1992). As well 

as alternative splicing, the transcript is edited at six sites (sites A-F), which is in turn 

developmentally regulated. Sites A and B are in the ligand binding domain, whereas 

sites C to F are in the transmembrane domain. Five of the editing events result in a 

change of amino acid (Figure 1.10). The embryonic transcript is edited only at site C 

at an efficiency of 80% and results in a change in the genomically encoded 

isoleucine into a valine. The larval transcript is also edited only at site C however the 

efficiency of editing at site C is increased to 100%. Editing at site C remains at an 

efficiency of 100% in the adult, and in addition, moderate editing is detected at five 

other sites (Brindle et al., unpublished data). 

 

 

Nicotinic Receptor Channel 34E (NIC34E) 
Nicotinic receptor channel subunits form pentameric ligand gated cation 

channels, which respond to the acetylcholine, the primary neurotransmitter in the 

Drosophila CNS. Unlike C. elegans, which has 30 or more nicotinic genes, 

Drosophila only has 10, moreover their expression is limited to neurons and they are 

excluded from the neuromuscular junction (Grauso et al., 2002; Gundelfinger and 

Hess, 1992; Lee and O'Dowd, 1999). The 10 genes can be subdivided into α subunits 

(Dα1-7) and non-α subunits (Dβ1-3).  Reconstitution of functional receptor channels 

in Xenopus oocytes have been unsuccessful, therefore the complete subunit 

composition of the receptor channel is unknown.  

 

The Dα5 gene encodes for the NIC34E protein, to date no invertebrate 

mutant of Nic34E has been reported. The choline acetyltransferase (Cha) and 

acetylcholinestase gene (Ace) synthesise and hydrolyse acetylcholine. Mutants of the 
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cholineacetyl transferase (Cha) result in embryonic lethality (Greenspan, 1980). 

Adult mosaic neurons that express mutants of the acetylcholinesterase gene (Ace) 

have a reduced volume and undergo degeneration (Greenspan et al., 1980; Kitamoto 

et al., 2000; Salvaterra and McCaman, 1985). Excitation of this pathway using 

volatised nicotine causes hyperactivity, spasmodic movements and in the most severe 

cases grooming and hypokenesis (abnormally slow movement) (Bainton et al., 2000). 

The fly strain w; Cha-GAL4 (19B), UAS-GFP S65T (Cha-GAL4 driver strain) 

expresses GAL4 under control of the cholineaceytl transferase gene (Salvaterra and 

Kitamoto, 2001). When the Cha-GAL4 driver strain was crossed to a UAS:GFP 

Drosophila strain the cholinergic nervous system was seen to extend through the 

CNS and PNS from the embryo to the adult (Salvaterra and Kitamoto, 2001). 

Immunohistochemical studies have revealed that there is strong acetylcholine 

transferase activity in the optic lobe (including the lamina cartridges) (Ikeda and 

Salvaterra, 1989), and in the neuropil of the brain including strong staining in the 

mushroom body calyces (Yasuyama et al., 1995).  

 

NIC34E contains an extracellular N-terminal ligand binding domain and a 

transmembrane domain. The transmembrane domain is sub-divided into four regions, 

TM1-4. TM2 lines the channel, a large extracellular loop, which links TM2 to TM3, 

has multiple phosphorylation sites (Swope et al., 1999).  Editing occurs at ten sites 

(sites A-J). Editing of sites A and B occur in the transmembrane domain, site A is a 

silent change whereas editing at site B results in an isoluecine to valine change. The 

editing frequency of sites A and B is 85% during embryogenesis and 100% in larvae 

and adult. Eight editing sites occur just outside of the transmembrane domain at the 

carboxy terminus, a region that is extracellular. Two sites in this cluster, site C and 

site I, are edited to 100% at all stages of development. Editing at site C results in a 

threonine to alanine change, whereas editing at site I results in an isoleucine to a 

valine change (Figure 1.10). 
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Figure 1.10: Editing of the Rdl and Nic34E transcripts. 

Editing of Rdl (A) and Nic34E (B) were assayed in the embryo, larvae, and in the adult male. 

In chromatograms A-I editing can be seen as both an A and G at the same position. The A 

and G peaks were measured and the percentage of A to I changes are represented on the bar 

chart. One site in the Rdl transcript (site C) is edited to 100% from larval stages onward. 

Two sites in the Nic34E transcript (sites A and B) are edited to 100% from larval stages and 

two sites (sites C and I) are edited to 100% throughout all stages of development (James 

Brindle, unpublished data). 
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1.12 Project outline 
The aims of this PhD were to analyse the neurodegenerative phenotype of the 

Adar mutant and determine which unedited transcripts cause the phenotype. In 

determining this it was hoped that the phenotype could be reversed by making 

transgenic flies encoding the edited transcript. 

 

The Drosophila Adar mutants described so far have been hypomorphic 

(Palladino et al., 2000b) or a loss of function allele (Ma et al., 2001). In this study I 

analysed the null allele, Adar5G1, which does not express any detectable levels of 

Adar transcript (Palladino et al., 2000b), and had previously been observed to have a 

stronger phenotype than the hypomorphic allele Adar1F4 (Liam Keegan, unpublished 

data). The Adar1F4 mutant suffers from age-dependent neurodegeneration from day 

30 onward. This opened the possibility that the Adar5G1 mutant would undergo 

neurodegeneration with an earlier age of onset. In order to investigate this I chose to 

use conventional histology techniques and a microscopy technique that had been 

developed in the MRC HGU called optical projection tomography, OPT (Sharpe et 

al., 2002). This technique allows the visualisation of the internal anatomy without the 

need for dissection or manual sectioning. For this PhD I aimed to optimise the 

technique for use in Drosophila, use it to detect neurodegenerative vacuoles from 

within the intact brain of the Adar5G1 mutant and show that it could be used to 

visualise global gene expression patterns in the entire fly. 

 

In order to elucidate the neurodegenerative phenotype of the Adar5G1 mutant I 

set out to examine the cellular biology of the aged Adar5G1 mutant brain. My aim was 

to use histology techniques to first identify the degeneration pattern in the brains of 

the Adar5G1 mutant. To confirm that the phenotype was specific to the Adar mutation 

I analysed the aged brain of the Adar5G1 mutant rescued by the GAL4 driven 

expression of Drosophila Adar and human ADAR1, ADAR2 and ADAR3. To 

investigate the vacuolisation process of the Adar5G1 mutant I used a variety of 

techniques to determine if programmed cell death caused the vacuolisation. In order 
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to identify the initial pathological phenotype of the vacuolisation process I used 

transmission electron microscopy (TEM) to classify the phenotypes observed in the 

aging brain of the Adar5G1 mutant.  

 

The final aim of the PhD was to test whether the two candidate ADAR target 

transcripts (Nic34E and Rdl) could rescue the Adar mutation. Numerous transgenic 

lines expressing edited forms of the Nic34E and Rdl transcripts were generated. The 

Rdl and Nic34E transgenes were expressed under the control of various GAL4 

drivers in the Adar mutant background and rescue of locomotion and 

neurodegeneration was assayed. In summary the main aims of this PhD were: 

 

1. Optimise OPT for use in Drosophila. 

 

2. Determine what type of neurodegeneration is found in the Adar5G1 mutant 

and show that it is specific to Adar. To determine if there is a similar type 

of human neuropathy that the Adar mutant could model.  

 

3. Test if the GAL4 binary system could be used to drive the expression of 

edited forms of candidate transcripts and rescue the neurodegenerative 

phenotype.  
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2.1. Drosophila methods 

Fly maintenance and fly strains 

All fly stocks were raised on standard corn meal-agar medium that was 

prepared by the technicians in the Michael Swann kitchen at Kings Building’s, 

University of Edinburgh. Fly stocks were maintained at 18oC and crosses were 

carried out at 25oC. Virgins were collected at 18oC. Flies used in the aging 

experiments were grown on drier medium that was not supplemented with yeast. A 

single fly was maintained in a vial and each vial was tipped on daily. The wild-type 

control strains used were w1118 or Canton S (CaS). The GAL4 driver lines and 

balancer lines were obtained from the Bloomington Stock Centre. The tau-β-

galactosidase enhancer trap (line 3,358) was kindly sent to us by Professor J Thomas 

at the Salk Institute (Callahan and Thomas, 1994). All of these flies, including those 

used in other experiments are listed in Table 2.1, markers linked to the balancer 

chromosomes that were used during this PhD are listed in Table 2.2.   
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Table 2.2: Markers linked to the balancers. 
 

Symbol Phenotype 

B+
 

Bar creates small eyes in the shape of kidney beans, and 

is linked to the FM6 and FM7 inversions. 

bwD brown-Dominant, produces a purple-brown eye colour. 

Cy Curly gives rise to curly wings. 

f 
forked, gives rise to short gnarled bent macrochaetae, 

microchaetae, and trichomes. 

Ly Lyra excises the lateral margins of the wings. 

Pin Pin gives rise to thin thoracic bristles. 

Sb Stubble, gives rise to short and thick thoracic bristles. 

Ser Beaded-Serrate produces a deep notch in both wings. 

w 
White is a loss of function mutation that eliminates red 

pigment and gives white eyes. 

wgSp-1
 

wingless mutants eclose without wings and have reduced 

halteres. This mutation is homozygous lethal. 

y yellow gives rise to yellow-brown body colour. 

 
 

Creation of transgenic fly lines 
 
 
Cloning strategy and preparation of the DNA 

The open reading frame of the gene of interest was amplified using PCR 

primers designed with SpeI overhangs (Table 2.3). The primers were designed to 

remove the start and the stop sites of the transcript. The PCR product was cloned into 

TEasy. Quickchange PCR was carried out on the TEasy clones. From TEasy the 

insert was subcloned into the SpeI sites in pUAST-FLIS6. The pUAST: FLIS6 vector 

had been engineered such that the open reading frame of the insert was expressed 

http://flybase.org/reports/FBal0190219.html
http://flybase.org/reports/FBal0190219.html
http://flybase.org/reports/FBal0015984.html
http://flybase.org/reports/FBal0015984.html
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with an amino terminal Flag epitope and a carboxy terminal HIS hexamer epitope. 

The pUAST-FLIS6 constructs were transformed into the chemically competent 

E.coli XL1 blue strain. Many of the pUAST-FLIS6 constructs expressed transgenes 

that were toxic to the E.coli XL1 blue strain. Therefore to overcome low plasmid 

yields the transformation mixture was spread onto six LB plates containing 

Ampicillin at 50μg/ml, and the plates were incubated overnight at 37oC. Qiagen P1 

buffer was added to the plate and the colonies were scraped off with a sterile 

spreader. This was then used to prep the DNA with the Qiagen midi plasmid prep kit. 

The pUAST-FLIS6 ADAR constructs and helper transposase plasmid, Δ2-3, were 

purified over a caesium chloride gradient (see below). The purified DNA was 

digested with appropriate enzymes to ensure the insert was present, and also with 

SalI to ensure the white gene was present in the constructs. 200-300 ng/ul of the 

construct was co-injected with 60-100 ng/ul of helper transposase plasmid, Δ2-3, into 

w1118 embryos. 

 

Table 2.3: Primers used for cloning the ORF of Nic34E and Rdl. 

 

Primer Sequence 

Nic34E 5’SpeI S. G. AAAGAACTAGTGAAAAATGCACAACTGACT 

Nic34E 3’SpeI S. G. ATATACTAGTGAGACAACAACATGTGGTGC 

Rdl 5’ SpeI S. G. ACCACACTAGTTGATTCAAAAATGGACAAG 

DROGABA 3’ SpeI. GACGCTCTACTCCTCGCCCAGAAGCAC 

 

 

Caesium chloride gradient 
The DNA was prepared using the QIAGEN midi prep kit as described above. 

The purified DNA was re-suspended in 2 ml of ddH2O and 2.5 g of caesium chloride 

was added to the mixture and was left to fully dissolve at 37oC for 10 minutes before 

adding 370 μl of ethidium bromide (10mg/ml). The DNA mixture was transferred to 
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ultracentrifuge tubes, which were heat sealed and then spun at 80 000 rpm for 16 

hours. The tubes were exposed to UV light and the lower band (supercoiled DNA) 

was removed using a syringe. 5 ml of water-saturated butanol was added to the DNA 

and the mixture was mixed vigorously. The layers were left to separate and the 

butanol layer, the top layer, was discarded. This was repeated until the ethidium 

bromide had been completely removed from the DNA. The DNA was dialysed 

against TE buffer (Section 2.9) at 4oC for 16 hours in BioDesignDialysis Tubing™ 

(D102). The DNA was lyophilised to concentrate. 

 

 

 

Microinjection of Drosophila embryos  
Newly eclosed flies from the white-eyed Drosophila strain, wl118, were fed on 

large yeasted grapefruit juice plates at 25oC in complete darkness. Initially the plates 

were changed 2-3 times a day for 2-3 days. This initial incubation ensured that 

injections were carried out when oviposition was high. When the flies were ready, 

they were fed on fresh grapefruit plates for 45 to 60 minutes at 25oC in the dark. The 

eggs were collected in wash buffer (0.7% NaCl, 0.03% Triton) and dechorionated in 

a 1 in 3 dilution of 5% bleach (SIGMA) for 3 minutes with gentle agitation. The 

embryos were aligned with heads facing outwards along a straight edge of agar and 

transferred onto a cover slip coated with scotch tape glue dissolved in heptane. The 

slides were dried in a desiccator for 10-12 minutes before being covered in 

Halocarbon oil (60% halocarbon 700: 40% halocarbon 95). The DNA was injected 

into the posterior end of the embryo, of stage-2 blastocysts. The injected embryos 

were incubated in a humidified chamber at 18oC for 2 days. Crawling larvae were 

collected and placed in fly food covered in wet yeast paste and were left to develop 

at 25oC. The newly eclosed adults were crossed individually to the white-eye line 

w1118. Some crosses produced progeny that expressed the selectable marker (white) 

these flies were crossed for balancing.  
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Balancing Transgenic lines 
The balancing stocks used were y, w; Pin/CyO for the second chromosome 

and y, w; Ly/TM3Sb for the third chromosome. The transgenic lines were crossed to 

both of these balancer lines in triplicate. Siblings hemizygous for the transgene and 

balancer were inbred, if no white-eyed flies were generated the transgene was 

balanced. Flies were maintained in the heterozygous state with the appropriate 

balancer. 

 
 
Expression of transgenes using the GAL4 driver system 

The GAL4 binary system (Brand and Perrimon, 1993) was used to express 

the transgenes in the Adar mutant backgrounds. Prior to the start of this project the 

Adar 1F4 and Adar5G1 mutant strains were combined with Actin5c-GAL4 and Cha-

GAL4 on the second chromosome (Table 2.4), by first crossing both the mutant 

strains and the GAL4 driver strains to a strain bearing a white FM6 balancer. This 

allowed w+ markers to be more easily followed. The strain used was ac-sc/w FM6 

Bar; hs-GAL4/CyO obtained from Professor Andrew Jarman, University of 

Edinburgh (Liam Keegan). For rescue experiments transgenic lines expressing the 

Drosophila Adar constructs, the human ADAR constructs, the Rdl constructs, and the 

Nic34E constructs were crossed into the mutant lines listed in Table 2.4. Rescue 

progeny were collected and analysed. For the RNAi experiments transgenic lines 

were generated that expressed ADAR1 EA (inactive), ADAR1 1-296, ADAR1 1-442, 

ADAR1 443-end, and ADAR2 ΔNLS, were crossed to a line expressing a long hairpin 

to white, GMR>wIR, which silences the endogenous white by the RNAi pathway 

(Lee and Carthew, 2003). 
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Table 2.4: Adar mutant driver lines. 

 

Adar5G1 driver lines Adar 1F4 driver lines 

Adar5G1; Cha-GAL4, UAS-EGFP Adar1F4; Cha-GAL4, UAS-EGFP 

Adar5G1; Actin5C-GAL4/CyO Adar1F4; Actin5C-GAL4/CyO 

 

 

 

Open field locomotion assay. 
Flies were collected using CO2 and left for one day to recover before carrying 

out this assay. They were placed in a 50mm petri dish, which had been divided into 

seven equal areas, one central and six peripheral. The dishes were tapped and the 

number of times a fly walked over a black line was recorded for a three-minute 

period. If Liam Keegan carried out the locomotion assays, then the number of lines 

crossed was counted over a two-minute period. This was repeated a further two times 

and the average number of lines crossed per three minutes was calculated. For each 

fly line at least ten individual flies were analysed. The average locomotion for each 

fly was plotted in Microsoft Excel in order to gain an average for each line. The 

standard deviation was calculated and from this the standard error (standard 

deviation/√sample number) was calculated. The values were plotted on a graph with 

standard error bars.  

 

Statistics 
Student T tests were performed on the locomotion data which produced an 

increase in Adar1F4 locomotion. If the sample numbers were equal the following 

equation was used: 
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t= t value 

x= sample mean 

S= standard deviation 

n=number in group 

1= group 1 

2= group 2 

 

If the sample numbers between the two datasets were not equal then the following 

equation was used: 

 

 
t= t value 

x= sample mean 

S= standard deviation 

n=number in group 

1= group 1 

2= group 2 

 

The degree of freedom was calculated by combining the number of data 

points in the two groups combined and subtracting 2. The number of degrees of 

freedom and the T value was used to determine the P value on a probability table. 
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When the datasets were not normally distributed a Kolmogorov-Smirnov (K-

S) test, which is non-parametric, was performed. This was done online at the 

following site: http://www.physics.csbsju.edu/stats/KS-test.html. 

 

 

2.2. Histology techniques. 
 

Processing Drosophila tissue for paraffin wax 

sectioning. 
For standard histology Drosophila heads were fixed at room temperature in 

Carnoy’s fixative (Section 2.9) for 4 hours. For detecting cell death the terminal 

deoxynucleotidyl transferase Biotin-dUTP nick end labelling (TUNEL) kit from 

Roche was used. Drosophila heads were fixed for 4 hours at room temperature in 4% 

paraformaldehyde (Section 2.9). The heads were dehydrated in 70% ethanol for 20 

minutes, 80% ethanol for 20 minutes, 90% ethanol for 20 minutes and twice in 100% 

ethanol for 20 minutes. To clear the alcohol from the tissue the heads were incubated 

three times in xylene each for 5 minutes at room temperature and then a fourth time 

in xylene but at 60oC. To embed the tissue was incubated in paraffin wax, pre-heated 

to 63oC, for 5 minutes. This was repeated a further three times before the samples 

were orientated and embedded. Whole adult flies were fixed in Carnoy’s fixative for 

8 hours at 4oC. The incubations with xylene and paraffin were increased to 20 

minutes each.  

 

Using a Leica microtome and ACCU-Edge® low profile blades, 6μm sections 

of paraffin-wax-embedded fly heads and whole flies were cut. Sections were floated 

out on a water bath set to 42oC. The sections were immediately attached to 

SUPERFROST PLUS® slides. Alternatively, sections were floated out using a hot 

plate set to 40oC. 

 

http://www.physics.csbsju.edu/stats/KS-test.html
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Haematoxylin and eosin staining 
To remove the wax the slides were taken through three five-minute 

incubations in xylene. To re-hydrate, the slides were incubated twice in 100% 

ethanol for two minutes, 90% ethanol for two minutes, 80% ethanol for two minutes, 

50% ethanol for two minutes, 30% ethanol for two minutes and finally in H2O for 

two minutes.  The slides were then used for haematoxylin and eosin staining. The 

slides were incubated in freshly filtered haematoxylin for four minutes and then in 

running tap water. Once the excess haematoxylin had washed out and the water was 

clear the slides were dipped twice into acid alcohol and again thoroughly washed in 

running tap water. The slides were dipped twice in lithium carbonate (Section 2.9) 

and washed thoroughly in running tap water. The slides were incubated in 1% eosin 

for four minutes and quickly washed in running tap water. The slides were dipped in 

100% ethanol, then a one minute wash in 100% ethanol and then three incubations in 

100% ethanol each for two minutes. Before mounting, the slides were incubated in 

xylene three times, each for five minutes. On occasion some water would be present 

in the alcohol washes, this would cause the xylene to become cloudy and this 

prevented the sections from being visualised clearly. When this happened the ethanol 

washes and the xylene washes were changed, and an extra isopropanol wash for one 

minute was carried out after the ethanol washes and before the xylene washes. The 

slides were mounted with D.P.X mountant. All images were captured on the 

compound microscope (Discovery), which comprises of a Coolsnap HQ CCD 

camera (Photometrics Ltd, Tucson, AZ) with Plan-neofluar objectives (Carl Zeiss, 

Welwyn Garden City, UK). Images were captured using neofluar objectives at 40X 

(with a numerical aperture of 1.3) and at 63X (with a numerical aperture of 1.25). 

Colour additive filters (Andover Corporation, Salem, NH) installed in a motorised 

filter wheel (Ludl Electronic Products, Hawthorne, NY) were used sequentially to 

collect red, green and blue images, which were then superimposed to form a colour 

image. Image capture and analysis were performed using in-house scripts written for 

IPLab Spectrum (Scanalytics Corp, Fairfax, VA). The brightness and contrast were 

altered using the advanced histogram section in either IP Lab Spectrum or Adobe 
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photoshop. This was done by manually setting the minimum and maximum pixel 

intensities on the histogram. If necessary the gamma was altered on the histogram. 

All alterations were carried out on the entire image.  

 

Electron microscopy 
The first round of electron microscopy (EM) was carried out on mutant heads 

at day 14.  To enhance penetration the heads were bisected and fixed in 2.5% 

glutaraldehyde for one hour. These samples were sent (in PBS) to the EM facility at 

the Rutherford building at the University of Edinburgh for embedding. However 

when I came to section the heads, at the EM facility in the Medical School of the 

University of Newcastle, I found it impossible to determine the orientation of the 

head in the plastic block. For the second round of EM analysis, the mutants were 

aged to 25 days, and this time only the proboscis was removed. Dissection was 

carried out in Schneider’s insect media. The heads were fixed for at least one hour in 

2.5% glutaraldehyde and then sent (in 2.5% glutaraldehyde) to the EM facility in the 

Medical School of the University of Newcastle. The technicians at the University of 

Newcastle embedded the sample into plastic resin using the following procedure. 

The heads were washed in Sorenson's buffer three times each for 30 minutes, 

secondary fixed in 1% osmium tetroxide in Sorenson's buffer, and again washed in 

Sorenson's buffer three times for 30 minutes each. The heads were dehydrated in 

25% acetone, 50% acetone, 75% acetone, (30 minutes each), and twice in 100% 

acetone for one hour. To embed, the heads were incubated for one hour in 25% resin 

in acetone, one hour in 50% resin in acetone, one hour in 75% resin in acetone, and 

then in 100% resin with a minimum of three changes over 24 hours. Finally the 

heads were embedded in 100% resin at 60oC for 24 hours.  I cut survey sections of 

0.5μm with a glass blade and the ultra-thin sections (approximately 80nm) were cut 

with a diamond knife. The sections were stretched with vapours of chloroform and 

mounted on Pioloform filmed copper grids. The grids were stained with 2% aqueous 

uranal acetate for 15 minutes and lead citrate (supplied by Leica) for five minutes. 
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The tissue sections were viewed using a Philips CM 100 Compustage (FEI) 

transmission electron microscope and digital images are collected using an AMT 

CCD camera (Deben). 

 

 

2.3. Assays for Cell death 
 

TUNEL stain 
Aged heads of Adar5G1 and Adar1F4 mutants were fixed in 4% 

paraformaldehyde for 4 hours and were processed into paraffin wax as described in 

Section 2.2. Serial sections were cut so that the terminal deoxynucleotidyl transferase 

biotin-dUTP nick end labelling (TUNEL) reaction could be carried out under 

fluorescent conditions and the serial section could be stained with haematoxylin and 

eosin. The slides were de-waxed in three five-minute incubations in xylene and re-

hydrated twice in 100% ethanol for two minutes, 90% ethanol for two minutes, 80% 

ethanol for two minutes, 50% ethanol for two minutes, 30% ethanol for two minutes 

and finally in H2O for two minutes.  

 

The tissue was permeabilised with 10μg/ml proteinase K for five minutes at 

room temperature. Drosophila head sections that were used as a positive control 

were incubated for ten minutes in 300U/ml of DNaseI at room temperature. The 

terminal deoxynucleotransferase and the labelled nucleotides were part of the Roche 

TUNEL detection kit and both were used at 50% of the stated concentration. The 

nucleotide mixture was diluted in the TUNEL dilution buffer.  The reaction mixture 

was added to the slides and the sections were sealed using a small piece from an 

autoclave bag. The slides were left to incubate in the dark at 37oC for one hour. The 

slides were washed in PBS as described by the manufacturer and the tissue was 

subsequently incubated with 5μg/ml DAPI for ten minutes. The tissue was washed 

three times in PBS, mounted in VECTASHIELD and viewed using the compound 
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microscope (Discovery). The fluorescence system comprises of a Coolsnap HQ CCD 

camera (Photometrics Ltd, Tucson, AZ) Zeiss Axioplan II fluorescence microscope 

with Plan-neofluar objectives, a 100W Hg source (Carl Zeiss, Welwyn Garden City, 

UK) and Chroma #83000 triple band pass filter set (Chroma Technology Corp., 

Rockingham, VT) with the excitation filters installed in a motorised filter wheel 

(Ludl Electronic Products, Hawthorne, NY). Image capture and analysis were 

performed using in-house scripts written for IPLab Spectrum (Scanalytics Corp, 

Fairfax, VA). All fluorescent images from the same experiment were captured at the 

same exposure time. 

 

 

Lysotracker Red staining of whole-mount brains 
Brains were dissected in Schneider’s insect medium and incubated in 

LysotrackerRed for 25 minutes at room temperature (0.5μl of LysotrackerRed in 

2.5ml of Schneider’s culture medium). After many washes in PBS the brains were 

mounted in Vectashield and viewed using the LSM510 confocal.   

 

 

 
2.4. Optical projection tomography 
 

Sample preparation 
Whole flies were fixed in 4% paraformaldehyde for eight hours at 4oC with 

rotation. Heads were fixed in 4% paraformaldehyde for four hours at 4oC with 

rotation. The fly heads and bodies were bleached for two days at 4oC in 15% 

hydrogen peroxide and 2% paraformaldehyde (final concentration). The samples 

were washed in PBS and stored in PBS at 4oC until the sample was ready to be 

mounted. 
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Mounting   
A molten 1% agarose solution was made up using cold double distilled H2O. 

The molten agarose was filtered and poured into small petri dishes. The small petri 

dishes were then placed in large petri dishes containing cold H2O. The agarose was 

left to cool to ~27oC before the samples were added.  The samples were orientated 

and left at 4oC for 30 minutes. A pyramidal agarose block containing the sample was 

cut and super-glued to a metal block. The samples were left to dehydrate in methanol 

overnight and then cleared overnight in BABB (two parts benzyl alcohol: one part 

benzyl benzoate).  

 

Imaging and image processing 
The sample was imaged in both the brightfield and fluorescence channels 

(480nm) and the images were reconstructed using in-house software designed as part 

of the Edinburgh Mouse Atlas Project (EMAP) (Baldock et al., 2003; Christiansen et 

al., 2006). Bioptonics 3001 OPT Scanner software was used to generate the 3D adult 

flies. Neurodegeneration was mapped using the MAPaint programme also designed 

as part of the Edinburgh mouse Atlas Project (Baldock et al., 2003; Christiansen et 

al., 2006). 

 

 

Removal of heads from agarose and embedding into 

paraffin 
Excess agarose was removed from the sample and the sample was incubated 

in 0.29 M sucrose pre-warmed to 55oC for at least 30 minutes or until the agarose 

had melted. The sample was washed in distilled water and then dehydrated through a 

series of ethanol washes from 10% to 100% incubating each time for 10 minutes. 
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The fly heads were then embedded in wax and 6mm sections were cut and stained 

with haematoxylin and eosin as described in section 2.2. 
 

β-galactosidase staining of TAU-β−galactosidase 

expressing flies 
Whole flies were fixed for 3 hours in 4% paraformaldehyde at 4oC, and rinsed 

for one hour in X-GAL wash buffer (Section 2.9). Flies were incubated in X-GAL 

reaction buffer (pH 7.2) (Section 2.9) containing 1 mg/ml 5-bromo-4-chloro-3 

indolyl 3-β-galactoside (X-GAL) for 12–18 hours at 37oC with rotation. Flies were 

then bleached in 15% hydrogen peroxide and 2% paraformaldehyde (final 

concentration) at 4oC for 2-3 days. 
 

Imaging Drosophila heads using the confocal 

microscope 
Heads were fixed in 4% paraformaldehyde for 4 hours at room temperature, after an 

overnight dehydration step in methanol they were cleared in BABB for at least six 

hours. The heads were mounted with a raised coverslip in a small amount of BABB. 

To achieve maximum fluorescence heads were visualized using the following 

emission filters: LP650 BP500-530 BP 565-615. 

 

 

 

2.5. Protein Methods 

SDS-Gel Electrophoresis and Immunoblotting 
Protein extracts were purified by Mary O’Connell from Pichia pastoris 

expressing ADAR. The protein extract was diluted four-fold in 4X Laemmli sample 
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buffer (Section 2.9), heat denatured at 100oC for five minutes and then cooled on ice 

for five minutes. Approximately 6μg of heat denatured protein extract was 

electrophoresised on an 4% stacking gel and a 10% separating gel as described in 

(Section 2.9). The proteins were electrophoresised at 15mA through the stacking gel 

and at 25mA through the separating gel. The protein was transferred onto 

nitrocellulose membrane using the semi-dry electroblotting method at a current of 

250mA for 30 minutes (see Section 2.9 for running and transfer buffers). Protein 

transfer was detected by incubating the membranes in Ponceau S and then rinsing in 

water to reveal the protein bands. The membrane was blocked in blocking buffer 

(Section 2.9) and then incubated in primary antibody overnight at 4oC. After three 

ten-minute washes in PBST (Section 2.9), the nitrocellulose membrane was 

incubated in secondary antibody for one hour at room temperature. The membrane 

was washed in PBST and the epitope was detected using the horseradish peroxidase 

enhanced chemiluminescence (HRP ECL) detection kits from Amersham or 

PIERCE. Incubation with stripping buffer (Section 2.9) at room temperature for 30 

minutes stripped the membranes of hybridised antibody. The membrane could then 

be used again with other antibodies.  
 

Affinity Purification of Antibodies 

Approximately 5μg of recombinant protein was analysed on a 10% PAGE gel 

(Section 2.9) and the protein was transferred onto nitrocellulose membrane as 

described above.  A Ponceau S stain of the nitrocellulose membrane revealed the 

desired protein band, and this was cut from the membrane. The membrane was 

washed in 500μl PBS three times and then blocked for three hours in PBS containing 

5% BSA (at 4oC with rotation). The membrane was incubated in 200μl of primary 

serum diluted in 600μl 5% BSA in PBS for two days at 4oC with rotation. The 

depleted antibody was removed and the membrane was rinsed three times in PBS. To 

elute the antibody the membrane was incubated in 0.1 M Glycine pH 2.5 with 
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rotation for 10 minutes at room temperature. The affinity-purified antibody was 

neutralised in 10μl of 1 M Tris pH 8. 

 

Whole-mount Immunohistochemistry 
Adult fly brains were dissected in PBS and fixed on ice in 4% 

paraformaldehyde for one hour. The tissue was washed several times in PT (Section 

2.9) for 90 minutes and then blocked for 30 minutes in PT plus 5% normal serum 

from the animal the secondary was raised in (PTN).  The samples were incubated 

with primary antibody overnight in a humidified 60-well plate at 4oC. The tissue was 

washed twice for 15 minutes in PTN, twice in PT each for 45 minutes and finally 

twice again in PTN for 45 minutes before incubating with secondary antibody in a 

humidified chamber at 4oC overnight. The brains were washed several times in PT 

for at least two hours. The brains were stored in PBS in the dark at 4oC until they 

were mounted in Vectashield. The brains were viewed with the Zeiss LSM 510 

confocal and images were captured using the LSM 510 associated software. The 

emission filters used to collect the data were BP500-530, and LP560. The brightness 

and contrast were altered using the advanced histogram section in IP Lab Spectrum. 

This was done by manually setting the minimum and maximum pixel intensities on 

the histogram. Comparisons between Adar mutant brains and wild-type brains were 

made in a mosaic image, which contained the two different images. All alterations 

were carried out on the entire image. 

 

 

2.7. Molecular Biology 
 

Isolation of genomic DNA from Drosophila 
At least ten flies were homogenised in grinding buffer (Section 2.9) and 

incubated at -70oC for 30 minutes and then 65oC for 30 minutes. Potassium acetate 



Chapter 2: Materials and Methods 

 64

was added to a final concentration of 1M and the homogenate was left on ice for 30 

minutes and then centrifuged at 12 000 rpm for 15 minutes at 4oC. The DNA was 

precipitated with ethanol and quantified using the nanodrop. The genomic DNA was 

stored at -20oC. 

 
 

Isolation of RNA from Drosophila 
Seven to ten whole flies, twelve testes or ten ovaries were homogenised in 

100μl-250μl Trizol©, a further 100μl-250μl Trizol© was added and the sample was 

left at room temperature for five minutes. To extract the RNA, 40μl-100μl of 

chloroform was added and the sample was vigorously mixed for 15 seconds. The 

sample was spun at 4000rpm for five minutes at room temperature. The upper 

aqueous phase was transferred to a fresh tube and the chloroform extraction was 

repeated. To precipitate, the RNA sample was incubated in 0.6 volume isopropanol 

for 10 minutes at room temperature and then spun at 4000 rpm for 15 minutes. The 

supernatant was removed and the pellet was washed in 75% ethanol. The washed 

pellet was left to dry and was re-suspended in an appropriate volume of RNase free 

water. The RNA was quantified using the nanodrop. 

 
 

cDNA synthesis 
Using 500ng of isolated RNA as template, the first strand of cDNA was 

synthesised with oligo-dT primers and MMLV reverse transcriptase from Promega. 

Reactions were performed following the manufacturer’s instructions. 

 
 

Polymerase Chain Reaction 

2μl cDNA and 2μl of plasmid DNA was added as template to the reaction 

mixture. Fast start Taq from Roche was used when the fidelity of the amplified 



Chapter 2: Materials and Methods 

 65

sequence was not an issue, and high fidelity enzyme such as Phusion (NEB) was 

used when amplifying products for cloning into expression vectors. Both PCR 

reactions were performed according to the manufacturer’s instructions.  

 
 

Purification of DNA 
 
Ethanol Precipitation 

3M sodium acetate was added at 1/10th of the sample volume. Two volumes 

of ethanol were added to the sample. The DNA or RNA was recovered by 

centrifuging for 15 minutes at 15 000 rpm, at 4oC. The pellet was washed with 70% 

ethanol to remove residual salt and then left to dry either at room temperature or 

briefly at 60oC. The RNA or DNA was re-suspended in an appropriate volume of 

RNase free water.  

 

Isopropanol Precipitation 
Isopropanol is more effective than ethanol at precipitating DNA or RNA at 

lower concentrations. 3M sodium acetate was added at 1/10th of the sample volume 

and 0.6 volumes of isopropanol was mixed with the DNA or RNA sample. The DNA 

or RNA was recovered by centrifugation for 15 minutes at 15 000 rpm, 4oC. The 

pellet was washed in 75% ethanol, left to dry and re-suspended in an appropriate 

volume of RNase free water. 
 

Agarose gel electrophoresis 
An appropriate amount of agarose was melted in 0.5X TBE buffer (Section 

2.9) using the microwave and 4μl of Ethidium Bromide (0.5μg/ml Ethidium 

Bromide, final concentration) was added. 4μl of DNA loading buffer was added to a 

20μl sample, made up with water, and the gel was run in 0.5X TBE buffer at 5V/cm. 

To quantify the samples were electrophoresised alongside 5μl of the quantitative 
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ladder, Hyperladder I from Bioline (BIO-33026), or standards of known 

concentrations, and the yield estimated. 
 

PCR purification by gel extraction 
PCR products were electrophoresised on an agarose gel and extracted using 

the QIAGEN gel extraction kit. The manufacturer’s instructions were followed, with 

the additional step of warming the water used to elute the DNA from the filter 

membrane at 60oC. 

 

pGEM-T® easy cloning 
3’ adenosine overhangs were added to the purified PCR product by incubating the 

PCR template AT 70oC for 30 minutes with 1ml Taq,  0.6μl MgCl2 (25mM), 1μl 

dATP (2mM). 2μl of the reaction mixture was added to the Promega ligation 

mixture, according to the manufacturer’s instructions and left overnight at 4oC. 5μl 

of the ligation mixture was transformed into chemically competent E.coli (XL1 

blue), see Section 2.8 for the procedure. 

 
 
 
2.8 Bacterial Methods 
 

Bacterial strains and Transformation 

5μl of the ligation mixture, or 100ng of plasmid, were incubated on ice for 30 

minutes with 50μl of chemically competent E. coli (XL1-blue). The transformation 

mixture was then heat shocked at 42oC for 45 seconds, and then on ice for five 

minutes. 750μl of SOB medium (Section 2.9) was added and the mixture was left to 

incubate at 37oC with shaking for one hour. The transformed cells were then 

incubated on LB plates (Section 2.9) with the appropriate antibiotic (Table 2.5).   
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Long Term Storage of Bacterial Cultures 
Using a toothpick a single colony was picked from an agar plate and was used 

to inoculate a small vial containing LB and 0.6% agar. The stabs were incubated 

overnight at 37oC and stored in the dark at room temperature for up to 2 years. 

Alternatively, glycerol stocks were made. A single colony was grown up at 37oC in 

5ml of the appropriate media. 0.5ml of the culture medium was mixed with 80% 

glycerol. The mixture was vortexed and stored at –70oC.  

 

Table 2.5. Antibiotics. 
 

Antibiotic Final concentration 

Ampicillin 50μg/ml 

Kanamycin 50μg/ml 

Isolation of plasmid DNA 
The plasmids were extracted from the positive transformants with QIAGEN 

mini-prep kit and the Qiagen midi-prep kit. 

 
 

Sequencing 
Big Dye v3.1 (Applied Biosystems) was the sequencing kit used. The 

manufacturer’s instructions were followed and the sequences were read on an AMI 

PRSM®3100 Genetic Analyser. Sequences were analysed using Lasergene software. 

ClustalW (http://www.ebi.ac.uk/clustalw/) was used to align both DNA and protein 

sequences and BoxShade (http://www.ch.embnet.org/software/BOX_form.html) was 

used to format the alignments obtained from ClustalW. 
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2.9. MATERIALS 

Table 2.6: Preparation of Materials. 

 

Acid alcohol 

1% HCl 

70% ethanol 

 

Blocking Buffer for immunoblotting 

5% Milk Powder 

Carnoy's Fix 

900μl 100% ETOH 

450μl chloroform 

150μl acetic acid 

Citrate Buffer pH6 

0.1M Citric acid (19.2g/l) 

0.1 Sodium citrate (dihydrate 2H20) 

(29.4g/l) 

 

Add acid to base and pH to 6. 

 

p-Coumaric acid stock (90mM) 

0.15g p-Coumaric acid in 10ml DMSO 

 

ECL Reagent 

250μl luminol stock 

110μl p-Coumaric acid stock  

5ml 1M Tris-HCl pH8.5 

12μl 30% H2O2 

Adjust volume 50ml with H2O 

 

Eosin 

Stock: 

5g Eosin  

100ml H2O 

Working: 

20ml eosin stock 

80ml H2O 

Grinding Buffer for genomic DNA 
100mM Tris pH8.5 

80mM NaCl 

50mM EDTA pH 8 

0.5% sucrose 

0.5% SDS 
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4X Laemmli Buffer 

2.4 ml 1 M Tris pH 6.8  

0.8 g SDS 4 ml 100% glycerol  

0.01% bromophenol blue. Final 

concentration is 0.02%  

1 ml β-mercaptoethanol  

2.8 ml water 

Lithium Carbonate  

Lithium Carbonate 1g 

Distilled Water 100g 
 

Luminol Stock (250mM) 

0.44g luminol/10ml DMSO 

Luria Broth (LB) 

10g NaCl  

10g Bacto-tryptone 

5g Yeast extract 

Make up to 1 litre with ddH20. 

LB agar 

10g NaCl  

10g Bacto-tryptone 

5g Yeast extract 

15g Difco Agar 

Make up to 1 litre with ddH20 

 

Paraformaldehyde (4%) 

4g paraformaldehyde in 66ml H2O 

Heat to 60oC with stirring 

Add 0.5M NaOH until solution goes 

clear 

 

Make up to 100ml in PBS pH 7  

Filter Sterilise. Carry out in fume hood 

 

PBS  

137mM NaCl 

2.7mM KCl 

10mM Na2HPO4 

2mM KH2PO4 

PBS-BSA 

0.76g Glycine 

5g BSA 

100ml 10XPBS 

Dissolve in 800ml H2O and make up to 

1 litre. 
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PBST 

PBS 

0.2% Triton X100 

Ponceau S 

Stock (10X): 

2% (w/v) Ponceau S  

30% (w/v) Trichloroacetic acid 

30% (w/v) Sulfosalicilic acid 

 

Working: Dilute 10ml in 100ml. 

PT 

1X PBS 

0.5% Triton X100 

PTN 

PT buffer 

5% normal serum 

10X SDS 
50g SDS 

 

Make up to 0.5 litre with dH2O. 

10X Running buffer 

250mM Tris base,  

192mM Glycine,  

1% SDS 

 

 2X SDS PAGE sample buffer 

125mM Tris-HCl pH 6.8 

10% Glycerol 

4% SDS 

2% β-mercaptoethanol 

0.01% Bromophenolblue 

Make up to 10ml. 

Separating mix (10%) 

7.9ml dH2O 

5ml 1.5M Tris-HCl pH 8.8 

200μl 10% SDS 

30% Protogel 

10% (w/v) (NH4)2S2O8  

20μl TEMED.  

Make in fume hood and add TEMED 

last. 
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SOB medium 

20g Bacto-tryptone 

5g Bacto-yeast extract 

0.5g NaCl 

1M KCl 2.5ml 

 

ddH20 to 1 litre 

 

 

 

 

Sorenson’s PBS 

Solution A :   
 
0.07M Potassium dihydrogen 
orthophosphate  
 
Solution B : 
 
0.07M  di- Sodium hydrogen 
orthophosphate. 
  
 
28.5 ml Solution A with 71.5 ml 

Solution B (store at 4oC). 
 

 

 

Stacking mix 

3.44ml dH2O 

630μl 1M Tris-HCl pH6.8 

50μl 10% SDS 

830μl 30% Protogel 

50μl 10% (NH4)2S2O8  

10μl TEMED. Make in fume hood and 

add TEMED last 

 

Western stripping buffer 

100mM Glycine pH 2.5 

50mM NaCl 

 

 

TBE (10X) 

108g Tris base.  

55g Boric acid  
9.3g EDTA 

Make up to 1 litre with ddH2O 

 TBST 

20mM Tris-HCl pH 8 

150mM NaCl 

0.05% Tween 
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TE buffer 

10 mM Tris-Cl, pH 7.5  

1 mM EDTA 

 

X-GAL reaction buffer 

500ml PBS  

0.02% Igepal 

2mM MgCl2, 
0.01% Na deoxycholate  

5mM Potassium ferricyanide 

5mM Potassium ferrocyanide 

 

X-GAL rinse buffer 

500ml PBS  

0.02% Igepal 

2mM MgCl2, 
0.01% Na deoxycholate 
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3.1 Introduction 
Imaging is a vital tool in all areas of Drosophila research; routinely the tissue 

is dissected and imaged either at low-magnification using the stereomicroscope or at 

high-magnification using either compound or confocal microscopy. All three 

techniques are associated with specific disadvantages. Both the stereomicroscope and 

compound microscope only image in one plane and neither can focus on a point deep 

within a tissue. Furthermore the upright microscope is used to visualise manually cut 

sections of tissue, and the processing and sectioning of samples can result in a loss of 

tissue integrity. Only the confocal can image clearly through the depth of a sample, 

however it too has disadvantages, for example the tissue may shrink after dissection 

and can be subjected to shape distortion due to dissection and the mounting 

procedure. One imaging method that can image internal organs without the need for 

dissection is optical projection tomography (OPT) (Figure 3.1). OPT images the 

samples in 3D and the associated software is used to generate 2D optical sections in 

each of the three planes, and 3D models. OPT images are estimated to have a pixel 

resolution of 5-10 μm (Sharpe et al., 2002). However this resolution is dependent 

upon good signal intensity, a weaker signal will have a resolution that is lower than 

this estimate.   

 

Since the introduction of OPT there have been several publications of its use 

in a variety of organisms, for example, the human embryo was imaged and structures 

within the nervous system were detected without the use of markers (Kerwin et al., 

2004; Sarma et al., 2005). OPT has also been employed to visualise developing plant 

material (Lee et al., 2006) and more recently OPT was used to image adult mouse 

organs (Alanentalo et al., 2007). Until now it was believed that the dark exoskeleton 

of Drosophila would prevent the organism from being imaged by OPT.  Here I show 

that not only can the pigment be bleached, but also that adult Drosophila is cleared 

well enough to allow the visualisation of anatomical structure in all three planes and 

in 3D. To investigate the benefit of this technique to Drosophila research, OPT was 

used to model neurodegeneration and to visualise reporter gene expression. 
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Figure 3.1: Schematic of OPT. 

The sample is embedded into agarose, dehydrated, cleared, and then mounted onto a 

rotating platform. The sample is aligned so that it rotates around its central axis and 

the camera is focussed onto the midpoint of the sample As the sample rotates a full 

360o a series of 400 images is captured and this can be done in white light or in 

fluorescent light. The 400 images are reconstructed to display the data in 2D and 3D. 
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Fly neurodegeneration is regularly visualised using standard histology 

techniques such as haematoxylin and eosin staining of thin head sections (Crowther 

et al., 2004; Kretzschmar et al., 1997). This technique has many inherent 

disadvantages, including loss of tissue integrity due to the processing and sectioning 

procedure, which can create cracks that appear similar to vacuoles in the brain. In 

addition to this, only one plane can be sectioned, which in flies is often either frontal 

or horizontal (coronal or transverse). It would therefore be an advantage if a 

technique could be found which could display the data in all three virtual planes, and 

in addition, could visualise the adult in 3D. I therefore set out to test OPT for this 

purpose and to ask whether it could be used as a method for detecting vacuoles in 

brains of Adar mutants that suffer from age-related neurodegeneration due to a lack 

of RNA editing. The Adar5G1 mutant strain contains a deletion over the Adar gene 

(Palladino et al., 2000b), which encodes an adenosine deaminase that acts on 

dsRNA. Once bound to its pre-mRNA substrate ADAR deaminates specific 

adenosines into inosine, which is read as a guanosine by the translational machinery; 

this can change amino acid usage thereby increasing protein diversity. Specific 

editing activity is targeted to transcripts that are expressed in the CNS, some of 

which encode subunits of ion channels (Hoopengardner et al., 2003; Stapleton et al., 

2006). Editing events can affect splicing of the pre-mRNA (Higuchi et al., 2000), and 

can affect properties of the receptor subunit such as channel permeability (Sommer et 

al., 1991), and the rate of subunit assembly (Greger et al., 2002). Flies lacking Adar 

are ataxic and, with age the flies undergo age-related neurodegeneration (Ma et al., 

2001; Palladino et al., 2000b). Here I demonstrate that OPT can indeed detect 

regions of neurodegeneration in whole adult flies and have further confirmed this by 

subsequent sectioning and staining of the imaged heads. 

 

The efficient bleaching and clearing of Drosophila makes it an ideal 

organism to be imaged by OPT, and may be of use for other microscopy techniques, 

and so I specifically show the utility of this procedure for confocal microscopy. 

Additionally OPT may assist in imaging large numbers of Drosophila lines that 
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express GFP or β-galactosidase reporters. Large-scale genetic screens have 

dominated Drosophila research for many years. Originally reverse genetics in 

Drosophila relied upon random P-element insertions that induced mutations 

(Ashburner, 1990; Ballinger and Benzer, 1989; Spradling et al., 1999).  Now 

mutations can be specifically targeted by homologous recombination (Lee and Luo, 

2001; Rong and Golic, 2000; 2001) or specific gene products can be depleted by 

expressing siRNAs to genes in specific tissues or cells (Dietzl et al., 2007; Kambris 

et al., 2006; Piccin et al., 2001). Cell or neuron specific gene silencing, driven by 

GAL4, currently underlies the functional dissection of neuronal networks in 

Drosophila and relies upon detailed spatial and temporal expression data on the 

neuronal GAL4 driver lines. Moreover these expression patterns must be referenced 

precisely and consistently to specific points in the standard Drosophila brain (Jenett 

et al., 2006; Rein et al., 2002).   

 

In order to determine if the reporter gene is expressed in the PNS or CNS the 

Drosophila adult is often bisected or decapitated (Callahan and Thomas, 1994; 

Ludwig et al., 1993), however in large-scale screens this can be very time 

consuming. Staining the adult in whole-mount would be more efficient, however 

traditional imaging techniques cannot indicate how well the stain has penetrated and 

it cannot relate the data to the internal organs.  To determine whether OPT is a 

suitable method to overcome this problem, a β-galactosidase fusion to bovine TAU 

was imaged (Callahan and Thomas, 1994). TAU, a microtubule binding protein, is 

found within protein aggregations in neurodegenerative diseases, (Ferber, 2001; 

Wittmann et al., 2001) and when it is expressed in Drosophila it localises to the 

axons in the thorax and CNS (Callahan and Thomas, 1994). OPT was used to image 

the β-galactosidase activity in brightfield conditions and these data were then 

superimposed onto the anatomy of the fly created by the fluorescent signal. The 

reconstructed data sets in all three planes clearly show that the stain penetrated the 

fly and was detected within the CNS and PNS. 
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3.2 Materials and Methods 
Whole flies were fixed in 4% paraformaldehyde for 8 hours at 4oC whereas 

heads were fixed for 4 hours at 4oC. Whole TAU-β-galactosidase. adult flies were 

fixed for 3 hours in 4% paraformaldehyde at 4 oC, and rinsed for one hour. Flies 

were incubated in reaction buffer (pH 7.2) containing 1mg/ml 5-bromo-4-chloro-3 

indolyl β-galactosidase (X-GAL) for 12-18 hours at 37oC with rotation. The flies 

were then bleached in hydrogen peroxide and paraformaldehyde. Samples were 

mounted in 1% agarose, dehydrated in methanol and then cleared in BABB (two 

parts benzyl alcohol: 1 part benzyl benzoate). The sample was imaged in both the 

brightfield and fluorescence channels (480nm) and the images were reconstructed 

using in-house software designed as part of the Edinburgh Mouse Atlas Project 

(EMAP) (Baldock et al., 2003; Christiansen et al., 2006). Bioptonics 3001 OPT 

Scanner software was used to generate the 3D adult flies. Neurodegeneration was 

mapped using the MAPaint programme also designed as part of the Edinburgh 

mouse Atlas Project (Baldock et al., 2003; Christiansen et al., 2006).  

 
 
 
3.3 Results 
 

Drosophila is suitable for imaging by OPT  
Previously it was thought that the pigment of the Drosophila exoskeleton 

would be too dark to allow full transmission of light and so initially it was essential 

to ascertain whether Drosophila was a suitable organism for OPT. The Drosophila 

adult was fixed in paraformaldehyde, and then the pigment was bleached in hydrogen 

peroxide, before being dehydrated and cleared as previously described for vertebrate 

embryos (Sharpe et al., 2002). The Drosophila adult was successfully cleared to 

almost transparent levels when bathed in 1 part benzyl alcohol and 2 parts benzyl 

benzoate (Murray’s clear) and hence this treatment results in full transmission of 
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white and fluorescent light (Figure 3.2 and Movie S1).  Upon excitation by light of 

specific wavelengths some tissues auto-fluoresce. In OPT this is a useful tool as it 

can provide information on shape and structure without staining for cellular markers, 

and can indeed provide anatomy onto which gene expression patterns can be mapped 

(Sarma et al., 2005; Sharpe et al., 2002). We wanted to determine whether this 

technique could be used to visualise the internal anatomy of the intact Drosophila. 

The wild-type fly-line w1118 was fixed in paraformaldehyde, a fixative known to 

create auto-fluorescence, and was found to have sufficient auto-fluorescence to mark 

out internal anatomy when excited at 480nm (Figure 3.2C and E). To determine 

whether there was increased fluorescence in a GFP background a fly expressing GFP 

in the cholinergic neurons (w; Cha-GAL4 (19B), UAS-GFP S65T) (Salvaterra and 

Kitamoto, 2001) was imaged by OPT and compared to w1118.  When the two 

Drosophila strains, comprising of six flies in total, were imaged at equal exposure 

times it was seen that two out of three Cha-GFP flies had more fluorescence not only 

in the CNS but also throughout the body (Figure 3.2E and F). Exposure time was set 

at a level that was just below saturation levels. It should be noted there is a difference 

in fluorescence levels between flies with the same background and how efficiently 

the fly has been bleached can influence this.  
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Figure 3.2: The raw data produced by OPT. 

Drosophila cleared in Murray’s clear, was almost transparent when imaged under brightfield 

conditions (A-B). The cleared fly allowed full excitation and emission of fluorescent light at 

480±40nm (C-F). w1118, and Cha-GFP (Salvaterra and Kitamoto, 2001) both had detectable 

levels of auto-fluorescence (C-D). However when compared at equal exposure times the 

GFP line showed greater fluorescence (E-F). 
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Visualising the data in 2D and 3D 
The data were visualised in 2D in each of the three planes and the two 

datasets, fluorescent and brightfield, were superimposed (Figure 3.3). The brightfield 

data mark out the fly exoskeleton, and are coloured red. Due to the clearing of the fly 

the exoskeleton is almost transparent and in some regions it is completely transparent 

resulting in some optical sections lacking the brightfield signal in some regions 

(Figure 3.3E). The fluorescent image, in green, clearly delineates various anatomical 

features such as the thoracic muscles, the heart and the ovaries, and to some degree 

the gut (Figure 3.3A-D and Movie S2). The variation in signal intensity in the fly 

means that a reasonable threshold must be applied such that there is not over 

saturation of a strong signal, for example the thorax, and loss of a weaker signal such 

as the gut. Importantly, as shown in Figure 3.3F and Movie S3, we were able to 

visualise the adult anatomy in 3D. To test OPT at its maximum resolution, individual 

Cha-GFP heads were imaged (Figure 3.3E). The brain can be seen clearly, and 

regions such as the mushroom body calyces and retina are easily identifiable.  
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Figure 3.3: The data can be visualised in 2D virtual sections and also in 3D. 

The data from the scans were reconstructed in 3D, the two datasets, brightfield (red, 

exoskeleton) and fluorescent (green, anatomy), were superimposed, and the information 

were displayed in all three planes (A-D). Single heads can be imaged (E). The data was 

also be displayed and explored in 3D (F, G). 
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Clearing the Drosophila head for use for confocal 

microscopy 
I have shown that OPT can be used to image the structure within the intact 

head after efficient bleaching and clearing. This method may also assist confocal 

microscopy, where at present dissection is necessary as the exoskeleton prevents 

visualisation of the CNS. To test this clearing method for confocal microscopy heads 

of Cha-GFP and w1118 were fixed and cleared. Auto-fluorescence has been used to 

visualise neuroanatomical structure in wax sections of the Drosophila brain 

(http://flybrain.neurobio.arizona.edu/) and so assessment of the clearing procedure 

and its use in confocal microscopy relied upon auto-fluorescence. Clearing was 

efficient enough to allow visualisation of the CNS (Figure 3.4A-H), and internal 

structures such as the fan shaped body and the ellipsoid body were detected (Figure 

3.4H). One main advantage of OPT is that the data is imaged from 400 angles, so if a 

structure is blocked by a pigmented area at one angle it can be imaged from another 

angle. This is not the case for confocal microscopy, imaging occurs in only one plane 

and so any data underneath a pigmented region is lost (Figure 3.4G-H). However this 

method does opens up the possibility that the whole head may be used in 

immunohistochemistry.  
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Figure 3.4: Visualising through the head cuticle with confocal microscopy. 

The CNS was visualised through the cleared head. Both w1118 (A-F) and Cha-GFP (G-H) 

were visualised. The brain was imaged from the front (A-C, and G-H) and back (D-F) and 

structures such as the fan shaped body and ellipsoid body were detected (H arrow and 

arrowhead). 
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Neurodegeneration was detected by OPT 
OPT was explored as a method to assess vacuolisation in the brain of Adar 

mutants. Adar5G1 mutant males, in the Cha-GFP background (w; Cha-GAL4 (19B), 

UAS-GFP S65T), were aged until 20 days and visualised using OPT (Figure 3.4A-C). 

Regions that lacked GFP signal were marked as regions of possible 

neurodegeneration. MAPaint software, developed by the Edinburgh Mouse Atlas 

Project (Baldock et al., 2003; Christiansen et al., 2006; http://genex.hgu.mrc.ac.uk), 

was used to analyse these vacuoles. The regions that lacked fluorescence were 

painted and this was repeated for each section that showed putative vacuoles (Figure 

3.4D-F). The painted regions (domains) were then processed into 3D with respect to 

the Drosophila head (Figure 3.5I and J and Movie S4). In order to determine whether 

this painted domain was a region of neurodegeneration the heads were removed from 

the agarose and subsequently embedded in paraffin wax. Frontal sections were cut 

and sections that contained regions of neurodegeneration were compared to the OPT 

sections. The paraffin sections confirmed that vacuolisation of the optic lobe had 

indeed occurred (Figure 3.5G and H). This confirms that OPT can be used to 

visualise neurodegeneration from within the intact adult head, which is a procedure 

that traditionally relies upon analysis of heavily processed paraffin sections.  
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Figure 3.5: Identification of neurodegenerative vacuoles using OPT 

OPT was used to identify regions of neurodegeneration in the brains of flies lacking the 

RNA editing enzyme Adar. Regions that lacked fluorescence were identified from sections 

in different orientations (A-C) and then these potential vacuoles were highlighted as domains 

(with different colours) using the MAPaint software (D-F). This was repeated in all sections 

that the vacuole extended into and this was reconstructed in 3D with respect to the 

Drosophila head  (H-I).  The vacuoles were confirmed by haematoxylin and eosin staining of 

the OPT imaged head (G). 
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Mapping reporter gene activity onto the anatomy of 

Drosophila 

Whole-mount β-galactosidase staining of a bisected adult fly expressing a 

TAU-β-galactosidase (enhancer trap line 3,358) fusion revealed that TAU, a 

microtubule binding protein, localises to the axons of the thoracic ganglion and adult 

CNS (Callahan and Thomas, 1994). However, when imaging using a standard 

stereomicroscope only surface staining can be detected. Therefore one advantage of 

this technique is that one is able to determine how penetrant the stain is without any 

manipulation. Staining for β-galactosidase activity was carried out on whole-mount 

adults and the staining pattern was imaged in the brightfield channel using OPT 

(Figure 3.6A-C and L). The brightfield data were superimposed onto the anatomy 

that was obtained from the fluorescent channel. The β-galactosidase activity was 

clearly seen to be in the region of thoracic ganglion (Figure 3.6D-I and Movie S5).  

This staining is distinct from the gut that has endogenous β-galactosidase activity in 

Drosophila. Finally the 3D reconstruction of the data clearly shows that the staining 

detected in the brain does indeed extend along the ventral nerve cord and connect to 

the thoracic ganglion (Figure 3.6J-K and Movie S6).  
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Figure 3.6: Visualisation of β-galactosidase activity. 

The TAU-β-galactosidase enhancer trap flies line 3,358 (Callahan and Thomas, 1994) 

were stained for β-galactosidase and imaged in brightfield (L). The brightfield channel 

captured both the β-galactosidase activity and the transparent exoskeleton, both of which are 

represented in red. The brightfield signal was then superimposed onto the anatomical 

information generated from the auto-fluorescence of the same specimen; this is shown in 

green (A-I). Finally the β-galactosidase activity was painted blue, and reconstructed in 3D 

along with the other two channels, brightfield red and anatomy green (J-K). 
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3.4 Discussion 
OPT is an imaging technique that models data in 3D. Originally it was 

designed to image the mouse embryo (Sharpe et al., 2002) but it has since been used 

to image human embryos, adult mouse tissue and plant tissue (Alanentalo et al., 

2007; Kerwin et al., 2004; Lee et al., 2006). This is the first time that imaging of the 

Drosophila adult in 3D has been reported. I show that Drosophila can be cleared and 

that the clearing permits the transmission of white and fluorescent light to allow 

detection of detailed anatomy. Upon excitation with fluorescent light, the cleared 

adult emits light, even from deep within the intact body, so that detailed 3D images 

of the Drosophila anatomy can be produced.  The clearing of the Drosophila adult is 

very efficient and we show that it can be used when imaging Drosophila using 

confocal microscopy. Here we show that OPT can be applied to two important areas 

of Drosophila research, analysis of mutant phenotype, namely neurodegeneration, 

and 3D visualisation of reporter gene expression.  

 

Drosophila is widely accepted as an important model organism for studying 

neurodegenerative diseases (Feany and Bender, 2000; Warrick et al., 1998). 

Previously identification of neurodegeneration in Drosophila has relied upon 

sectioning of wax embedded heads (Crowther et al., 2004; Palladino et al., 2000b), 

however the difficulties associated with sectioning often result in damage to the 

tissue, which can be misinterpreted as neurodegenerative vacuoles.  Here we have 

shown that OPT can be used to visualize neurodegeneration in 3D from within the 

intact adult Drosophila head and have confirmed by sectioning that indeed these 

brains contained vacuoles. It is possible to warp high-resolution data captured from 

wax sections onto the framework obtained by OPT and display it in 3D (Baldock et 

al., 2003; Christiansen et al., 2006; http://genex.hgu.mrc.ac.uk, ; Kerwin et al., 2004; 

Sarma et al., 2005).  

 

As well as analyses of mutant phenotype, gene expression patterns can 

provide insight into gene function. Large-scale screens to identify expression patterns 
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of interest commonly use GFP or β-galactosidase reporter genes (Gates and 

Thummel, 2000). Currently great effort is directed toward elucidating the link 

between neuronal networks and neuronal function. The use of directed mutagenesis 

strategies and the creation of network specific GAL4 drivers will be fundamental to 

this field. However the correct detailing of GAL4 expression patterns is vital, and 

OPT has the potential to benefit this in two ways. Firstly I show the Drosophila can 

be stained in whole-mount and this could aid rapid identification of drivers that are 

specific to the CNS or the PNS. Secondly, it images the brain from within the intact 

head capsule and can therefore potentially provide a structure that could aid the 

construction of a standard atlas that represents the true size and shape of the adult 

Drosophila brain. We have also shown that this processing procedure can be used to 

image with the confocal the brain from within the head capsule. This method could 

also be used to create a reference brain from mapping gene expression patterns and 

can give detailed images that show neuroanatomical structures such as the fan shaped 

body and ellipsoid body.  

 

This is the first report of imaging through the Drosophila cuticle in 3D. At 

the current level of resolution OPT provides detailed images on the gross anatomical 

structure of the fly. The anatomy shown here is dependent upon auto-fluorescence 

and this varies between flies and within the fly itself, therefore the user must set a 

threshold of intensity which is optimum for each fly. This may result in the loss of 

signal from gut structure in the abdomen, but other structures such as the nervous 

system, cardia, thorax muscles and gonads are easily visible. These images can be 

used as an anatomical framework onto which gene expression patterns can be 

mapped, as demonstrated here with TAU-β-galactosidase. Furthermore the data has 

the potential to be used as a framework onto which high-resolution data can be 

superimposed allowing it to be displayed in 3D (Baldock et al., 2003; Christiansen et 

al., 2006; http://genex.hgu.mrc.ac.uk, ; Kerwin et al., 2004; Sarma et al., 2005). By 

assisting many of the traditional image capture methods such as compound and 

confocal microscopy OPT may potentially benefit all areas of Drosophila research. 
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4.1. Introduction 
The previously described Adar deletion mutants, Adar1F4 and hypnos2, have 

behavioural problems that include loss of locomotion, sensitivity to oxidative stress, 

and degeneration of the CNS (Chen et al., 2004; Ma et al., 2001; Palladino et al., 

2000b).  The Adar1F4 mutant strain is a hypomorph that contains a small deletion 

over the promoter region (Palladino et al., 2000b). The hypnos2 mutant strain 

expresses a truncated ADAR that lacks part of the second dsRBD and part of the 

deaminase domain (Haddad et al., 1997; Ma et al., 2001). There are some differences 

between these two Adar mutant strains. In 2001 Ma and colleagues reported that loss 

of ADAR function, determined by loss of editing at selected sites, resulted in a 

reduced life span compared to the wild-type control strain (Ma et al., 2001), whereas 

Palladino and colleagues reported a lifespan equivalent to wild-type control strains 

(Palladino et al., 2000b). Differences between the Adar1F4mutant strain and the 

hypnos2 mutant strain also exist in the neurodegeneration phenotype. Obvious 

vacuolisation of the synaptic neuropil was observed in the Adar1F4 mutant, and this 

was first detected by day 30 (Palladino et al., 2000b). At 35 days the hypnos2 mutant 

shows a weak degeneration of cortical neurons in the lamina that could only be 

detected at very high magnifications (Ma et al., 2001). Furthermore this mutant failed 

to show the strong vacuolar phenotype that was observed in the Adar1F4 mutant strain 

(Ma et al., 2001; Palladino et al., 2000b).  

 

The differences between the hypnos2 mutant strain and the Adar1F4 mutant 

strain may be due to fly husbandry, or the genetic background of the mutant strains. 

The hypnos2 mutant strain was generated by X-Ray mutagenesis of CaS males (Ma 

et al., 2001), whereas the Adar1F4 mutant strain was generated by two sequential P 

element mobilisations in the Birmingham2 strain (Ballinger and Benzer, 1989; 

Engel’s et al., 1987; Palladino et al., 2000b). The differences in the phenotype of the 

two Adar mutant strains lead to the hypothesis that Adar mutants with a stronger 

phenotype may have a more aggressive form of neurodegeneration. From the P 

element mobilisation screen (Palladino et al., 2000b) the Adar mutant strain with the 
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strongest phenotype, in terms of viability, was Adar5G1. The first aim of this study 

was to characterise the neurodegeneration in aged Adar5G1 mutants. In order to 

confirm that the neurodegeneration phenotype observed for the Adar5G1 mutant was 

indeed specific to the Adar mutation, various ADAR constructs were expressed in the 

mutant background using the GAL4 binary system (Brand and Perrimon, 1993). The 

second aim to this Chapter was to determine if Drosophila lacking ADAR could be 

used to model neurodegenerative disease by identifying the pathogenic process that 

ultimately leads to the neurodegeneration.   

 

 

4.2. Materials and methods 
To learn more about the role of ADAR in the Drosophila CNS, whole-mount 

immunohistochemistry was used to determine the localisation pattern of ADAR. To 

characterise neurodegeneration 6μm sections of seven paraffin-wax embedded 

Adar5G1 mutant heads were cut and stained with haematoxylin and eosin. To ensure 

that the neurodegeneration was specific to the Adar deletion, Drosophila Adar or 

human ADAR1, ADAR2, or ADAR3 were expressed in the cholinergic neurons of the 

Adar5G1 mutant strain using the w; Cha-GAL4 (19B), UAS-GFP S65T (Cha-GAL4 

driver) strain (Salvaterra and Kitamoto, 2001). Three to six heads for each genotype 

were analysed by haematoxylin and eosin staining of 6μm wax sections. In order to 

elucidate the mechanism by which the neurodegeneration occurred in the Adar5G1 

mutant strain, sections of Adar5G1 mutant heads were assayed for programmed cell 

death by terminal deoxynucleotidyl transferase biotin-dUTP nick end labelling 

(TUNEL). Whole-mount Adar5G1 brains were also assayed for cell death using 

Lysotracker, which detects acidic compartments such as nuclei undergoing cell 

death. The final assay for cell death was the expression of the anti-apoptotic protein 

p35 in the Adar5G1 mutant strain. Aged Adar5G1 mutant heads were also examined 

using transmission electron microscopy (TEM) to ascertain whether the synaptic 

neuropil had the same characteristics found in other neurodegenerative Drosophila 

mutants and in human neurodegenerative disease. 
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 4.3. Results  

ADAR localises to all nuclei in the adult CNS 
The first question addressed in this section is whether ADAR function is 

specific to subsets of neurons, or is ADAR function required globally in the CNS? In 

Section 1.2, it was discussed that ADAR recognises an RNA duplex that is composed 

of exonic sequence and intronic sequence. Editing must occur prior to splicing. 

However two target transcripts of ADAR, the Adar transcript and the para transcript, 

contain an ECS that is formed solely by exonic sequence (Hanrahan et al., 2000; 

Reenan et al., 2000). This raises the second question asked in this section, can 

ADAR edit transcripts post transcriptionally and in the cytoplasm. Both of these 

questions can be addressed by studying the localisation pattern of ADAR in the 

Drosophila adult CNS.  

 

 The antibody used in these experiments was raised in rabbit against the full 

length human ADAR2 protein (Gerber et al., 1997; O'Connell et al., 1997). An 

immunoblot determined that the ADAR2 antibody recognised recombinant ADAR 

3/4 S protein (approximately 90kDa) purified from Pichia pastoris (Figure 4.1D). 

Wild-type brains were dissected from w1118 and double stained with the ADAR2 

antibody and propidium iodide, a nuclear counterstain. The brains were viewed on 

the Zeiss LSM 510 confocal. A Z-stack spanning the depth of the adult brain 

revealed that ADAR localised to the cortical layer, which is composed of cell bodies 

(Figure 4.1A). The ADAR localisation overlapped with the propidium iodide stain 

(Figure 4.1B-C), and at a higher magnification the localisation was seen to be 

specific to the nuclei (Figure 4.1B, inset). The ADAR stain was repeated at varying 

concentrations of anti-ADAR2 antibody on approximately 20 different brains. 

Propidium iodide has a wide spectrum of fluorescence, and so to ensure that the 

signal detected was not from the fluorescence generated from exciting the propidium 

iodide, wild-type brains were stained only with the ADAR2 antibody (Figure 4.2E). 

Not only did this confirm that ADAR is found in all nuclei in the CNS but it also 
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revealed that ADAR was excluded from a region in the nucleus that was likely to be 

the nucleolus (Figure 4.2E, inset).  

 

To control for the specificity of the ADAR2 antibody on Drosophila whole-

mount brains, Adar1F4 mutant brains were stained, as a negative control, with the 

anti-ADAR2 antibody. Direct comparison of the Adar1F4 mutant brain with the wild-

type w1118, brain revealed that there was a background-staining pattern in the Adar1F4 

mutant brain (Figure 4.2F). This was repeated on twelve different Adar1F4 brains (as 

well as one Adar5G1 brain), low level background staining was detected in the 

Adar1F4 mutant brain, however, the anti-ADAR2 antibody stain was reduced (Figure 

4.2F). It is known that a small amount of active protein is expressed in the Adar1F4 

mutant as RT-PCR analysis revealed that the self-editing site in the Adar 3/4 

transcript is edited (James Brindle, unpublished data). The low level expression of 

ADAR in the Adar1F4 mutant strain could account for the background staining that 

was observed when the Adar1F4 mutant brains were stained with the ADAR2 

antibody. Despite localising to all the neuronal cell bodies in the adult CNS, ADAR 

was not specific to all Drosophila nuclei. In the cardia ADAR localised to the nuclei 

of the midgut epithelia, however it is absent from the nuclei of the foregut cells 

(Figure 2G-H, arrow and arrowhead).  

 

An NLS is yet to be identified for Drosophila ADAR, however it shows most 

sequence and functional similarity to the ADAR2 protein, which is known to contain 

an NLS (Keegan et al., 2004). The ADAR2 antibody did not detect ADAR in the 

cytoplasmic neuropil, further adding to the evidence that ADAR function and 

localisation is most similar to ADAR2.  This evidence reduces the likelihood that 

under normal conditions in the wild-type Drosophila CNS ADAR can edit substrates 

post-transcriptionally in the cytoplasmic neuropil. 
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Figure 4.1: Localisation of ADAR in the Drosophila CNS 

A-C: Whole-mount immunohistochemistry was performed with the anti-ADAR2 antibody 

(A) and the counterstain propidium iodide (C) on dissected wild-type brains. A Z-stack was 

captured and a single optical section was selected. The ADAR2 antibody recognised an 

ADAR epitope (green) in the cortical layer of the adult brain which co-localised with the 

propidium iodide counterstain (B). At a higher magnification (63x) the localisation was 

observed to be specific to the nuclei (B, inset). D: The ADAR2 antibody detected ADAR 

protein of a molecular weight of 90 kDa. E: Wild-type wholemount brain stained only with 

ADAR2 antibody (white) confirmed that the signal was not spectral overlap from the 

propidium iodide. Furthermore at a higher magnification (100x) ADAR was seen to be 

excluded from the nucleolus (inset arrows). F: As a negative control the ADAR2 stain was 

repeated on wholemount brains of Adar1F4 , and the sections form the Z stack were directly 

compared to wild-type brains stained with the ADAR2 antibody. G-I: ADAR was not 

observed in all Drosophila nuclei, in the cardia it was detected only in the nuclei of the 

midgut epithelia (arrow) and not in the nuclei of the foregut cells (arrowhead). 
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Neurodegeneration in the Adar5G1 mutant strain 
The Adar1F4 mutant is known to undergo progressive vacuolisation of the 

synaptic neuropil from 30 days to 50 days (Palladino et al., 2000b). The 

neurodegenerative phenotype differs from the Adar mutant hypnos2, which seems to 

suffer from a very mild neuronal degeneration in the cortical neurons of the lamina 

(Ma et al., 2001). The differences may be attributable to the genetic background, 

however it may also be the result of the mutation. The Adar1F4 mutant strain is a 

hypomorphic deletion, where as hypnos2 is a loss function, which was determined by 

loss of editing of three target transcripts of ADAR (Ma et al., 2001; Palladino et al., 

2000b). The Adar5G1 deletion mutant (Palladino et al., 2000b) is less viable than the 

Adar1F4 mutant strain and so it was hypothesised that the neurodegeneration in the 

Adar5G1 mutant strain could be more aggressive.  

 

Similar to the hypomorphic strain (Adar1F4) the Adar5G1 mutant strain has 

behavioural defects that result in a dysfunction in locomotion. To characterise the 

neurodegeneration pattern of the Adar5G1 mutant strain, Adar5G1 mutant males were 

aged, and sectioned at 5 days, 25 days and 30 days.  Wild-type flies were analysed at 

25 days. The sections of the aged Adar5G1 mutant heads were stained with 

haematoxylin and eosin. This revealed that that vacuolisation occurred in the Adar5G1 

mutant as it did in the Adar1F4 mutant. However the neurodegeneration was more 

rapid in the Adar5G1 mutant, and not only affected the retina but also the mushroom 

body (MB) calyces. As discussed in Section 1.9, the MB calyces comprise of 

Kenyon cell (KC) dendrites, and the axonal collaterals of projection neurons (PNs) 

that extend through the inner-antenno-cerebral tract (iACT) and the middle antenno-

cerebral-tract (mACT) (Figure 1.5). At 5 days the MB calyces in the Adar5G1 mutant 

strain were similar to the wild-type control at 25 days (Figure 4.2A and C). 

Vacuolisation was seen in the MB calyces by 25 days (Figure 4.2E). The 

vacuolisation progressed and was found to be more extensive in the MB calyces in 

the Adar5G1 mutant strain at 30 days (Figure 4.2G). The retina in the 5-day old 

Adar5G1 mutant was of a similar morphology to the wild-type retina at 25 days 
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(Figure 4.2B and D). By 25 days there was vacuolisation of the retina in the Adar5G1 

mutant strain (Figure 4.2F) and again the vacuolisation of the retina in the Adar5G1 

mutant was more extensive at 30 days (Figure 4.2 H).   

 

   

 

 

 
 

Figure 4.2: Neurodegeneration in the Adar5G1 mutant strain. 

A: The MB calyces in the 25-day-old wild-type (w1118) control strain. B: The retina in the 25-

day-old wild-type (w1118) control strain. C: The MB calyces in the Adar5G1 mutant at 5 days. 

D: The retina in the Adar5G1 mutant at 5 days. E: The MB calyces of the Adar5G1 mutant at 

25 days. F: The retina in the Adar5G1 mutant at 25 days. G: The MB calyces in the 

Adar5G1mutant at 30 days. H: The retina of the Adar5G1 mutant at 30 days. Scale bars: 20μm. 
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Neurodegeneration in the Adar5G1 mutant is rescued 

by the over-expression of Adar 3/4 S 
The Adar gene has two promoters, promoter 4a is a weak promoter that is 

active from the embryo through to the adult and a strong promoter, promoter 4b, that 

is only active from larval stages onwards (Palladino et al., 2000a). The strong 

promoter produces the most predominant spliceform, Adar 3/4. The Adar 3/4 

transcript is edited by ADAR at the S/G site, changing the genomically encoded 

serine to a glycine, this results in a reduction of editing activity (Keegan et al., 2005; 

Palladino et al., 2000a). Over-expression of Adar 3/4 S, in the cholinergic nervous 

system using the w; Cha-GAL4 (19B), UAS-GFP S65T (Cha-GAL4 driver) 

Drosophila strain (Salvaterra and Kitamoto, 2001), is known to rescue the 

locomotion phenotype of the Adar1F4 mutant strain (Keegan et al., 2005). The Cha-

GAL4 driver expresses GAL4 in the neuronal cell bodies and in neuronal projections 

of the CNS and PNS in the embryo, larvae and adult (Salvaterra and Kitamoto, 

2001). Choline acetyltransferase immunoreactivity has been detected in the optic 

lobe including the lamina cartridges, and is absent from photoreceptor cells (Ikeda 

and Salvaterra, 1989), and is also present in most of the neuropil of the brain 

including strong staining in the MB calyces (Yasuyama et al., 1995) and in the 

antenno glomerular tracts (Salvaterra and Kitamoto, 2001). 

 

To confirm that the neurodegeneration that had been observed in the aged 

Adar5G1 mutant was due to the Adar deletion, the Adar 3/4 S transgenic line was 

crossed into the Adar5G1; Cha-GAL4 mutant strain. The Adar5G1; chromosome is 

marked with y (Table 2.1). The mutant males are therefore distinguishable not only 

by body colour, but also by the lack of the bar eye phenotype. If the males expressed 

a wild-type X chromosome due to female non-disjunction, then the males would not 

bear the y mutation. These males are distinguishable by body colour. The Adar5G1 

mutant males rescued by expression of Adar 3/4 S in the cholinergic nervous system 

were aged to 30 days and the MB calyces and retina were analysed with 
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haematoxylin and eosin staining. The vacuolisation of the neuropil of the MB calyces 

and retina of the Adar5G1; Cha-GAL4 mutant at 30 days was rescued by the 

expression of Adar 3/4 S (Figure 4.3B-C).  

 

In order to establish whether neuropil degeneration of the Adar mutants was a 

separate phenotype to the locomotion phenotype various drivers specific to the 

neurons in the thoracic ganglion were tested (Liam Keegan). Only one GAL4 driver 

line, D42-GAL4 (Parkes et al., 1998; Yeh et al., 1995), was found to significantly 

rescue locomotion (Figure 4.3A). An independent T test was performed in order to 

determine significance. The T value was calculated to be 9.15 and with the 58 

degrees of freedom the probability was calculated to be less than 0.001. 

 

D42-GAL4 is a strong neuronal driver which is expressed in the 

motorneurons, interneurons, some glial cells and fat body of the larvae (Parkes et al., 

1998), and is strongly expressed 14 hours after puparium formation (Hebbar and 

Fernandes, 2005). In the Drosophila adult, D42-GAL4 is expressed in flight neurons 

and unidentified neurons and interneurons throughout the thoracic ganglion; 

furthermore D42-GAL4 is expressed in the central brain, the suboesophageal ganglia 

(Figure 1.5A), and in the lateral margins between the lobulla and lobulla plate 

(Figure 1.5A), but is absent in the retina (Parkes et al., 1998). 

 

D42-GAL4 driven expression of Adar 3/4 S in the Adar1F4 mutant background 

rescued locomotion to levels that were comparable to the D42-GAL4 control strain 

(Figure 4.3A). To ascertain whether Adar 3/4 S could rescue neurodegeneration of 

the Adar5G1 mutant strain when expressed by D42-GAL4, the rescued Adar5G1 mutant 

males were aged to 30 days and the neuropil of the retina and the MB calyces were 

analysed by haematoxylin and eosin staining. At 30 days the neuropil of the MB 

calyces, was reduced compared to the Adar5G1 mutant as only very small vacuoles 

were detected (Figure 4.3D arrow). The retina of the rescued Adar5G1 mutant was not 

rescued as well as the MB calyces as vacuoles were still detected (Figure 4.3E 
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arrow). The D42-GAL4 driver expresses GAL4 in the central brain of the adult, and is 

not expressed in the retina (Parkes et al., 1998) this could explain the difference in 

rescue of the neurodegeneration in the MB calyx and retina of the Adar5G1 mutant. 

 

 

 

 

 

Figure 4.3: Rescue of neurodegeneration in the Adar5G1 mutant by expression of 

the Adar 3/4 S transgene. 

A:  The locomotion of the Adar1F4 mutant was measured in terms of number of lines crossed 

in a 50mm petri dish which had been divided up into seven equal areas. The number of lines 

were counted over a two minute period, the average number of line were plotted as was the 

standard error. This was repeated for Adar1F4 expressing Adar 3/4 S under the control of the 

Cha-GAL4 driver and also the D42-GAL4 driver. The locomotion of Adar1F4 was 

significantly rescued in Cha-GAL4, UAS-Adar 3/4 S with a t value of 24.49 and a probability 

greater than 0.001. The locomotion of Adar1F4 was significantly rescued with the D42-GAL4 

UAS-Adar 3/4 S with a t value of 9.15 and a probability less than 0.001. The numbers of flies 

measured are indicated above each bar. Significance is marked with an asterisk. The 

locomotion of the positive controls D42-GAL4 and Cha-GAL4 were also measured and 

graphed. See section 2.1 for details of T test. B: Rescue of neurodegeneration was compared 

to the results presented in Figure 4.2. Expression of Adar 3/4 S under the control of Cha-

GAL4 rescued the vacuolisation of the MB calyces at 30 days. C: Cha-GAL4 driven 

expression of Adar 3/4 S in the Adar5G1 mutant rescues the vacuolisation of the retina at 30 

days. D: At 30 days D42-GAL4 driven expression of Adar 3/4 S in the Adar5G1 mutant strain 

produced a partial rescue of vacuolisation of the MB calyx; only small vacuoles could be 

detected (arrow). E: The retina of the Adar5G1 mutant strain at 30 days was not rescued by 

the D42-GAL4 driven expression of Adar 3/4 S, large vacuoles were observed to extend 

through the frontal plane of the retina (arrow). Scale bars: 20μm. 
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Figure 4.3: Rescue of neurodegeneration in the Adar5G1 mutant by expression of 

the Adar 3/4 S transgene. 
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Rescue of neurodegeneration in the Adar5G1 mutant 
expressing the human ADAR enzymes. 

The neurodegeneration observed in the Adar5G1 mutant strain was 

successfully rescued by GAL4 expression of Adar 3/4 S. This suggests that not only 

was the neurodegenerative phenotype attributable to the Adar mutation, but the 

GAL4 binary system (Brand and Perrimon, 1993) was a suitable method to 

investigate rescue of neurodegeneration. Therefore the GAL4 system was used to 

investigate the functional similarities between the mammalian ADARs and 

Drosophila ADAR. The nuclear ADAR1 p110 isoform, the cytoplasmic ADAR1 

p150 isoform, ADAR2, and ADAR3 were all expressed in the Adar5G1; Cha-GAL4 

mutant strain and aged to 30 days. The neuropil of the MB calyces and the retina 

were examined in haematoxylin and eosin stained sections. At 30 days expression of 

ADAR1 p110, the nuclear form of ADAR1 (Patterson and Samuel, 1995; Patterson et 

al., 1995) rescued the neuropil vacuolisation observed in the MB calyces of the 

Adar5G1 mutant strain (Figure 4.4A) and rescued the degeneration of the retina of the 

Adar5G1 mutant although small vacuoles were detected (Figure 4.4B arrow). ADAR 

p150 shuttles between the cytoplasm and nucleus but is predominantly present in the 

cytoplasm (Herbert et al., 1997; Poulsen et al., 2001; Schwartz et al., 1999). 

Vacuolisation was detected in the MB calyces of 30-day old Adar5G1; Cha-GAL4 

mutant males expressing ADAR1 p150 (Figure 4.4C arrow). Expression of ADAR 

p150 in the cholinergic neurons of the Adar5G1 mutant strain did not rescue the 

vacuolisation of the retina. (Figure 4.4D). 

 

ADAR2 contains an NLS sequence and so is a nuclear protein (Keegan et al., 

2004). At 30 days, the MB calyces of Adar5G1; Cha-GAL4 expressing ADAR2 were  

rescued (Figure 4.4E), as was the retinal degeneration (Figure 4.4F). ADAR3 has yet 

to be shown to be enzymatically active (Chen et al., 2000; Melcher et al., 1996a). 

However ADAR3 shows most sequence similarity to ADAR2, and does not contain 

an NES, therefore it is likely the ADAR3 enzyme is nuclear (Keegan et al., 2004). 
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When expressed in the Adar5G1; Cha-GAL4 mutant background the vacuolisation of 

the MB calyces and retina was rescued at 30 days (Figure 4.4G). Taken together 

these results suggest that ADAR activity is not required for the rescue of 

neurodegeneration, however localisation of ADAR to the nucleus is essential.  

 

 

 

 

 

 

Figure 4.4: Rescue of the neurodegeneration observed in the Adar5G1 mutant by 

the expression of the human ADAR enzymes. 

A: At 30 days the MB calyces of the Adar5G1; Cha-GAL4, UAS-ADAR p110 were 

partially rescued as only very few vacuoles were detected (arrow). B: At 30 days the 

retina of Adar5G1; Cha-GAL4, UAS-ADAR p110 was partially rescued as only very 

few vacuoles were detected (arrow). C: At 30 days the MB calyces of Adar5G1; Cha-

GAL4, UAS-ADAR1 p150, were not rescued (arrow). D: At 30 days the retina of 

Adar5G1, Cha-GAL4, UAS-ADAR1 p150, was not rescued. E: At 30 days the 

vacuolisation of Adar5G1; Cha-GAL4, UAS-ADAR2 were rescued. F: The 

vacuolisation of the retina of Adar5G1, Cha-GAL4, UAS-ADAR 2 was rescued at 30 

days. G: At 30 days the MB calyces of Adar5G1; Cha-GAL4, UAS-ADAR3 were 

rescued. H: The vacuolisation of the retina of Adar5G1; Cha-GAL4, UAS-ADAR3 

was rescued at 30 days. Scale bars: 20μm. 
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Figure 4.4: Rescue of the neurodegeneration observed in the Adar5G1 mutant by 

the expression of the human ADAR enzymes. 
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Programmed cell death was not detected in the 

Adar5G1 mutant.  
Due to the difficulty in studying the pathology of human disease before 

patient death, research into neurodegenerative progression relies upon the use of 

model organisms. Drosophila is widely accepted as a model of human 

neurodegenerative disease and has been used to model many human 

neurodegenerative disorders such as Parkinson’s, Huntington’s disease, and 

Spinocerebellar ataxia type 3, SCA3 (Feany and Bender, 2000; Jackson et al., 1998; 

Warrick et al., 1998; Wittmann et al., 2001). To assess the Adar5G1 mutant strain as a 

model for human neurodegenerative disease I wanted to classify the mechanism by 

which the synaptic neuropil was lost. A possible mechanism by which neuronal cell 

loss could be mediated is by programmed cell death. Programmed cell death (PCD) 

can be classified into two types, type I PCD is characterised by the condensation of 

the nucleus and cytoplasm, DNA fragmentation, and maintenance of organelles until 

late in the apoptotic process. During autophagy, or type II PCD, the organelles are 

degraded early in the cell death process and DNA fragmentation does not occur until 

late in the process, if at all (Schweichel and Merker, 1973). The terminal 

deoxynucleotidyl transferase biotin-dUTP nick end labelling (TUNEL) assay was 

used to determine if the Adar5G1 mutant strain was associated with fragmented DNA, 

and hence type I PCD.   

 

Nicked DNA was successfully detected in the nuclei of the two positive 

controls. The first positive control was a transverse section through the eye of a 

retinal degeneration mouse mutant, called atypical retinal degeneration, atrd. These 

sections were a kind gift from Dafni Vlachatoni, at the MRC HGU (Figure 4.5A).  

The second positive control was sections of 25-day-old w1118 Drosophila heads that 

had been digested with DNase I, which creates nicked DNA (Figure 4.5B). In 

sections of Adar5G1mutant heads at 25 days, TUNEL was unable to detect nuclear 

cell death in the Kenyon cell neurons that surround the calyx (Figure 4.5C and D), 
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despite extensive neuropil vacuolisation having occurred as observed in a serial 

section stained with haematoxylin and eosin (Figure 4.5E and F). No TUNEL 

positive nuclei were detected in the negative control w1118 at 25 days (Figure 4.5G 

and H).  

 

The anterior region of the brain was also assayed for TUNEL positive cells. 

No neuronal cell bodies surrounding the antennal lobes were found to be positive 

(Figure 4.6A). TUNEL was performed on at least four Adar5G1 mutant heads. 

TUNEL was also used to detect programmed cell death in sections of Adar5G1 mutant 

heads at 5 days old, prior to the onset of the degeneration, and also in sections of 

Adar1F4 mutant heads at 25 days, and again no TUNEL positive cells were detected 

(data not shown). However TUNEL did detect dying nuclei of the fat body (Figure 

4.6A-D arrows). In support of fat body cell death, black spots reminiscent of necrosis 

were also found on the body of the Adar5G1 mutant, the number of necrotic spots 

increased with age (Figure 4.6E).   

 

To ensure that dying nuclei were not being missed because the in situ sections 

of the Drosophila Adar5G1 mutant head were in the wrong plane, Lysotracker was 

used on four dissected brains of the Adar5G1 mutant at 15 days. Lysotracker stains 

acidic compartments, and upon apoptosis the nucleus becomes acidic and can 

therefore be used to assay for cell death. Lysotracker revealed only very few dying 

nuclei, 6-10 positive nuclei in the Adar5G1 mutant brain and no positive nuclei in 

w1118 (Figure 4.6F-G). To test whether cell death was occurring at a very low level 

over a long period, expression of the viral anti-apoptotic protein p35 was driven in 

the Adar5G1 mutant background. p35 inhibits cysteine proteases, the caspases that 

cleave substrates that induce programmed cell death, and is known to inhibit the 

majority of Drosophila caspases that mediate programmed cell death (Chen et al., 

1996; Hay et al., 1994; Warrick et al., 1998).  Adar 3/4 S, and the human ADARs, 

when expressed in the Adar5G1; Cha-GAL4 mutant background rescued the 

neurodegeneration seen in the MB calyces and the retina; therefore, the Cha-GAL4 
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driver was used to express UAS-p35 in the Adar5G1 mutant background. Inhibition of 

programmed cell death did not rescue the vacuolisation of the neuropil in the MB 

calyces, and retina in the Adar5G1 mutant at 30 days. This suggests that an alternative 

pathway is mediating vacuolisation in the CNS of the Adar5G1 mutant strain (Figure 

4.6H-I). 

 

 

 

 

 

 

Figure 4.5: TUNEL positive nuclei are not associated with the Adar5G1 

mutant strain at 25 days. 

A: A transverse section through the eye of the mouse mutant atypical retinal degeneration. 

The nuclei were counterstained with DAPI (blue). TUNEL detected dying nuclei (green). B: 

A section of w1118 at 25 days digested with DNase I. The DAPI stained nuclei (blue) overlap 

with the nuclei containing nicked DNA (green). C: No TUNEL positive nuclei were detected 

in the Adar5G1 mutant at 25 days (green). Nuclei were stained with DAPI (blue). D: Higher 

magnification of C. E: A section of the Adar5G1 mutant at 25 days, the section is serial to the 

section presented in C. Haematoxylin and eosin stain showed that vacuolisation HAD 

occurred in the MB calyces (arrows). F: Magnification of E shows vacuolisation of the MB 

calyx in the Adar5G1 mutant at 25 days (arrow). G: Anterior section of w1118 aged to 25 days, 

a negative control, no TUNEL positive cells were detected (green). The nuclei were 

counterstained with DAPI (blue). H: Posterior section of w1118 aged to 25 days, a negative 

control. No TUNEL positive cells were detected (green). Nuclei were counterstained with 

DAPI (blue). Scale bars A, B C, E, G and H = 100μm. D and F =50μm. 
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Figure 4.5: TUNEL positive nuclei were not associated with the Adar5G1 mutant 

strain at 25 days. 
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Figure 4.6: Neurodegeneration of the Adar5G1 mutant is not mediated by 

apoptotic cell death. 

A: Cell death was not detected by TUNEL in the nuclei of the 25-day-old Adar5G1 mutant. B: 

Cell death was detected in the nuclei of the fat body (boxed area in A). C: Haematoxylin and 

eosin stained section serial to A, white box indicates fat body tissue. D Magnification of 

boxed area in C. E: Fat body necrosis (arrows) increased with age on the body of the aging 

Adar5G1 mutant (from left to right, 1-day-old, 15-day-old. 25-days-old, and 42-days-old). F: 

Whole-mount staining of 15-day-old Adar5G1 mutant brains with Lysotracker Red revealed 

only a small number of dying cells. G Lysotracker Red staining of aged matched w1118 

wholemount brain. H: Expression of p35 in the cholinergic neurons of the Adar5G1 mutant 

failed to rescue neurodegeneration in the retina at 30 days. I: Expression of p35 in the 

cholinergic neurons of the Adar5G1 mutant failed to rescue the neurodegeneration in the 

mushroom body calyces. Scale bars A and C: 100μm, B, D, H and, I: 20μm.  
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Figure 4.6: Neurodegeneration of the Adar5G1 mutant is not mediated by type I 

PCD. 
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Ultrastructural studies of Adar5G1 mutant brains at 14 

days 
Haematoxylin and eosin stained sections of aged Adar5G1 mutant heads 

revealed that the synaptic neuropil degenerates in the MB calyces and in the retina. 

From the data that I have presented in this Chapter it would seem that the 

vacuolisation observed in the Adar5G1 mutant strain could not be attributable to type I 

programmed cell death. To gain further insight into the initial pathological cause of 

the vacuolisation I performed transmission electron microscopy (TEM) on Adar5G1 

mutant heads at 14 days, prior to any obvious vacuolisation and on aged matched 

w1118 control heads. Semi-thin (0.5 μm) frontal sections were cut and stained with 

toluidine blue (Figure 4.7 A and B) and ultra-thin sections were cut for analysis by 

TEM (Figure 4.7C-H). Large vacuoles between the ommatidia of Adar5G1 mutant 

heads at 14 days were observed in toluidine blue stained semi-thin sections (Figure 

4.7B, arrows). These vacuoles were not present in the sections of 14 day-old w1118 

control sections (Figure 4.7A). The large vacuoles were also observed in the ultra-

thin sections imaged with the TEM (Figure 4.7D arrows). There was no evidence of 

vacuole formation between the ommatidia of the aged matched w1118 control (Figure 

4.7C). At higher magnifications the large vacuoles were found to contain pigment 

granules (Figure 4.7E and F, arrows).  This suggested that the pigment cells were 

enlarged (see Figure 1.8), possibly as a stress response to the surrounding cellular 

environment.  

 

In order to enhance the penetration of the glutaraldehyde fixative and of the 

plastic resin the 14-day-old Adar5G1 mutant heads and w1118 controls had been 

bisected. However once the heads were embedded in the plastic resin, it was difficult 

to determine the orientation of the head when cutting the sections. As I only had 

experience in sectioning in the frontal plane I was only able to identify the MB 

calyces in one 14-day-old Adar5G1mutant head. The ultrastructural studies of the MB 

calyces revealed a bundle of nerve fibres that appeared larger than the surrounding 



Chapter 4: Neurodegeneration in Adar mutants 

 113

axons and dendrites (Figure 4.7G, square) and they lacked any cellular structure such 

as mitochondria (Figure 4.7 H, arrow).  

 

These initial ultrastructural studies on the brain of the Adar5G1 mutant at 14 

days indicated that in the retina the vacuoles that were identified in the haematoxylin 

and eosin stained sections could be due to enlarging pigment cells (Figure 4.7 D 

arrows).  Enlarged nerve fibres were also observed in the MB calyx of an Adar5G1 

mutant head at 14 days. To confirm and extend on what was observed in the 14-day 

old Adar5G1 mutant brain TEM analysis was repeated on Adar5G1 mutants that were 

aged to 25 days, when vacuoles were obvious by haematoxylin and eosin staining. 

To overcome the problem that was encountered when orientating bisected heads only 

the proboscis was removed prior to fixation in 2.5% glutaraldehyde. Survey semi-

thin frontal sections (0.5μm) were cut until the anterior aspect was reached. Several 

ultra-thin sections were cut at the level of the antennal lobes. Survey sections were 

cut through to the posterior end of the brain in order to obtain sections of the 

mushroom body calyces. However the wax did not penetrate the Drosophila cuticle 

and as only the proboscis was removed the tissue at the posterior end of the head was 

not secure in the plastic. Sections at the posterior end would pop out from the plastic 

and often folded. I only obtained sections of the mushroom body calyces in the wild-

type control. I obtained posterior sections from one Adar5G1 mutant head, however, 

several sections had to be cut in order to obtain sections that were not folded, and 

unfortunately this cut through the mushroom body calyces. Therefore, only the 

retina, optic lobe and the anterior neuropil will be discussed in detail.  
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Figure 4.7: EM of Adar5G1 mutant brain at 14 days. 

A: A toluidine blue stained semi-thin section of a w1118 retina at 14 days. No evidence of 

vacuolisation was observed. B: A toluidine blue stained semi-thin section of the Adar5G1 

mutant retina at 14 days. Large vacuoles were observed between the ommatidia (arrows). 

C: Electron micrograph of the aged w1118 control showed no signs of vacuolisation. D: 

Electron micrograph of the Adar5G1 mutant retina revealed several large vacuoles between 

the ommatidia (arrows). E: The large vacuoles contained pigment granules (arrow). F: 

Magnification of boxed area in D confirmed the presence of pigment granules (arrow) G: 

The MB calyces in the Adar5G1 mutant at 14 days showed swollen nerve fibres (box). H: 

The enlarged nerve fibres detected in the MB calyces lacked cellular structures such 

mitochondria. Scale bars: C: 5 μm, D: 10 μm, E: 2 μm, F: 500 μm, G: 10 μm, H: 2μm. 
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Figure 4.7: EM of the Adar5G1 mutant brain at 14 days. 
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Ultrastructural analysis of w1118 at 25 days 
At 25 days the wild-type control, did not show any signs of large vacuole 

formation adjacent to the ommatidia (Figure 4.8A and B). The ommatidia contained 

the seven photoreceptors (R1-R7/8) and appeared normal (Figure 4.4 B, circled in 

green). The photoreceptors of w1118 were intact, and the microvilli of the rhabdomere 

appeared normal (Figure 4.4C).  The cellular organelles of the photoreceptors were 

preserved well and structures such as mitochondria were easily identifiable (Figure 

4.8C arrow) as were the photoreceptor nuclei (Figure 4.8D) and the associated 

endoplasmic reticulum (ER) (Figure 4.8 D, arrow). The lamina of the aged w1118 

control was also well preserved and individual lamina cartridges were observed 

(Figure 4.9A-C). The axons from the photoreceptors R1 to R6 from each 

ommatidium projected into the lamina to form the cartridge (Fischbach and Dittrich, 

1989) where they synapse onto two centrally located monopolar interneurons (Figure 

4.9C). Each laminar cartridge was surrounded by an epithelial glial cell (Figure 4.9B 

and C), which invaded the photoreceptor axons with capitate projections (Figure 

4.9C) (Stark and Carlson, 1983). The sections of the anterior neuropil of the w1118 

control showed that the tissue had been preserved well. A large axon bundle was 

detected in the deutocerebrum (Figure 4.9D, box, and E), this could be the antennal 

mechanosensory neuropil (Figure 1.5). 
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Figure 4.8: Electron micrographs of the w1118 retina at 25 days. 

A: No enlarged pigment cells were detected in the retina of the w1118 at 25 days (R: retina, 

BM: basement membrane, L: lamina). B: The ommatidia (green circle) of w1118 at 25 days. 

C: The photoreceptors of w1118 appeared normal as were the rhabdomeres (Rb). The R7/R8 

photoreceptor is indicated. Organelles such as mitochondria were identifiable (arrow). D: An 

example of a photoreceptor nucleus (N), showing an intact nuclear membrane and the 

associated endoplasmic reticulum (arrow). Scale bars, A: 10μm, B: 4 μm, C: 2 μm, and D: 

1 μm. 
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Figure 4.9: Frontal anterior sections of w1118 at 25 days, revealing the optic 

lamina and the anterior region of the frontal brain. 

A: The optic lamina of w1118 aged 25 days. R: retina, BM: basement membrane, and L: 

lamina. B: The axons of the R1-R6 photoreceptors (asterisk) synapse onto the lamina in a 

retinotopic fashion forming lamina cartridges (circled in green) and are surrounded by 

epithelial glial cells (eg). C: The R1-R6 photoreceptor axons are post-synaptic to two 

centrally located monopolar interneurons (L) and are presynaptic to capitate projections (cp) 

from the epithelial glial cell D: The anterior region of the frontal brain. A large bundle of 

nerve fibres were observed and may correspond to the antennal mechanosensory neuropil 

(square). OES: oesophagus, SOG: suboesophageal ganglion. E: Magnification of boxed area 

in D. A longitudinal axon is marked with an arrow, F: Magnification of E, the longitudinal 

axon in E is marked again with a black arrow. The surrounding neuropil looked normal, g: 

electron dense glial cell. Scale bars: A: 10μm, B: 2 μm, C: 500nm, D: 10 μm, E: 10 μm, and 

F: 2μm. 
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Figure 4.9: Frontal anterior sections of w1118 at 25 days, revealing the optic 

lamina and the anterior region of the frontal brain. 
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The retina of the Adar5G1 mutant at 25 days 
At 25 days the Adar5G1 mutant retina had several large vacuoles between the 

ommatidia (Figure 4.10A, arrows), some very large vacuoles affected the structure of 

the ommatidia (Figure 4.10B). At higher magnifications, the photoreceptors of the 

25-day old Adar5G1 mutant were found to contain many abnormal structures, which 

included small vesicular bodies. Vesicular bodies are cytoplasmic inclusions that 

contain small vesicles surrounded by a single membrane (Figure 4.10C, arrow). 

Multilamellar (onion-like) cytoplasmic inclusions were also commonly observed 

(Figure 4.10D). In the retina the multilamellar structures were not confined to the 

photoreceptor cells and were observed in glial cells (Figure 4.10E and F, arrows).  

 

Abnormal membrane structures were a regular feature in the aged Adar5G1 

mutant brain. In addition to the large concentric whorls that were identified in the 

photoreceptors and the glial cells of the retina, thin interrupted membrane structures 

were found within the large vacuoles (Figure 4.10F, white arrow and Figure 4.11B, 

arrow). Other abnormal membrane bound structures were identified in the 

photoreceptors. Some were intracellular inclusions that appeared to contain cellular 

components (Figure 4.11C and D, arrows). Other membrane bound organelles 

appeared to be originating from the photoreceptor membrane and contained vesicular 

like structures (Figure 4.10C and Figure 4.11E, arrows).  

 

The photoreceptors of the aged Adar5G1 mutant shown in Figures 4.10 and 

4.11 were in the early stages of the neurodegenerative process. However 

photoreceptors in advanced stages of degeneration were also detected. Detectable 

degeneration of photoreceptors began with increased blebbing of the extracellular 

membrane into the ommatidial cavity. The membrane structures budding from the 

extracellular membrane of the photoreceptor were of two types. The first type was 

characterised by a single outer membrane (Figure 4.12B and C) whereas the second 

type were multilamellar vesicles (Figure 4.12D). Membrane-bound vesicles were 

observed to bud from the rhabdomeres of photoreceptors in a more advanced state of 
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degeneration (Figure 4.12E and F). The extracellular membrane of photoreceptors in 

advanced stages of the neurodegenerative process was virtually undetectable (Figure 

4.12E and F).  

 

 

 

 

 

 

 

 

Figure 4.10: Multilamellar whorls were identified in the photoreceptors and 

in the glial cells of the retina in the Adar5G1 mutant at 25 days. 

A: Many pigment cells in the retina of the Adar5G1 mutant strain were enlarged (arrows) B: 

Very large pigment cells were observed to distort the structure of the ommatidia. The 

photoreceptors were also found to contain abnormal structures, (square). C: The region 

inside the square in B at a higher magnification. Structures resembling multivesicular bodies 

were observed (arrow). The Zonula adherens junctions between the photoreceptors were still 

observed (asterisk), M: mitochondrion. D: Multilamellar whorls were observed in the 

photoreceptors (arrow). E: Multilamellar membrane whorl (arrow), likely to be within a glial 

cell was observed close to the basement membrane between the retina and the lamina. F: 

Multilamellar membrane whorl (arrow), also likely to be within a glial cell close to the 

basement membrane between the retina and the lamina. Vacuoles were also observed (V), 

and often contained light membrane whorls (white arrow). Scale bars, A: 10μm, B: 2μm, C: 

500nm, D: 100nm, E and F: 500nm. 
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Figure 4.10: Multilamellar whorls were identified in the photoreceptors and in 

the glial cells of the retina in the Adar5G1mutant at 25 days. 
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Figure 4.11: The vacuoles in the retina of the Adar5G1mutant at 25 days 

contained interrupted membrane and the photoreceptors contained membrane 

bound inclusions. 

A: A vacuole (V) between photoreceptors of two separate ommatidia. B: Magnification of 

area within the circle in A. Interrupted membrane (arrow) was observed inside the vacuole. 

C: Magnification of area within the square in A. Membrane-bound structures (arrow and 

arrowhead) were observed in the photoreceptors and they appeared to contain cellular 

components. A multilamellar whorl (white arrow) can also be seen D: An example of an 

abnormal membrane structure (arrow). E: A vesicle bound by an endocytotic-like organelle 

pinching from the extracellular membrane of the photoreceptor. Zonula adherens junctions 

remained between adjoining photoreceptors (asterisk). Scale bars, A: 2 μm, B: 500 nm, C: 

500 nm, D: 2μm, E: 500nm.  
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Figure 4.12: Advanced stages of neurodegeneration of the photoreceptors in 

the aged Adar5G1 mutant at 25 days. 

A: Several enlarged pigment cells (arrows) were detected in the retina at low magnification. 

The enlargement of the pigment cells seemed to disrupt the structure of the ommatidia (white 

arrows). B: Membrane blebbing of multilamellar vesicles from the extracellular membrane 

of the photoreceptor (black arrow) was observed. A membrane whorl can be seen in the 

vacuole adjacent to the ommatidium (white arrow). C: Single membrane-bound vesicles 

pinching off from the photoreceptor (arrows). D: Large multilamellar membrane structures 

budded off from the extracellular membrane of the photoreceptor into the ommatidial cavity 

(arrows). E: An ommatidium in advanced stages of neurodegeneration. The photoreceptors 

appeared empty and lacked extracellular membrane. Vesicles were observed budding from 

the rhabdomeres (arrows).  F: Excessive membrane budding from the rhabdomere (black 

arrow) was observed. The extracellular membrane of the photoreceptor could not be defined 

(white arrow). Scale bars: A: 10 μm, B: 2μm, C: 500nm. D: 2μm, E, and F: 500nm. 
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The optic lamina of the Adar5G1 mutant at 25 days. 
 Vacuoles were also present in the optic lamina of the aged Adar5G1mutant 

(Figure 4.13A and B, black arrows). At low magnifications, the lamina cartridges of 

the Adar5G1 mutant appeared normal (Figure 4.13A and B). The number of 

photoreceptor axon terminals in each cartridge was normal indicating that there was 

no problem with the development of the photoreceptor terminals (Figure 4.13C, 

asterisks). However it became evident at higher magnification that there were pleated 

glial extensions present in between terminals of the photoreceptor axons (Figure 

4.13C, white arrow, and D white arrow). It is likely that these glial cell extensions 

projected from the epithelial glia. In addition to this glial cell extensions were found 

to project through the lamina and into neuronal cell bodies (Figure 4.13C and D, 

black arrows). The pleated glial cell extensions that penetrated the nuclear cell bodies 

consisted of a single electron dense extracellular membrane (Figure 4.13E, arrow). 

Vacuoles were also observed close the cartridge and they seemed to be associating 

with the glial sheet extensions (Figure 4.13C).  Large membrane-bound organelles 

containing cellular components (Figure 4.13C, green circle) and may correspond to 

MVB in the late endosome pathway were observed.  Abnormal membrane extensions 

were observed projecting from the basement membrane into the lamina (Figure 

4.13F, arrowhead).   
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Figure 4.13: The degenerating optic lamina of the Adar5G1 mutant at 25 

days. 

A: An electron micrograph of the Adar5G1 mutant retina revealed enlarged pigment cells 

(black arrows) and the optic lamina (white arrow). B: Vacuoles (black arrows) were 

observed in the optic lamina of the aged Adar5G1 mutant. C: The number of axon terminals 

appeared normal (blue asterisks).  Pleated glial cell projections surrounded the axon 

terminals in the lamina cartridge (white arrows). Large pleated sheets extended through the 

lamina and into neuronal cell bodies (pink arrows). Vacuoles formed close to the cartridges 

(V) and in addition, multilamellar whorls were present within the lamina (purple dashed 

circles). Large organelles containing cellular components were also present and may 

correspond to large MVBs (green circle) D: The pleated sheet extended through the nuclear 

membrane (black arrow) and abnormal glial cell extensions wrapped around the lamina 

cartridges (white arrow). The large MVB from C can be seen (green arrow) as can abnormal 

membrane structures, extending from the basement membrane (black arrowhead) E: The 

pleated sheet (arrow) at a high magnification. F: Membrane projections from the basement 

membrane into the lamina (arrowhead, also in D arrowhead). Scale bars, A and B: 10 μm, C: 

2μm, and D, E, and F: 500nm. 
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Figure 4.13: The degenerating optic lamina of the Adar5G1 mutant at 25 days.  
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The neuropil of the Adar5G1 mutant at 25 days 
 Frontal sections of the anterior brain revealed a neuropil structure similar to 

that found in the 25-day old brain of w1118 (Figure 4.9F). This region could be the 

antennal-mechanosensory neuropil (Figure 1.5). This region in the aged mutant 

contained large membrane bound structures that contained large MVBs (Figure 4.14 

C, arrow) and multilamellar whorls (Figure 4.14D, arrow).  The neuropil of the 

frontal brain contained many large vacuoles (Figure 4.15A, E, and G). At higher 

magnifications, the vacuoles appeared to be enlarged nerve fibres, in some instances, 

the vacuoles were empty (Figure 4.15B) and in others, they contained large 

multilamellar membrane whorls (Figure 4.15C, F and H, arrows).  Vacuoles also 

formed adjacent to the neuronal cell bodies (Figure 4.15D, arrow).  
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Figure 4.14: The anterior neuropil of the Adar5G1 mutant at 25 days. 

A: A low magnification micrograph of the anterior neuropil. A large neuropil structure was 

observed and could be the antennal-mechanosensory neuropil (arrow). B: A higher 

magnification of the neuropil structure identified in A. The neuropil structure was seen to 

contain electron dense structures, arrow. C: A higher magnification of the area identified 

with an arrow in B. The electron dense structure had a surrounding membrane and contained 

many electron dense structures that appear to be mitochondria (arrow). D: Multilamellar 

whorls were also observed (arrow).  Scale bars, A and B: 10 μm, C: 500nm, and D: 2μm.  
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Figure 4.15: Vacuoles in the neuropil of the aged Adar5G1 mutant. 

A:  A low magnification electron micrograph of a frontal anterior section of the Adar5G1 

mutant brain at 25 days. B: A higher magnification electron micrograph of the region within 

the black circle in A, shows three empty vacuoles (arrows). C: The area within the black box 

in A, at a higher magnification, shows a vacuole with many membrane whorls (arrow). D: 

The area within the white circle in A at a higher magnification. Vacuoles formed next to the 

nuclear membrane (arrow). E: The anterior region of the frontal brain of the Adar5G1 mutant 

at 25 days. F: The area within the black circle in E at a higher magnification, revealed two 

coalescing vacuoles that contained membrane whorls (arrow). G: A low magnification 

electron micrograph of the frontal brain of the Adar5G1 mutant at 25 days (pro: 

protocerebrum, and oes: oesophagus). H: The area within the black circle in G at a higher 

magnification. The vacuole contained a large concentric membrane whorl. This vacuole was 

undetectable at the lower magnification in G. Scale bars: A: 500nm, B: 2μm, C: 500nm, D: 

2μm, E: 10μm, F: 2μm. 
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Figure 4.15: Vacuoles in the neuropil of the Adar5G1 mutant at 25 days 
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The cell bodies of the Adar5G1 mutant at 25 days 
Generally the neuronal cell bodies appeared normal; however some were 

associated with abnormal structures such as vacuoles. This was observed in the 

neuronal cell bodies in the optic lobe (Figure 4.16A and B, arrows). Neuronal cell 

bodies of the lamina were also associated with vacuoles containing electron dense 

fibrils and membrane whorls (Figure 4.16 C and D, arrows). The neuronal cell bodies 

of the lamina appeared normal but were surrounded by enlarged cytoplasm and 

abnormal glial cell extensions (Figure 4.16C and D, arrows). Other examples of 

abnormal glial cell extensions were observed in the nuclei surrounding the central 

brain. The pleated extension was seen to extend from a glial cell and invade the 

cortical neuronal cell bodies (Figure 4.17A-C).  Furthermore at the posterior edge of 

the frontal brain, membrane whorls were detected in the cortical layer of neuronal 

cell bodies (Figure 4.17B, arrow). The neuronal cell bodies were also associated with 

vacuoles containing fibril like structures (Figure 4.17 C and D). Vacuoles were also 

observed adjacent to the neuronal cell bodies in posterior sections of the Adar5G1 

mutant brain (Figure 4.18A-C). The vacuoles contained either interrupted membrane 

structures (Figure 4.18B) or dense glial cell projections (Figure 4.18C). 
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Figure 4.16: The cell bodies of the Adar5G1 mutant brain at 25 days. 

A: The nuclei in the optic lobe. One nucleus looked more electron dense than the 

surrounding neuronal cell bodies (arrow). B: The nucleus is surrounded by vacuoles  (white 

arrows) one of which contained a long electron dense fibril (black arrow), and membrane-

like whorls (purple arrow).  C: Many of the neuronal cell bodies of the lamina contained 

expanded cytoplasm (arrows) and were surrounded with glial cell extensions. R: retina, L: 

lamina. D: Glial cell extensions were also found among the neuronal cell bodies of the 

lamina. Scale bars A, B, C, and D: 2μm. 
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Figure 4.17: Glial cell extensions invaded the cortical layer of neuronal cell 

bodies in the Adar5G1 mutant at 25 days. 

A: Low-magnification electron micrograph of the cortical layer of neuronal cell bodies 

surrounding the anterior brain. A glial cell is marked within a black box and the extension is 

marked with an arrow. B: The area in the black box in A. The glial cell extension was 

observed to associate with the glial cell (black arrow). A membrane whorl was also observed 

(purple arrow). C: The glial cell extension invaded the neuronal cell bodies (arrow). D: The 

glial cell extension (black arrow) was surrounded by an outer membrane (white arrow). 

Scale bars, A: 10 μm, B: 2μm, and C and D: 500nm. 
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Figure 4.18: Neuronal cell bodies at the posterior edge of the Adar5G1 mutant 

brain at 25 days.  

A: Low-magnification electron micrograph of the very posterior edge of the frontal brain. 

Large nerve fibres possibly part of the GF network were observed in the neuropil (pink 

arrows) B: A large membrane whorl was observed adjacent to the neuronal cell bodies 

(arrow). C: A large vacuole adjacent to the neuronal cell bodies contained an electron dense 

fibril (arrow). Expanded cytoplasm was also observed surrounding the nuclei (black 

asterisk). Scale bars, A: 10 μm, and B and C: 2 μm. 
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4.4 Discussion 
Previous reports on Adar mutations in Drosophila show that ADAR is 

required for normal behaviour and for maintaining the integrity of the CNS (Ma et 

al., 2001; Palladino et al., 2000b). To investigate ADAR function in the Drosophila 

CNS in more detail an ADAR2 antibody was used to determine that ADAR localised 

to all nuclei in the Drosophila CNS (Figure 4.1A-C). The intensity of localisation 

varied between nuclei however ADAR was consistently excluded from a region in 

the nucleus that was likely to be the nucleolus (Figure 2E, arrow). In HeLa cells 

human ADAR1 and ADAR2 are localised to the nucleolus to prevent editing of non-

target RNAs, they are only titrated out into the cytoplasm when they are co-

expressed with an editing substrate (Desterro et al., 2005; Desterro et al., 2003). This 

suggests that in the Drosophila CNS, expression of Adar is highly co-ordinated with 

the concentration of editing substrates, as ADAR was not seen to localise to the 

nucleolus. The majority of coding transcripts that are edited by ADARs require the 

formation of an RNA duplex suggesting that ADAR mediated editing occurs prior to 

splicing (Higuchi et al., 1993). However in Drosophila two transcripts, the Adar 

transcript and the para transcript, which encodes an α1 subunit of the sodium 

channel, are known to form an RNA duplex from exonic sequence (Hanrahan et al., 

2000; Reenan et al., 2000). This raises the possibility that ADAR editing can occur 

after splicing possibly in the cytoplasm. The ADAR2 antibody stain revealed that 

ADAR was not present in the cytoplasmic neuropil of wild-type brains reared under 

normal conditions. This reduces the likelihood that ADAR edits substrates post-

transcriptionally in the cytoplasmic neuropil. A nuclear localisation signal (NLS) or a 

nuclear export signal (NES) has not been identified in the Drosophila ADAR 

enzyme but the localisation of ADAR in the Drosophila CNS confirms that an NLS 

must be present in ADAR.  

 

The age-dependent neurodegeneration that is observed in the two Drosophila 

Adar mutants, Adar1F4 and hypnos2, differ in severity (Ma et al., 2001; Palladino et 

al., 2000b). The Adar1F4 mutant strain is a hypomorphic deletion, whereas hypnos2 
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expresses a protein with a loss of function (Ma et al., 2001; Palladino et al., 2000b). 

In this study the neurodegeneration phenotype was determined in an Adar mutant, 

Adar5G1, which lacked the entire gene (Palladino et al., 2000b). As expected the 

Adar5G1 mutant strain suffered from age-dependent neurodegeneration that was more 

severe than the previously described mutants (Figure 4.2). Complete loss of ADAR 

mediated editing in Drosophila causes vacuolisation of the MB calyces and the 

retina. The MB calyces are a structured neuropil that contain the dendrites of the 

neuronal cell bodies (Kenyon cells) that form the MB (Ito et al., 1997; Lin et al., 

2007; Zhu et al., 2003). The Kenyon cell (KC) dendrites are post synaptic to the 

olfactory projection neurons (Jefferis et al., 2001; Stocker et al., 1990; Wong et al., 

2002) and process the olfactory information through the MB lobes to other regions in 

the brain (Ito et al., 1998). It is possible that the MB calyx and the retina are more 

susceptible to excitotoxicity than other regions in the brain as they are regions that 

receive regular visual and olfactory information. 

 

The deletion in Adar5G1 spans approximately 36.5kb (Chapter 6).  Therefore 

to ensure that the neurodegeneration that was observed in Adar5G1 mutants was due 

to the Adar deletion, various Adar isoforms were expressed in the Adar5G1 mutant 

background and rescue of neurodegeneration was tested. Expression of Adar 3/4 S in 

the cholinergic neurons of the Adar5G1 mutant rescued the vacuolisation of the MB 

calyces and the retina (Figure 4.3). The Choline acetyltransferase (Cha) gene is 

expressed strongly in the MB calyces (Yasuyama et al., 1995; Yasuyama and 

Salvaterra, 1999), in the antenno glomerular tracts (Salvaterra and Kitamoto, 2001), 

and in the antennal lobes (Yasuyama et al., 1995; Yasuyama and Salvaterra, 1999). 

Therefore the vacuolisation of the neuropil in the calyx could be attributable to the 

loss of editing of transcripts encoding proteins in the KC dendrites or in the pre-

synaptic PNs. Interestingly Cha has not been found to localise in the retina and yet 

neurodegeneration of the retina of the Adar5G1 mutant is rescued. Cha is expressed in 

the lamina cartridges. Therefore the neurodegeneration of the retina may be due to 

aberrant retrograde signalling from the lamina to the retina.  Alternatively the Adar 
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3/4 S transgene may have a basal level of transcription due to a promoter close to the 

transgene insertion.  

 

In order to determine whether neuropil degeneration of the Adar mutants was 

linked to the locomotion phenotype Adar 3/4 S was expressed in the Adar5G1 mutant 

using the D42-GAL4 driver (Parkes et al., 1998; Yeh et al., 1995). Expression of 

Adar 3/4 S with D42-GAL4 in the Adar1F4 mutant strain rescued locomotion to levels 

that were comparable to the D42-GAL4 control strain (Figure 4.3). The rescue is 

most likely to be due to the D42-GAL4 driven expression of Adar 3/4 S in the 

motorneurons and interneurons of the thoracic ganglion. In order to determine if 

locomotion and neurodegeneration were linked, D42-GAL4 was used to drive Adar 

3/4 S in the Adar5G1 mutant. At 30 days rescue of the MB calyces was observed, 

however large vacuoles were still present in the retina (Figure 4.3D and E). The D42-

GAL4 driver expresses GAL4 in the central brain of the adult, and is not expressed in 

the retina (Parkes et al., 1998) this could explain the difference in rescue of the 

neurodegeneration in the MB calyx and retina of the Adar5G1 mutant. This also 

suggests that the rescue of the neurodegeneration in the retina of the Adar5G1 mutant 

obtained from expressing Adar 3/4 S in the cholinergic neurons is not due to a basal 

level of Adar 3/4 S expression outside of the cholinergic neurons.  If this were the 

reason for the rescue then the retina of the Adar5G1 mutant expressing Adar 3/4 S 

under control of D42-GAL4 would produce a rescue comparable to the Cha-GAL4 

rescue.  

 

To examine the function of the mammalian ADAR enzymes the Cha-GAL4 

driver was used to express mammalian ADARs in the Adar5G1 mutant strain and the 

effect on neurodegeneration was assessed (Figure 4.4). ADAR1 p110, the nuclear 

form of ADAR1, and ADAR2 rescued the vacuolisation of the MB calyces. 

Expression of ADAR1 p150, the cytoplasmic form of ADAR1, did not rescue the 

vacuolisation of MB calyces as efficiently as the ADAR1 p110 and ADAR2. This 

suggests that rescue of vacuolisation of the MB calyces in the Adar5G1 mutant is 
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dependent upon the nuclear localisation of the ADAR enzyme.  Interestingly 

expression of ADAR3, in the cholinergic neurons of the Adar5G1 mutant rescued the 

vacuolisation of the MB calyces. To date no enzymatic activity or biological function 

has been reported for ADAR3 (Chen et al., 2000; Melcher et al., 1996a), however it 

has a putative NLS in the N-terminus (Melcher et al., 1996a). No evidence was 

observed for editing at selected transcripts in the Adar5G1 mutant rescued by the 

ADAR3 (James Brindle). This suggests that rescue of neurodegeneration in the 

Adar5G1 mutant may not require ADAR activity.  

 

The suggestion that a member of the cytidine deaminase family can have a 

function independent of editing activity is not a novel idea. APOBEC3G is a cytidine 

deaminase that mediates C-U editing, on the minus-stranded DNA during reverse 

transcription of HIV-1 (Mangeat et al., 2003; Yu et al., 2004; Zhang et al., 2003). 

Mutations in APOBEC3G that generate an inactive enzyme do not inhibit the anti-

HIV-1 activity (Gallois-Montbrun et al., 2007; Wichroski et al., 2006). More recently 

it was shown that APOBEC3G inhibits miRNA-mediated repression of protein 

translation, and this is also not dependent upon the deaminase activity of the enzyme 

(Huang et al., 2007).  miRNAs are now considered critical regulators of many 

cellular processes, including neurodegeneration. In Drosophila the expression of the 

miRNA bantam suppresses the neurodegeneration observed in Drosophila models 

for Spinocerebellar Ataxia Type 3 and Tau induced neurodegeneration (Bilen et al., 

2006; Warrick et al., 1998).  In addition, loss of dicer1 (the enzyme which processes 

the pre-miRNA into the pri-miRNA) enhances the neurodegenerative phenotype 

(Bilen et al., 2006). This suggests that the miRNA pathway plays a role in 

modulating the pathway that leads to neurodegeneration. Adenosine to inosine 

editing has been shown to antagonise the RNAi pathway by editing siRNA 

precursors (Knight and Bass, 2002; Scadden and Smith, 2001). Furthermore ADAR 

has been shown to inhibit the RNAi pathway in vitro by binding to and sequestering 

the siRNA (Yang et al., 2005). In addition to this, we have shown that in vivo 

inhibition of the siRNA pathway can be achieved by an inactive ADAR1 (Chapter 
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7). More recent data identifies specific miRNA as targets for ADAR1 and ADAR2 

mediated editing (Blow et al., 2006; Kawahara et al., 2007a; Kawahara et al., 2007b; 

Luciano et al., 2004; Yang et al., 2006). ADAR editing and binding to Drosophila 

miRNAs has yet to be identified. It is possible that ADAR in the nucleus edits or 

sequesters various miRNAs that are responsible for maintaining the integrity if the 

Drosophila CNS. Therefore, without ADAR it is possible that miRNAs can silence 

the target genes that maintain the integrity of the Drosophila CNS. 

 

In order to gain further insight into the cellular pathways that link the loss of 

Adar with the neurodegeneration phenotype, the aged Adar5G1 mutant brain was 

assayed for type I programmed cell death (PCD), which is characterised by DNA 

fragmentation. The TUNEL assay failed to detect DNA fragmentation in the 

neuronal bodies surrounding the antennal lobes or the MB calyces of the Adar5G1 

mutant at 25 days (Figure 4.5 and 4.6). The absence of type I PCD was further 

confirmed by Lysotracker staining of 15-day-old Adar5G1 mutant brains and by the 

expression of the anti-apoptotic protein p35 (Figure 4.6). These results suggest that 

the neurodegeneration observed in the Adar5G1 mutant was not mediated by type I 

PCD. Fragmented DNA was however successfully detected in the nuclei of the fat 

body cells; furthermore, black spots on the body of the Adar5G1 mutant increase in 

number with age (Figure 4.6), suggesting fat body cell death or possibly ectodermal 

cell death had occurred.   

 

To elucidate the cellular pathway involved in the neurodegenerative process 

TEM analysis was performed on the brains of aged mutants and age-matched w1118 

controls. The degeneration was characterised in the retina, in the optic lamina, in the 

neuropil and in the neuronal cell bodies. The retina of the Adar5G1 mutant contained 

several enlarged pigment cells, and this affected the structure of the ommatidia 

(Figure 4.10). Two stages of degeneration were observed in the photoreceptors, an 

early stage of degeneration and a late stage of degeneration. In the early stages of 

neurodegeneration, the photoreceptors were characterised by cytoplasmic inclusions 
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(Figure 4.10 and 4.11) such as vesicular bodies and multilamellar membrane whorls. 

Membrane whorls were also detected in glial cells of the retina. In the latter stages of 

photoreceptor degeneration (Figure 4.11), photoreceptors were observed to be 

undergoing high rates of exocytosis. The vesicles that pinched from the 

photoreceptor extracellular membrane were either bound by a single membrane or 

appeared similar to the multilamellar membrane whorls. Excessive exocytosis was 

also observed in the rhabdomeres. In the final stages the photoreceptors lacked 

visible extracellular membrane.  

 

The most distinctive cellular component in the Adar5G1 mutant brain was the 

multilamellar membrane whorls. Multilamellar membrane whorls have been 

identified in other Drosophila mutants such as eggroll (Min and Benzer, 1997), swiss 

cheese (Kretzschmar et al., 1997; Muhlig-Versen et al., 2005; Zaccheo et al., 2004), 

and benchwarmer (Dermaut et al., 2005) and are characteristic of the human 

neurodegenerative disease Tay-Sachs (Becker and Yates, 1991). Tay-Sachs is a lipid 

biogenesis disorder, which results in an accumulation of membrane components in 

lysosomes due to mutations that prevent the membrane components from being 

digested (Becker and Yates, 1991). Abnormal lipid homeostasis has been implicated 

in the swiss cheese mutant (Kretzschmar et al., 1997; Muhlig-Versen et al., 2005; 

Zaccheo et al., 2004) and impairment in the endosomal pathway was identified in the 

benchwarmer mutant (Dermaut et al., 2005). The Adar5G1 mutant shared other 

similarities with the swiss cheese mutant, for example both mutants contained 

abnormal glial cell projections (Kretzschmar et al., 1997). In the Adar5G1 mutant 

abnormal glial cell extensions were observed separating the axon terminals of the 

photoreceptors in the lamina cartridges. Often glial cell extensions in the Adar5G1 

mutant brain would associate with neuronal cell bodies. This occurred in the lamina 

as well as in many of the nuclei in the cortical layer. Like the swiss cheese mutant the 

neuronal cell bodies of the Adar5G1 mutant were often associated with juxtanuclear 

vacuoles, which in the swiss cheese mutant has been suggested to be due to abnormal 

lipid biogenesis (Muhlig-Versen et al., 2005; Rival et al., 2004). However, it could 
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also be the remnants of neuronal cell bodies that have undergone cell death (Wolff 

and Ready, 1993). 

 

Abnormal glial extensions can disrupt the neuroanatomical structure and this 

may result in CNS dysfunction. The production of membrane whorls can also be 

attributable to failure of autophagic clearance of membrane or lipids by autophagy 

(Komatsu et al., 2005; Komatsu et al., 2007). This could suggest that the 

neurodegeneration in the Adar5G1 mutant is associated with type II PCD, autophagy. 

Many genes are known to be involved in the control of autophagy including the 

autophagy related genes (Klionsky et al., 2003) and members of the Rab GTPase 

family, which are a family of GTP binding proteins that localise to specific 

membrane compartments (Jager et al., 2004; Munafo and Colombo, 2002). 

Interestingly ADAR has been shown to edit transcripts encoding for components of 

the endocytotic pathway including the Rab27 transcript (Appendix I, Table AI.3)) 

(Stapleton et al., 2006). It is possible that the lack of editing of these transcripts 

results in the production of membrane whorls. However the data presented in this 

Chapter would suggest that ADAR does not need to be active to rescue 

neurodegeneration. Raising the possibility that in Drosophila, ADAR plays an 

important and additional role to adenosine to inosine editing of dsRNA. 
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5.1 Introduction 
The ADAR2 knock-out mouse is viable, however the new-born mouse 

undergoes a series of seizures and dies by day 20 (Higuchi et al., 2000). The 

behavioural phenotype of the ADAR2 knock-out mouse was rescued by the  

expression the GluR-B transcript edited at the Q/R site (Higuchi et al., 2000). This 

suggests that the Q/R site of the GluR-B transcript is the primary target of ADAR2. 

The experiments described here are designed to ask whether there is one transcript 

that is the main target of ADAR activity in Drosophila. The Adar deletion mutants, 

Adar5G1 and Adar1F4, have locomotion deficits and suffer from age-dependent 

neurodegeneration (Palladino et al., 2000b). The GAL4 binary system was 

successfully used to express Adar 3/4 and rescue the locomotion deficit of the Adar 

mutants (Keegan et al., 2005). Previously the neurodegeneration of the Adar1F4 

mutant was rescued by generating Adar1F4 mutant males carrying a translocation of 

the tip of the wild-type X chromosome, which contains the Adar gene, on the Y 

chromosome (Palladino et al., 2000b). However this could not exclude the possibility 

that a neighbouring gene was mediating the neurodegenerative phenotype. In Chapter 

4, I eliminated this possibility by demonstrating that the GAL4 system could drive 

the expression of Drosophila Adar and the human ADARs and rescue the 

neurodegeneration observed in the Adar5G1 mutant. 

 

The GAL4 binary system successfully rescued the Adar mutant phenotype 

when expressing different forms of ADAR. We therefore wanted to use the GAL4 

system to express the edited forms of Adar target transcripts in the Adar mutant. The 

two target transcripts we choose were Nic34E, which encodes a subunit of the 

nicotinic receptor channel, and Rdl, which encodes a subunit of the inhibitory 

GABA-gated chloride channel. Both the Nic34E transcript and the Rdl transcript are 

similar to the mammalian GluR-B transcript in that they contain sites that are edited 

at an efficiency of 100%. 
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The Nic34E transcript encodes a subunit of the Nicotinic receptor channel, 

which is responsive to the neurotransmitter Acetylcholine. The cholinergic nervous 

system extends through the CNS and PNS from the embryo to the adult (Salvaterra 

and Kitamoto, 2001) and acetylcholine transferase localises strongly to the optic lobe 

(including the lamina cartridges) (Ikeda and Salvaterra, 1989), and in the neuropil of 

the brain including the mushroom body calyces (Yasuyama et al., 1995). Editing of 

the ten sites (site A to site J) in the Nic34E transcript is developmentally regulated 

(Figure 1.10). This is discussed in Section 1.11. Briefly, four sites in the Nic34E 

transcript are highly edited; these are sites A, B, C, and I. Sites A and B are in the 

transmembrane domain of the protein, whereas sites C and I are in the extracellular 

domain. Sites A and B are both edited at an efficiency of 85% in the embryo, but by 

larval stages, and in the adult both site A and B are edited to 100%. Editing of site A 

does not alter codon meaning, whereas editing of site B results in an isoleucine to a 

valine change. Nic34E site C is edited to 100% at all developmental stages including 

adulthood. Editing at Nic34E site C results in a threonine to an alanine change. Site I 

is edited at an efficiency of 100% at all stages of the Drosophila life cycle and results 

in an isoleucine to a valine change. Moderate editing was detected at the other six 

editing sites of the Nic34E transcript at various stages of development (Figure 1.10) 

(James Brindle). 

 

Editing of the Rdl transcript is also developmentally regulated at six sites, site 

A to site F (Figure 1.10). In the embryo only Rdl site C is edited and it is edited at an 

efficiency of 80%. Editing at site C changes the codon from an isoleucine to a valine. 

By larval stages Rdl site C is edited at an efficiency of 100% and it remains at this 

level in the adult. In the adult moderate editing is detected at the other five editing 

sites of the Rdl transcript (Brindle et al., unpublished data). Furthermore RDL 

localises to the ellipsoid body (Aronstein and Ffrench-Constant, 1995; Harrison et 

al., 1996), the fan shaped body and the protocerebral bridge  (Aronstein and Ffrench-

Constant, 1995) all of which are part of the central complex that control Drosophila 

locomotion (discussed in Section 1.9). As well as localising to the optic lobe, 
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medulla and the antennal lobes RDL also localises to the MB including the calyces 

(Aronstein and Ffrench-Constant, 1995; Harrison et al., 1996), which I showed in 

Chapter 4 undergo age-dependent neurodegeneration in the Adar5G1 mutant. 

 

 I therefore wanted to test whether expression of the edited forms of Rdl and 

Nic34E could rescue the locomotion and the neurodegeneration of the Adar mutant.    

 

 

5.2 Materials and Methods 
 The full open reading frames of both Nic34E and Rdl were cloned into TEasy 

and subsequently subcloned into the pUAST-FLIS6 vector such that the full length 

protein was tagged at the amino terminus with a FLAG epitope and with a HIS 

hexamer epitope at the carboxy terminus. The pUAST: FLIS6 constructs were co-

injected with the helper transposase plasmid, Δ2-3, into w1118 embryos. The flies that 

eclosed were crossed to w1118, and the resulting red-eyed flies were balanced against 

the second chromosome balancer y, w1, Pin/Cyo or the third chromosome balancer y, 

w1, Ly/TM3. The transgenes were expressed under the control of various GAL4 

drivers. Rescued Adar mutants were collected under CO2. Rescue of locomotion was 

determined by the open field locomotion assay. The number of lines that any one fly 

crossed in three minutes was counted and this was repeated a further two times. At 

least ten flies were tested for each genotype unless otherwise stated in the results 

section. An average was calculated, and the standard error was applied. Age-related 

neurodegeneration was tested in one of the rescued lines aged to 30 days. 
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5.3 Results 

Cloning of target transcripts 
Rdl is composed of 11 exons (Figure 5.1).  Exons 3a, 3b, 6c and 6d undergo 

alternative splicing and three different isoforms are generated: isoform A (CG10537-

RA) isoform B (CG10537-RB) and isoform C (CG10537-RC). Rdl isoform A 

contains exons 3b and 6d, Rdl isoform B contains exons 3b and 6c, and Rdl isoform 

C contains 3a and 6c. A plasmid encoding the full open reading frame of Rdl isoform 

C was a gift from Andrew Jones from the group of Professor David Sattelle, 

University of Oxford. This Rdl isoform C was edited at site C (Figure 5.1). 

Quickchange PCR was used to create an Rdl isoform C that was fully edited and an 

Rdl insert that was fully unedited (James Brindle). Recent work from Andrew Jones 

suggests that the most abundantly expressed Rdl spliceform in the Drosophila CNS 

is Rdl isoform A.  

 

The Nic34E gene encodes twelve exons, exons 3, 5, 7, 10, and 11 are 

alternatively spliced so that three different isoforms are expressed: Nic34E A 

(CG32975-RA), Nic34E B (CG32975-RB) and Nic34E C (CG4128-RC). Nic34E 

isoform B was a gift from Andrew Jones from the group of Professor David Sattelle, 

University of Oxford.  We cloned the full coding sequence of isoform A into TEasy, 

and using Quickchange PCR created mutations at the editing sites so that the Nic34E 

isoform A was edited only at site C (James Brindle). No information is available on 

the abundance of the three Nic34E transcripts in the Drosophila central nervous 

system. A pUAST-FLIS6 construct encoding Nic34E edited at site C was used to 

generate transgenic fly lines.   
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Figure 5.1: Gene structure of Rdl and Nic34E. 

A: Rdl is composed of eleven exons. Exons 3a, 3b, 6c, 6d are alternatively spliced to give 

rise to three different isoforms. Editing sites A and B are in the fourth exon and sites C-F are 

in exon 7. B: The twelve exons of Nic34E are alternatively spliced to give rise to three 

separate isoforms. Editing sites A and B are in the eighth exon, whereas the rest of the 

editing sites are clustered in the eleventh exon.  
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Transgenic lines created 
In collaboration with Liam Keegan and James Brindle the various plasmids 

were injected into w1118 embryos. The crawling larvae were collected and crossed to 

w1118, the transgenic progeny were then balanced against the second chromosome 

balancer strain y, w1, Pin/Cyo or the third chromosome balancer strain y, w1, Ly/TM3. 

Lines created from Rdl isoform C edited only at site C were named Rdl I/V, as the 

amino acid change is an isoleucine to valine. Lines expressing Rdl edited at all sites 

were named edRdl, likewise Rdl that was not edited at any of the sites were named 

unRdl. Finally Nic34E isoform A edited at site C were called Nic34E T/A, as the 

amino acid change at site C is a threonine to an alanine. Several independent 

transgenic lines were generated for all of the Rdl and Nic34E transgenes. We have 

maintained five lines of Rdl I/V, three lines of edRdl, ten lines of unRdl and three 

lines of Nic34E T/A (Table 5.1). 
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Table 5.1: Transgenic lines of Rdl and Nic34E. 
 
 

Fly line Transgene 

Rdl I/V Rdl I/V 2.1 / Sb 
 Rdl I/V 5 / Sb 
 Rdl I/V 5.1 / Sb 
 Rdl I/V 6 / Sb 
 Rdl I/V 7 / Sb 
  

Rdl fully edited edRdl 1 / Cy 
 edRdl 2.1 / Cy 
 edRdl 7.1 / Sb 
  

Rdl unedited unRdl1.1 / Cy 

 unRdl11.5  / Cy 
 unRdl3.1 / Sb 
 unRdl3.2 / Cy 
 unRdl 5 / Cy 
 unRdl5.2 / Cy 
 unRdl 11 / Cy 
 unRdl 11.1 / Sb 
 unRdl 11.2 / Cy 
 unRdl 12.1 / Cy 
  
 unRdl11.1 / Sb 
  

Nic 34E T/A  Nic 34E T/A5.1 / Cy 
 Nic34E T/A 6 / Cy 
 Nic34E T/A 7 / Cy 
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Rescue of Adar locomotion by the expression of 
editied Rdl 

Liam Keegan established Adar mutant lines bearing Actin 5c-GAL4, and Cha-

GAL4 prior to the start of this PhD (Table 2.4). The Rdl and Nic34E transgenic lines 

were crossed into these Adar1F4 and Adar5G1 mutant strains containing the GAL4 

drivers (Liam Keegan). I used the open field locomotion assay on the progeny to 

determine whether there was rescue of the Adar mutation. An example of a cross is 

shown in Figure 5.2.   

 

 

 
y1, Adar1F4, w1 ; Actin 5c-GAL4 ; +  X ; + ; edRdl 7.1 

 

 w1, FM6B  CyO  + X Y  +  TM3Sb  
             
 
 

 
    + ; edRdl 7.1 + 

;
  TM3 Sb 

             
 Actin 5c-GAL4 ;+  + ; edRdl 7.1 + ; Tm3 Sb
     Actin 5c-GAL4 + Actin 5c-GAL4  + 
            
 CyO ;+  + ; edRdl 7.1 + ; Tm3Sb
       CyO + CyO   + 
          
             
      y1, Adar1F4, w1 y1, Adar1F4, w1   
      X Y   
          
      w1, FM6 w1, FM6 B-   
      X Y   

 

Figure 5.2: An example of a rescue cross. 
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Figure 5.2: An example of a rescue cross. 

Virgin females carrying the Adar deletion and the GAL4 driver were crossed to males 

bearing the desired transgene. Male progeny bearing the Adar deletion, the GAL4 driver and 

the transgene for GAL4 driven rescue were collected as non-Bar, non-CyO, and non-Sb 

(red). Adar mutant males without the GAL4 driver were collected to assay for driverless 

rescue as non-Bar, non-Sb and Cy (blue). To test for GAL4 driven expression of the 

transgenes in an Adar WT background, FM6 males (green) were collected as bar eyes, non-

CyO, and non-Sb to test for GAL4 driver and to test without driver FM6 non-Sb, and CyO 

males were collected. 

 

 

 

To determine if any of the transgenes gave a background (driverless) rescue 

of locomotion in the Adar1F4 mutant strain, mutant males carrying only the UAS-Rdl 

insert were assayed for locomotion. No background rescue was seen with fully edited 

Rdl (edRdl 7), unedited Rdl (unRdl 3.1) and Rdl edited only at site C (Rdl I/V 5.1, and 

Rdl I/V 7) (Figure 5.3). The wild-type control strain used was CaS.  It must be noted 

that the number of Adar mutants that eclose was lower than expected. This was a 

general observation; numbers of progeny were not counted and compared to the 

expected frequency. Therefore, the number of flies assayed for locomotion is shown 

(Figure 5.3).  

 

In order to determine whether targeted expression of fully edited Rdl (edRdl 

7) could rescue the locomotion of the Adar1F4 mutant strain, the edRdl 7 transgene 

was expressed in cholinergic neurons by Cha-GAL4 and globally by Actin 5c-GAL4 

in the Adar1F4 mutant background.  The fully edited transgene failed to show any 

rescue of locomotion in the Adar1F4 mutant (Figure 5.4). The negative control for this 

experiment was the expression of the unedited form of Rdl. As expected, the 

transgenic line unRdl 3.2 did not give rescue of locomotion when expressed in 

cholinergic neurons with Cha-GAL4 (Figure 5.4). Recent evidence indicates that the 
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Rdl transcript edited at all sites encodes a subunit of the GABA-gated ion channel 

that has the same electrophysiological properties as the RDL subunit encoded by the 

unedited Rdl transcript (Andrew Jones and Professor David Sattelle, personal 

communication). Therefore expressing Rdl edited at all sites in the Adar1F4 mutant 

background, that itself expresses only unedited Rdl, might not alter the 

electrophysiology of the GABA-gated ion channel in the Adar1F4 mutant. Therefore 

the unedited form of Rdl is not the only negative control, the fully edited form of Rdl 

is also a negative control.  

 

In vivo the most efficiently edited site in the Rdl transcript is site C, which is 

edited at a level of 100% in larvae and in the adult. The editing of site C results in an 

amino acid change of an isoleucine to a valine within the transmembrane domain of 

the RDL protein. Three lines of Rdl edited only at site C (Rdl I/V 2.1, Rdl I/V 5.1 and 

Rdl I/V 7.1) were expressed in the Adar1F4; Cha-GAL4 mutant strain. Expression of 

Rdl 1-V 2.1 and Rdl I/V 7.1 in the Adar1F4 mutant was lethal and only one fly of the 

correct genotype was obtained. However, Rdl I/V 5.1 when expressed in the 

cholinergic neurons of the Adar1F4 mutant did produce the desired progeny. When 

the resulting progeny were assayed for locomotion, it produced a weak rescue of 

locomotion. The increase in locomotion of Adar1F4 produced by expressing Cha-

GAL4, UAS- Rdl I/V 5.1 in the Adar1F4 mutant was determined by an independent T 

test to have a t value of 4.45 with 45 degrees of freedom. This indicated that the P 

value for this increase in locomotion was less than 0.001. As the datasets were not 

normally distributed and the difference in mean was not so great a Kolmogorov-

Smirnov (K-S) test, which is non-parametric, was also used. The K-S test calculated 

a D value of 0.6667 and a P vaule of 0.0001.  

 

The wild-type control strain used was Cha-GAL4 as the strains expressing 

GAL4 show reduced locomotion compared to wild-type strains (Keegan et al., 2005). 

This could be due to GAL4 driven reduction of neuronal function as it has been 

recently shown that GAL4 driven under the control of the pigment-dispersing factor 
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(PDF) results in a neuronal cell death that alters the rhythmic behaviour (Rezaval et 

al., 2007).  

 

To ensure that there was no difference in rescue between the two mutant 

backgrounds, Adar1F4 and Adar5G1, various Rdl transgenes were expressed in the 

Adar5G1 mutant. As with the Adar1F4 mutant there was no background rescue of 

Adar5G1 locomotion with unedited Rdl (unRdl3.1), nor was there rescue of Adar5G1 

locomotion when unedited Rdl (unRdl3.1) was expressed in the cholinergic neurons. 

Rdl edited at all sites (edRdl7.1) failed to rescue the locomotion of the Adar5G1 

mutant when under the control of Cha-GAL4 (Figure 5.5). A potential reason for the 

lack of rescue with these two lines was discussed previously.  
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Figure 5.3: Locomotion of the Adar1F4 mutant strain expressing edited Rdl 

transcripts without a GAL4 driver.  

Rdl edited at site C (Rdl I/V 5.1, and Rdl 7), Rdl edited at all sites (edRdl 7.1) and unedited 

Rdl (unRdl 3.1) did not give a background rescue of Adar1F4 locomotion. The control strain 

was CaS. Standard error bars are shown as are the number of flies that were assayed for 

each genotype. 
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Figure 5.4: Rescue of Adar1F4 locomotion by driving the expression of Rdl 

transcripts with GAL4. 

The Cha-GAL4 driver was used to drive the expression of Rdl edited at C (Rdl I/V 2.1, Rdl 

I/V 5.1, and Rdl I/V 7), fully edited Rdl (edRdl 7) and unedited Rdl (unRdl 3.2) in the 

Adar1F4 mutant strain using either the Cha-GAL4 driver or the Actin 5c-GAL4 driver. The 

locomotion of the resulting males was assayed using the open field locomotion assay as 

described in section 2.1. Only Cha-GAL4, Rdl I/V 5.1 produced a small rescue of 

locomotion. An independent T test was performed on the locomotion data obtained for 

Adar1F4; Cha-GAL4, Rdl I/V 5.1 and Adar1F4.(the bars in grey). The T value equalled 4.45, 

and this indicated that the P value was less than 0.001. As the distribution of the data sets 

did not appear normal a Kolmogorov-Smirnov (K-S) test was also used. This determined a 

D value of: 0.6667 with a corresponding P of: 0.0001. The locomotion of the positive 

controls (Actin 5c-GAL4 and Cha-GAL4) were also assayed and charted. Standard error bars 

are shown as are the number of flies that were assayed for each genotype. 
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Figure 5.5 Locomotion of the Adar5G1 mutant  expressing the Rdl transgenes.. 

Fully edited Rdl (edRdl 7.1) and unedited Rdl (unRdl 3.1) were expressed in the 

cholinergic neurons of the Adar5G1 mutant strain by Cha-GAL4. The locomotion was 

compared to the control strain Cha-GAL4. Unedited Rdl (unRdl 3.1) was tested for 

driverless rescue of locomotion of the Adar5G1 mutant strain and compared to the wild-

type control strain CaS. Standard error bars are shown as are the number of flies that were 

assayed for each genotype. 
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Expressing Rdl in a background wild type for Adar 
Driving the expression of the Rdl isoform C edited at site C in the cholinergic 

neurons only gave a partial rescue in one of the lines tested (Rdl I/V 5.1). Some 

genotypes were difficult to obtain, and therefore, sometimes the number of flies 

assayed for locomotion were low. This suggested that expressing these transgenes 

was toxic to the fly. To test the effect of expressing Rdl transgenes in Drosophila the 

locomotion of the FM6 male produced in the cross (Figure 5.2), expressing the Rdl 

transgenes were assayed for locomotion.  

 

Compared to the CaS control strain the transgenic lines expressing Rdl edited 

at site C (Rdl I/V 2.1 and Rdl I/V 5.1) without a GAL4 driver reduced locomotion 

(Figure 5.6). Expressing Rdl I/V 2.1 in the cholinergic neurons with Cha-GAL4 also 

reduced locomotion; however Cha-GAL4 driven expression of Rdl I/V 5.1 only 

partially reduced the locomotion compared to the Cha-GAL4 control strain. The Rdl 

I/V 5.1 transgenic line showed a weak rescue of locomotion in the Adar1F4 mutant 

strain (Figure 5.6). It should also be noted the GAL4 driven expression of Rdl I-V 5.1 

is less toxic to locomotion than the Rdl I/V 5.1 not driven by GAL4. It is possible that 

the expression of Rdl I/V 5.1 transgene in the cholinergic system reduces GAL4 

toxicity (Rezaval et al., 2007).  The transgenic line expressing fully edited Rdl (edRdl 

7.1) was expressed with Actin 5c-GAL4 in the FM6 male, and this reduced the 

locomotion when compared to the Actin 5c-GAL4 control strain (Figure 5.6). GAL4 

driven expression of the Rdl transgenes was compared to the CaS control strain. 

More appropriate controls would have been a FM6; Cy males, and FM6 males 

bearing the GAL4 driver. 

 

Expression of edited Rdl transcripts in the FM6 background lead to a 

dramatic reduction in locomotion. The fully edited Rdl produces a protein with the 

same electrophysiological properties as the unedited transcript. In the previous 

experiments when fully edited Rdl was expressed in the Adar1F4 mutant strain it 

failed to rescue the locomotion. It is possible that the failure to rescue locomotion is 
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due the expression of an Rdl transcript that is essentially a negative control. However 

expressing the fully edited form of Rdl in an Adar wild type background reduces the 

locomotion to very low levels. Therefore it seems that over expressing Rdl, a subunit 

of the inhibitory GABA gated chloride channel, has a negative effect on locomotion. 

This negative effect was reduced when the Rdl I/V 5.1 isoform was expressed in the 

cholinergic neurons of the Adar1F4 mutant and the FM6 strain, wild type for Adar.  
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Figure 5.6: Locomotion of control flies expressing the Rdl transgenes. 

The two transgenic lines Rdl I/V 2.1 and Rdl I/V 5.1 were expressed without GAL4 driver in 

the FM6 male and the locomotion was compared to the CaS control strain. The same two 

Rdl I/V transgenic lines were then driven in the cholinergic neurons in the FM6 male and 

the locomotion was compared to the Cha-GAL4 control strain. The fully edited Rdl, edRdl 

7.1, was globally expressed using the Actin 5c-GAL4 driver. The locomotion of the FM6; 

Actin 5c-GAL4;Rdl I/V 7 males were compared to the Actin 5c-GAL4 control strain. 

Standard error bars are shown as are the number of flies that were assayed for each 

genotype 
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Rescue of Adar1F4 locomotion by the expression of 
Nic 34E T/A   

Editing of site C in the Nic34E transcript occurs at an efficiency of 100% 

throughout all of development and it remains at this level in the adult (discussed in 

Section 1.11). Transgenic lines expressing Nic34E edited at site C (Nic34E T/A 5.1 

and Nic34E T/A 7) were tested for background rescue of the Adar1F4 mutant strain 

(Figure 5.7). Neither of these lines increased the locomotion of the Adar1F4 mutant 

without a GAL4 driver. 

 

To test if over expression of the Nic34E transcript edited at site C could 

rescue the locomotion of the Adar1F4 mutant strain the two transgenic lines Nic34E 

T/A 5.1 and Nic34E T/A 7 were over-expressed.  Expression of the Nic34E transcript, 

edited at C, in the cholinergic neurons using Cha-GAL4 or globally using Actin 5c-

GAL4 in the Adar1F4 mutant did not produce an increase in locomotor activity 

(Figure 5.8). The edited site that was chosen is edited at an efficiency of 100% at all 

stages of the Drosophila life cycle. There are three other sites edited at a similar 

efficiency in the Nic34E transcript, and it is possible that the transcript that was 

chosen was the wrong edited spliceform. However the results obtained from 

expressing edited forms of Rdl in a genetic background that was wild type for Adar, 

would suggest that expression of ion channels can dramatically reduce the 

locomotion of wild-type flies. To test if this was also true for the expression of edited 

forms of Nic34E, we assayed the locomotion of FM6 males expressing the Nic34E 

transcript edited at site C. It would seem that when Nic34E T/A is expressed without 

the GAL4 driver there is a dramatic reduction of locomotion when compared to the 

CaS control strain (Figure 5.9). When the Nic34E T/A 5.1 transgene was expressed 

globally in the control background, there was only a slight reduction in locomotion 

when compared to the control strain, Actin 5c-GAL4. Furthermore the locomotion of 

the FM6 male expressing the Nic34E T/A transgene with Actin 5c-GAL4 was higher 

than the locomotion of the FM6 male expressing the Nic34E TA 5.1 transgene 
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without GAL4. It is possible that over expression of Nic34E TA 5.1 compensates for 

the loss of neuronal function resulting from the GAL4 (Keegan et al., 2005; Rezaval 

et al., 2007).  However the locomotion of the FM6; Nic 34E TA 5.1 genotype was 

dramatically reduced compared to the wild-type control strain. More appropriate 

controls for these experiments would have been FM6; Cy males and FM6; Actin 5c-

GAL4 males.  

 

 

 

 

 
 

Figure 5.7: Locomotion of the Adar1F4 mutant expressing Nic34E T/A . 
The transgenic lines expressing the Nic34E transcript edited at site C (Nic34E T/A 5.1 and 

Nic34E T/A 7) were expressed without GAL4 in the Adar1F4 mutant strain. The locomotion 

was compared to the CaS control strain. Standard error bars are shown as are the number of 

flies that were assayed for each genotype. 
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Figure 5.8: Locomotion of Adar1F4 expressing GAL4 driven Nic34E T/A. 

The two lines expressing Nic34E edited at site C, Nic34E T/A 5.1 and Nic34E T/A 7, were 

expressed in the cholinergic system of the Adar1F4 mutant strain. The locomotion of these 

two strains was compared to the control strain Cha-GAL4. The transgenic line Nic34E T/A 

5.1 was expressed globally in Adar1F4; Actin 5c-GAL4 mutant strain and the locomotion was 

compared to the Actin 5c-GAL4 control strain. Standard error bars are shown as are the 

number of flies that were assayed for each genotype. 
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Figure 5.9: Locomotion of control flies expressing Nic34E T/A. 

Expression of the Nic34E T/A 5.1 transgene in the Adar1F4 mutant strain reduced 

locomotion. For this experiment, CaS was the control strain. When expressed globally with 

Actin 5c-GAL4, the Nic34E T/A 5.1 transgene only slightly reduced locomotion of the wild-

type control strain. Actin 5c-GAL4 was the control strain. Standard error bars are shown as 

are the number of flies that were assayed for each genotype. 
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Rescue of neurodegeneration by the expression of 

Rdl I/V 
The transgenic line Rdl I/V 5.1 gave a weak rescue of locomotion, and was 

least toxic to a Drosophila strain expressing the wild-type Adar gene (Figures 5.4 

and 5.6). This coupled with the knowledge that RDL localises to the mushroom 

bodies (MB) made the Rdl I/V 5.1 transgenic line a good candidate to test for rescue 

of the degeneration observed in the MB calyces of the Adar5G1 mutant. The partial 

rescue of the locomotion deficit of the Adar1F4 mutant strain was achieved by 

expressing Rdl I/V 5.1 in the cholinergic neurons. Therefore the Rdl I/V 5.1 transgene 

was expressed in the cholinergic system of the Adar5G1 mutant strain and aged to 30 

days. The flies were only weakly rescued for locomotion, and therefore difficult to 

maintain with age. Therefore only one head was analysed for neurodegeneration.  

 

Haematoxylin and eosin stained sections of the Adar5G1 mutant rescued by the 

expression of Rdl I-V 5.1 in the cholinergic neurons revealed that the degeneration of 

the MB calyces were partially rescued. The retina of the Adar5G1mutant was not 

rescued by the over expression of Rdl 1-V 5.1 in the cholinergic neurons (Figure 

5.10). It could be that the expression of Rdl edited at site C alters the activity of the 

GABA-gated chloride channel sufficiently to delay the neurodegeneration of the MB 

calyces of the Adar5G1 mutant. As of yet there is no evidence indicating that Rdl is 

expressed in the retina, this could explain the lack of rescue observed in the retina of 

the Adar5G1 mutant expressing Rdl I/V 5.1 in the cholinergic neurons.  
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Figure 5.10: Rescue of neurodegeneration by Rdl I/V. 

A: Expressing Rdl edited at site C (Rdl I/V 5.1) partially rescued the locomotion 

phenotype of the Adar1F4 mutant strain. B: Slight rescue of neurodegeneration was 

observed in the retina of Adar5G1 aged 30 days. C: Partial rescue of 

neurodegeneration was observed in the MB calyces of the Adar5G1 mutant strain at 

30 days.  
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5.4 Discussion 
ADAR mediated editing in Drosophila is a post-transcriptional process that 

creates diversity of the genomically expressed genes. This process seems to be 

mainly directed at transcripts that are expressed in the CNS. Furthermore the 

Drosophila and mouse Adar mutants show that ADAR activity is essential for the 

brain to function normally (Higuchi et al., 2000; Palladino et al., 2000b). In mouse 

the ADAR2 knockout can be rescued by the expression of the GluR-B transcript 

edited at the Q/R site (Higuchi et al., 2000). This suggests that in mouse the Q/R site 

of the GluR/B transcript is the most critical target of ADAR2. This chapter assessed 

whether the GAL4 binary system could be used to drive the expression of edited 

transcripts and rescue the phenotype seen in the Adar deletion mutants. The two 

transcripts chosen were Rdl, which encodes a subunit of the inhibitory GABA-gated 

chloride channel, and Nic34E, which encodes a subunit of the excitatory nicotinic 

receptor channel. Both of these genes produce three spliceforms, and have very 

complex editing patterns that change throughout development (Figure 1.10). The Rdl 

and Nic34E transcripts both have sites that are edited to 100%, in larvae and in adult, 

suggesting that the editing of these sites is important.   

 

The Rdl transcript edited at all six sites, the Rdl transcript edited at site C and 

the Rdl transcript edited at none of the sites were all expressed in the Adar IF4 

mutant strain. Only the Rdl I/V 5.1 transgene, which is edited at site C, produced a 

partial rescue of the locomotion of the Adar1F4 mutant strain when expressed in the 

cholinergic neurons. The partial rescue was shown (by a student T test) to produce a 

significant increase in Adar1F4 locomotion. Two additional and independent lines of 

the Rdl transgene edited at site C, Rdl I/V 2.1 and Rdl I/V 7, produced few progeny 

when expressed in the Adar1F4 mutant strain. It is possible that this rescue is due to a 

favourable insertion site of the transgene such that the expression levels are at a more 

effective level. However the difficulty in obtaining progeny expressing Rdl I/V 2.1 

and Rdl I/V 7, suggested to us that the expression of Rdl might be inhibitory in the 
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fly. This was confirmed by assaying the locomotion of the FM6 males expressing the 

Rdl transgenes. We observed that the expression of Rdl I/V 2.1 and Rdl I/V 7 in FM6 

males resulted in reduced locomotion. The Rdl I/V 5.1 transgenic line, which gave 

the partial rescue of locomotion, only slightly reduced locomotion when expressed in 

the FM6 male.  

 

Recent studies into the expression analysis of Rdl suggests that the most 

predominant isoform of Rdl is Rdl isoform C, which is expressed at levels that are 

300-fold greater than isoform A (Andrew Jones, personal communication). The Rdl 

isoform that was used in these rescue experiments was isoform A. It could be 

possible that the Rdl isoform used in these experiments would not give a complete 

rescue as it is an isoform that is expressed at low levels in the Drosophila CNS. In 

addition to the expression data there is also recent evidence suggesting that RDL 

edited at all sites has the same electrophysiological properties as RDL edited at none 

of the sites (Andrew Jones, personal communication). We choose to generate 

transgenic lines that expressed unedited Rdl as a negative control to the experiment. 

In light of the electrophysiology data, it now seems unlikely that the fully edited 

RDL isoform could ever rescue an Adar mutant phenotype, and could now be 

considered a negative control. However expression of fully edited Rdl and unedited 

Rdl in the control strain that was wild type for Adar, resulted in a dramatic reduction 

in locomotion. Therefore it would seem that the expression of these ion channels 

using the GAL4 binary system is highly deleterious to Drosophila. 

 

One additional possibility for not observing a full rescue of locomotion of the 

Adar1F4 mutant strain could be because the transgene is not under its natural 

promoter. One additional experiment that Liam Keegan performed was to express a 

pCOSPER construct containing 10kb of upstream Rdl promoter sequence upstream 

to the Rdl open reading frame encoding for isoform C (the most abundant Rdl 

isoform). The Rdl insert was edited at three sites, site C, D, and F, which is known to 
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occur in the Drosophila CNS but the electrophysiology and the abundance of this 

combination of editing sites is unknown (Andrew Jones personal communication). 

The transgenic lines created with the pCOSPER Rdl clone failed to rescue the 

locomotion of the Adar1F4 mutant strain. The expression of the Rdl pCOSPER 

construct was previously shown to rescue Rdl deletion mutants (Stilwell et al., 1995), 

however the construct failed to rescue an Rdl mutant in these experiments (Liam 

Keegan).  

 

The Nic34E transcript is also highly edited in the Drosophila CNS at all 

stages of development (Figure 1.10). The editing site that we chose to test for rescue 

of the locomotion phenotype of the Adar1F4 mutant strain was site C. Site C is in the 

extracellular domain of the NIC34E subunit. None of the lines tested when expressed 

with or without GAL4 rescued the locomotion phenotype of the Adar1F4 mutant 

strain. Expression of certain Rdl transgenes resulted in lethality in the Adar1F4 mutant 

strain and resulted in a dramatic reduction of locomotion in the control background 

that was wild type for Adar. This suggested that expressing ion channels using the 

GAL4 binary system might be detrimental to Drosophila. Therefore we tested the 

effect of expressing Nic34E T/A in a genetic background that was wild type for 

Adar. As expected the expression of Nic34E T/A resulted in a reduction in 

locomotion. Similar to the transgenic line Rdl I/V 5.1, expression of Nic34E T/A 5.1 

without GAL4 produced a lower locomotor activity than when the transgene was 

expressed globally with Actin 5c-GAL4. Furthermore the locomotion of the control 

strain globally expressing Nic34E T/A 5.1 was only slightly reduced compared to the 

Actin 5c-GAL4 control strain. It is possible that the GAL4 driven expression of Rdl 

I/V 5.1 and Nic34E T/A 5.1 somehow protects the CNS from the effect of over 

expressing GAL4 in a genetic background that is wild type for Adar. 

 

To test for rescue of neurodegeneration the Rdl I/V 5.1 transgene was 

expressed in the cholinergic nervous system of the Adar5G1 mutant. At 30 days it was 

evident that expression of Rdl I/V 5.1 produced a partial rescue of neurodegeneration 
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in the MB calyces. This suggests that RDL I/V 5.1 is being incorporated in the 

GABA-gated ion channel and changing the ion channel properties such that neuropil 

degeneration is delayed.  The vacuolisation of the retina was not rescued by 

expression of Rdl I/V 5.1 in the cholinergic system of the Adar5G1 mutant. To date 

RDL is not known to localise to the retina but is known to localise to the MBs 

(Aronstein and Ffrench-Constant, 1995; Harrison et al., 1996), this could explain the 

difference in rescue observed between the two regions of neuropil. 

 

Finally, it should be noted that there are a far greater number of coding 

transcripts edited in Drosophila than there are in mouse, suggesting that ADAR has a 

far more diverse role in re-coding the Drosophila genome than ADAR2. Our result 

would suggest that we have not identified the most critical target transcript of 

ADAR, but it is more likely to be that selection of one transcript is not sufficient and 

that combinations of different transcripts are required for rescue of the different 

aspects of the phenotype. However due to the toxicity we observed when expressing 

ion channel transgenes in Drosophila it would seem unlikely that this approach 

would completely rescue the Adar mutant phenotype, even if a combination of the 

edited transcripts were expressed. In order to investigate the role of editing at 

specific sites, a better approach would be use homologous recombination to alter the 

coding sequence in the genome at the edited site. This would ensure that the edited 

transcript was expressed normally. The increasing list of transcripts that are edited by 

ADAR makes it difficult to identify the critical editing sites, and this strongly 

suggests that ADAR mediated editing in Drosophila is an important process that 

involves many different target transcripts. It is likely the expression of multiple 

edited transcripts is required for a full rescue of the Adar mutant phenotype.  
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Chapter 6: The Adar5G1 deletion 

6.1 Introduction 
The Adar gene is located on the X chromosome at the cytological position 

2B9. Approximately 15.5kb from the Adar start codon is a gene of an unknown 

function that is expressed only in the male, and is specific to the testis and fat body 

(CG32806). Upstream of the Adar start site are two genes that are expressed in the 

opposite direction. The gene, which is approximately 16kb upstream from the Adar 

start codon, produces an embryonic protein of unknown function (CG4809). The 

third neighbouring gene is called Scgdelta and is 19kb upstream to the Adar start 

codon. Scgdelta is a matrix protein expressed in muscle. Before this PhD, the 

Adar5G1 deletion had been approximated to be 30kb from the Adar start codon. The 

downstream gene, CG38206, was not known about until two years into the PhD. It 

therefore became important to map the deletion and determine whether there was 

expression of the CG38206 in the mutant, and more importantly whether CG38206 

was expressed in the Drosophila head.  

 

 

 

 
 

Figure 6.1: The genomic region surrounding Adar. 

Adar is at position 2B9. Downstream to Adar is a gene of unknown function (CG38206). 

Upstream to Adar are two genes. One is of unknown function (CG14809) and the second, 

Scgdelta is a matrix protein expressed in the muscle.  
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6.2 Materials and methods 
To determine the break points of the Adar5G1 deletion, primers were designed 

on either of the Adar gene. (Table 6.2). The primers were designed to walk into 

toward the Adar gene from 40kb downstream from the Adar start codon and 10 kb 

upstream of the Adar start codon. The primers that did not produce a PCR product 

were assumed to be within the deletion. PCR primers were designed to span the 

break points. However, this failed to produce PCR products. This suggested that 

there was a re-arrangement within the sequence. Thermal asymmetric interlaced 

(TAIL)-PCR was then used to define the deletion (Baker et al., 2007; Liu et al., 

1995). The products produced from the TAIL-PCR were subcloned into TEasy and 

the inserts were sequenced. PCR primers were also designed to the three flanking 

genes and their expression was determined by RT-PCR (Table 6.1).  

 

 

Table 6.1: Primers for the genes neighbouring Adar. 

Primer Sequence 
CG32806F2 ACCCAACCCATACAATGTGG 
CG32806R3 TGTGGATGCAATTAGGCTGTC 
CG14809f1 CCACCGATTGTAAGCTGTTTGAT 
CG14809r1 ATGTCATTGTTGTCGCTCTGAC 
CG14809f2 CCACCGATTGTAAGCTGTTTG 
CG14809r2 CTGACAAAGGATGCTGGACTC 

SCG F1 ACACGATAAGTTCGAGTGTCTGTC 
SCG  R1 ATGTGGACGATGTAGATGTTGACTG 
SCG  F2 CACTCCTTGCAGGATACAGGATAC 
SCG   R2 AGCAGTAGCAGCAGGGTATACAG 
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Table 6.2: Genomic primers surrounding the Adar deletion. 
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6.3 Results 

Expression analysis of CG38206 
The gene downstream to Adar, CG38206, is 15.5 kb downstream of the Adar 

start codon. It was therefore important to determine whether the gene was expressed 

in the Adar5G1 mutant. RNA was extracted from CaS males, CaS heads, and Adar5G1 

mutants. The RNA was quantified and 500ng was added to each reverse transcription 

reaction, and 2μl was added to the PCR reaction.  The RT-PCR analysis revealed that 

the CG38206 was expressed in the CaS control strain, but it was not expressed in the 

Adar5G1 mutant strain (Figure 6.2). To determine whether CG38206 could play a role 

in the Drosophila CNS, the PCR was repeated in CaS heads. This confirmed that 

CG38206 was not expressed in the CaS head. This is in agreement with the EST data 

presented in the NCBI database, which suggests that this gene is expressed only in 

the male fat body and testes. 

 
 

Figure 6.2: Expression analysis of CG38206. 

RT-PCR detected expression of CG38206 in the CaS male. No expression of 

CG38206 was detected in the CaS head. The Adar5G1 mutant was found not 

express CG38206. 
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Defining the breakpoints of the Adar5G1 deletion 
To determine the break points of the Adar deletion, PCR was used to walk 

along the X chromosome. Primers were designed from 20kb to 50kb 3’ and 10kb 5’ 

of the Adar start codon. The loss of a PCR product from the Adar5G1 mutant genomic 

DNA, suggested that the primer was located within the deletion. The primers 

nadarutrF6 and nadarutrR6 mark the 5’ side of the deletion and the primers 166F5 

and 166R5 mark the 3’ end of the deletion (Table 6.2 and Figure 6.3A). As a positive 

control, these primers were tested on genomic DNA isolated from the CaS control 

strain (Figure 6.3B and C). This strategy defined the deletion to be as big as 37kb 

(Table 6.2). The primers failed to produce a PCR product across the deletion. 

Alternative primers pairs were designed and they also failed to produce a PCR 

product across the deletion. This suggested the possibility of an insertion into the 

deletion site, or an inversion. To overcome this problem thermal asymmetric 

interlaced (TAIL) PCR was used to identify the sequence across the breakpoints 

(Baker et al., 2007; Liu et al., 1995). 
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Figure 6.3: Defining the breakpoints of the Adar5G1 deletion by PCR. 

A: Chromosome walking revealed that the deletion in the Adar5G1 mutant was 

approximately 37kb. The primers which failed in lanes 2 and 3, were successfully used on 

CaS control genomic DNA and are presented in B and C. B: The primer pair nadarutrF7 and 

nadarutrR7 produced a PCR product of the correct size in CaS control genomic DNA, lanes 

5. C: The primer pair 166F4 and 166R4 produced a PCR product from the CaS control 

genomic DNA, lanes 1.   

 

 

 

Defining the Adar5G1 deletion using TAIL-PCR 
TAIL-PCR involved three nested primers directed to the genomic sequence and an 

arbitrary degenerate primer (Table 6.3). The reaction involves three rounds of PCR 

with alternating cycles from low stringency to high stringency. The primary PCR 

used the outermost nested primer and one of the arbitrary degenerate primers. The 

secondary PCR used a 200th dilution of the primary PCR as template, the second 

nested primer, and the arbitrary degenerate primer. The Tertiary reaction, was the 
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final reaction and used 200th of the secondary reaction as template, the third nested 

primer and the arbitrary degenerate primer.  The optimised PCR programme is 

presented in Table 6.5. 

 

 

Table 6.3: Arbitrary degenerate primers. 

 

Primer Sequence 

AD1 NTCGASTWTSGWGTT 

AD2 NGTCGASWGANAWGAA 

 

Table 6.4: TAIL- PCR programme. 

 

Primary reaction 93° for 1 min, 95° for 3 min, 

 95° for 20 sec, 62° for 45 sec, 72° for 2 min 30 sec, X 5 

 95° for 30 sec, 25° for 2 min, Ramp for 72° at 0.2°/sec, 72° for 

2 min, 30 sec, 

 95° for 10 sec, 62° for 45 sec, 72° for 2 min, 30 sec, 95° for 10 

sec, 62° for 45 sec, 72° for 2 min, 30 sec, 95° for 10 sec, 44° for 

45 sec, 72° for 2 min 30 sec X 15 

 72° for 5 min, 

Secondary 95o for 3min 

 94° for 10 sec, 62° for 45 sec, 72° for 2 min, 30 sec, 95° for 10 

sec, 62° for 45 sec72° for 2 min, 30 sec, 95° for 10 sec, 44° for 

45 sec, 72° for 2 min, 30 sec, x 12 

 72° for 5 min, 

Tertiary 94° for 3 min,  

 95° for 10 sec, 44° for 45 sec, 72° for 2 min, 30 sec, x 20 

 72° for 5 min, 
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Several nested primers were used in the TAIL-PCR. To PCR across the 3’ 

end the primer 166R5 was used in the primary reaction. Primer delR2 was used in 

the secondary reaction and primer 166R4 was used in the tertiary reaction. Although 

the primer pair 166F4 and 166R4 failed to produce a PCR product from the Adar5G1 

genomic DNA, I later found that the reverse primer (166R4) was present the genome 

and not the forward primer (data not shown). This combination of nested primers 

was used separately with both degenerate primers. The final PCR product was 

approximately 700bp. Sequencing of this PCR product confirmed that the loss of the 

37 kb genomic fragment was associated with an inversion (Figure 6.4). The 3’ 

breakpoint is at position 1704503 of the X chromosome. Immediately downstream to 

the 3’ breakpoint is sequence on the opposite strand located almost 60kb away in the 

untranslated region of Scgdelta. This suggests that an inversion has occurred and that 

at least four break points are present in the Adar5G1 mutant.  

 

The primers used at the 3’ end failed to give a specific PCR product. Several 

attempts were made using different combinations of nested primers, but 

unfortunately, none of the primers used worked well in combination with the 

arbitrary degenerate primers. Therefore, the sequence immediately downstream to 5’ 

breakpoint is unknown. The primer nadarutrR6 was found by PCR to be close to the 

5’ breakpoint. The primer is located at position 1667997 of the X chromosome. This 

information confirms that the deletion is approximately 36.5kb. 
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Figure 6.4: The deletion in the Adar5G1 mutant. 

The P element mobilisation removed 36.5kb of genomic sequence. This includes the Adar 

gene and CG38206, which is downstream to Adar. TAIL-PCR revealed that the P element 

mobilisation generated an inversion. The 3’ breakpoint is at position 1704503 of the X 

chromosome and is adjacent to sequence on the opposite strand at position 1645721. This 

suggests an inversion. The nested primers at the 5’ breakpoint failed to give specific PCR 

products. Therefore, sequence adjacent to the 5’ breakpoint is unknown. The primer 

nadarutrR6 is close to the 5’ breakpoint and is at position 1667997 of the X chromosome.  
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Expression analysis of Scgdelta and CG38206 
 Sequencing the deletion revealed that there had been an inversion and that 

there were more than the two expected breakpoints. The third identified breakpoint is 

within the 5’UTR of Scgdelta. It was therefore important to investigate whether 

Scgdelta was still expressed in the Adar5G1 mutant and whether CG14809, which is 

likely to be on the opposite strand is expressed. cDNA was made from Adar5G1 RNA. 

As a positive control, primers directed to the Nic34E coding sequence were used.  

The RT-PCR using Adar5G1 cDNA as template did not produce abundant PCR 

product for any of the transcripts tested (Figure 6.5A). At higher exposure times, 

weak bands were observed in the Adar5G1 cDNA (Figure 6.5B). Expression of all 

transcripts was detected in the CaS control cDNA. The same amount of RNA was 

used in the RT reactions for both CaS and Adar5G1. This was repeated again, and the 

same result was obtained. This suggests that transcription in the Adar5G1 mutant may 

occur at a lower level than in the CaS control strain. Furthermore, expression of 

Scgdelta and CG14809 is occurred at an equivalent level to the positive control in the 

Adar5G1 mutant. A more appropriate control for this experiment would have been a 

housekeeping gene such β-actin. This result also hints that ADAR may have an 

alternative role to editing activity. This was discussed earlier in Chapter 4 in light of 

the rescue of Adar5G1 neurodegeneration being dependent upon ADAR localisation in 

the nucleus and not ADAR editing activity.  
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Figure 6.5: Expression analysis of Scgdelta and CG14809. 

A: Expression of Scgdelta and CG14809 was detected in CaS control cDNA. B: Weak 

expression of Scgdelta and CG14809 was observed in the cDNA generated from Adar5G1 

mutant RNA. The level of expression was comparable to the expression of the positive 

control, Nic 34E. 

 

 

6.4 Discussion 
The Adar5G1 deletion was generated by the mobilisation of a nearby P 

element.  It has removed 36.5kb of genomic DNA. This includes the Adar gene and a 

gene downstream to Adar, CG38206. Analysis of the ESTs presented in the NCBI 

database suggests that this transcript is specific to the male, in particular the testis 

and the fat body. I have confirmed that CG38206 is not expressed in the male CaS 

head. Therefore it is unlikely that the neurological phenotype of the Adar5G1 mutant 

is due to the loss of this gene. The Adar5G1 deletion is associated with an inversion. 

The 3’ breakpoint is adjacent to sequence on the opposite strand 60kb upstream. This 
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third breakpoint is within the 5’UTR of the Scgdelta gene. Expression analysis 

revealed that Scgdelta and the downstream gene CG14809, which is now on the 

opposite strand, is very low in the Adar5G1 mutant. However, expression of the 

positive control, Nic34E was also very low. This suggests that in Adar5G1 mutants, 

the level of mature mRNA is lower than in the wild-type strain CaS. This could be 

due to a function of ADAR that is independent of editing activity. This function may 

involve chaperoning mRNA or maturation of mRNA. The idea that ADAR has an 

alternative role to editing dsRNA was discussed in Chapter 4. This result could 

indicate that ADAR plays a critical role in mRNA biogenesis. 
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7.1 Introduction 
ADAR (adenosine deaminase that acts on dsRNA) edits adenosine into 

inosines that are located within an RNA duplex. ADAR mediated editing can either 

be non-specific, which results in multiple adenosines being edited throughout the 

RNA duplex, or it can be specific to particular adenosines.  In the latter case, 

adenosine editing can occur in the coding regions of transcripts and can change the 

amino acid encoded for. More recently, evidence for specific editing by ADAR has 

been found in mammalian non-coding miRNAs. The majority of primary miRNAs 

(pri-miRNAs) are embedded in the introns and untranslated regions of expressed 

genes. Once expressed the pri-miRNA is processed into short hairpin loops called 

precursor miRNAs (pre-miRNA) by the RNase III enzyme Drosha (Cai et al., 2004; 

Lee et al., 2003b; Lee et al., 2002). In the cytoplasm the RNase III enzyme Dicer 

processes the pre-miRNAs into mature miRNA that are short dsRNA of 21-24nt in 

length (Hutvagner et al., 2001; Ketting et al., 2001). The mature miRNA is 

incorporated into a complex that contains Dicer and a member of the Argonaute 

family (Ago1, Ago2, or Ago3) (Gregory et al., 2005; Hammond et al., 2001; 

Martinez et al., 2002). The two miRNA strands are separated and only one strand 

remains in the complex, now called the RNA-induced silencing complex (RISC). 

The RNA guides the RISC complex to a complementary sequence within a 3’ UTR 

and marks the transcript for cleavage or represses translation (Elbashir et al., 2001a; 

Elbashir et al., 2001b; Schwarz et al., 2002). 

 

It is thought that ADAR mediated editing of miRNA can result in alterations 

to the structure of the RNA duplex making it less favourable for processing by 

Drosha and more favourable for digestion by an inosine specific ribonuclease Tudor-

SN (a component of RISC) (Kawahara et al., 2007a; Yang et al., 2006). In addition 

to this ADAR mediated editing can change the target specificity of the miRNA, this 

has been observed for miRNA376 (Blow et al., 2006; Kawahara et al., 2007b). The 

RNAi pathway is similar to the miRNA pathway except that it does not involve the 

Drosha mediated processing step the in the nucleus. Dicer cleaves the siRNA 
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precursor in the cytoplasm, and one strand of the siRNA guides the RISC complex to 

the target RNA to promote inhibition of the target gene either by promoting cleavage 

of the transcript or by repressing translation.  

 

For example, the expression of inverted repeats to white (wIR) under the 

control of the GMR promoter results in RNAi mediated silencing of white and 

produces Drosophila eyes lacking red eye pigment (Lee and Carthew, 2003). Prior to 

the start of this PhD, the effect of co-expressing Adar, ADAR1 p110, ADAR1 p150 or 

ADAR2 with the GMR>wIR was investigated. It was found that only the expression 

of ADAR1 p150 (the cytoplasmic form of ADAR1) antagonised the RNAi pathway. 

This suggests that ADAR antagonism of RNAi occurs in the cytoplasm or that the N-

terminal domains of ADAR1 p150 mediate the inhibition. To investigate the role of 

ADAR1 in the RNAi pathway several transgenic lines expressing various forms and 

domains of ADAR1 were generated (Table 6.1) and tested for the antagonism of the 

silencing of white. To determine if ADAR1 required editing activity in order to 

antagonise the RNAi pathway transgenic lines were generated that expressed an 

ADAR1 p150 construct bearing a mutation at the active site (ADAR1 p150 EA). In 

addition to this transgenic lines expressing ADAR1 p150 transgene bearing a 

mutation at the NES within the z-DNAα binding domain (ADAR1 p150 EA) (Poulsen 

et al., 2001) were generated in order to investigate the importance of cellular 

localisation of ADAR1 p150. To analyse the effect of the z-DNA binding domains of 

ADAR1 p150 on the RNAi pathway, transgenic lines were generated that expressed 

only the first z-DNA binding domain, z-DNAα  (ADAR1 p150 1−296), both z-

DNAα and z-DNAβ binding domains (ADAR1 p150 1-442) and transgenic lines 

expressing ADAR1 without either of the z-DNA binding domains (ADAR1 p150 

443-end).  
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Figure 7.1: The domains and mutation of ADAR1 p150 used in the assessment 

of the role ADAR1 in the RNAi pathway. 

ADAR1 p150 contains a z-DNAα binding domain (green), a z-DNAβ binding domain 

(blue), three dsRBDs (pink), a deaminase domain (yellow) and a nuclear localisation signal 

(black). To determine the critical domains for ADAR1 in the antagonism of the RNAi 

pathway two mutations were tested. The first was a mutation in the NES within the z-DNAα 

binding domain. The second mutation affected the active site in the deaminase domain. To 

tests the various domains of ADAR1, flies were generated that expressed the z-DNAα 

binding domain (ADAR1 p150 1-296), both the z-DNAα and z-DNAβ binding domains 

(ADAR1 p150 1-442), and ADAR1 p150 lacking the two z-DNA binding domains 

(ADAR1 p150 443-end).   

 

 

7.2 Materials and methods 
The ADAR1 transgenes were cloned into TEasy and subsequently subcloned 

into the pUAST-FLIS6 vector such that the insert was tagged at the amino terminus 

with a FLAG epitope and with a HIS hexamer epitope at the carboxy terminus. The 

pUAST-FLIS6 constructs were co-injected with the helper transposase plasmid, Δ2-

3, into w1118 embryos. The flies that eclosed were crossed to w1118, and the resulting 

red-eyed flies were balanced against the second chromosome balancer y, w1, Pin/Cyo 

or the third chromosome balancer y, w1, Ly/TM3. The transgenic lines were crossed 

into GMR>wIR (Lee et al., 2003b). After eclosion, flies were maintained for 3-5 days 

and the heads were imaged on a Leica MZFLIII stereo-microscope (Cox) with 0.5x, 
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0.63x, 1x, and 1.6x objectives. Images were captured with a Hamamatsu Orca AG 

CCD camera (Hamamatsu Photonics (UK) Ltd, Welwyn Garden City, UK) and CRI 

liquid crystal RGB filter (Cambridge Research & Instrumentation, Woburn, MA). 

Image capture and analysis were performed using in-house scripts written for IPLab 

Spectrum (Scanalytics Corp, Fairfax, VA). To quantify the eye pigment an in-house 

script was written in IPLab Spectrum to measure the pixel intensity of the red, green, 

and blue channels. The pixel intensity was measured on both eyes from five different 

flies from each genotype.  

 

 

7.3 Results 
Several transgenic lines were generated expressing various mutations and 

domains of human ADAR1 p150. The transgenic lines that were maintained are 

listed in Table 7.1. The transgenic lines expressing inactive ADAR1 p150 (ADAR1 

p150 EA) and wild-type ADAR1 p150 were crossed to the Drosophila strain 

expressing GMR>wIR. ADAR1 p150 completely antagonised the RNAi pathway, 

which results in full expression of white (Figure 7.2A). Co-expression of the 

GMR>wIR with ADAR1 p150 lacking deaminase activity resulted in reduced 

antagonism of the RNAi pathway and hence reduced expression of white (Figure 

7.2A).   
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Table 7.1: Transgenic lines expressing human ADAR1 constructs. 
 

Human ADAR1 construct Transgenic line 

Inactive human ADAR1 hADAR1 EA1/TM3 

 hADAR1 EA3/Cy 

  

Human ADAR1 1-296 hADAR1 1-296 37 /Cy 

 hADAR1 1-296 38 /Cy 

 hADAR1 1-296 39 /Sb 

  

Human ADAR1 1-442 hADAR1 1-442 1.1 /Sb 

 hADAR1 1-442 1.4 /Sb 

 hADAR1 1-442 3a /Sb 

Human ADAR1 443-end hADAR1 ΔN442 2.3/Cy 

 hADAR1 ΔN442 2.4/ Cy 

 hADAR1 ΔN442 2.4/ Cy 

  

Human ADAR1 NES mutant hADAR1 NES 8/Cy 

 hADAR1 NES 9/Cy 

 

 

 

In order to quantify the eye pigment of Drosophila co-expressing GMR>wIR 

with ADAR p150 or inactive ADAR1 p150 five different heads of each genotype were 

imaged with the GMR>wIR control strain and the pixel intensity of the eyes were 

measured (Figure 7.1A).  Ten measurements were made for each eye. An average 

was taken for the red channel for both the left eye and the right eye. The pixel 

intensity in the red channel of ADAR1 p150 EA; GMR>wIR and GMR>wIR were 

relatively compared to ADAR1 p150; GMR>wIR (Figure 7.2B). This was performed 
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on five different heads for each genotype. From this method, it was apparent that the 

loss of ADAR1 editing activity resulted in a 60% reduction in antagonism of the 

RNAi pathway. Therefore, it would seem that in this assay the editing activity of 

ADAR1 p150 is not completely responsible for ADAR1 antagonism of the RNAi 

pathway and that binding to and sequestering the siRNA substrate produced some 

level of antagonism.  

 

To determine whether the first z-DNA binding domain (z-DNAα) was 

responsible for binding to the siRNA substrate and inhibiting the RNAi pathway 

transgenic lines expressing only the first 296 amino acids of ADAR p150 were 

generated and crossed to the GMR>wIR control strain. Unlike inactive ADAR1 

p150, ADAR1 p150 1-296 did not inhibit the RNAi pathway as the eye colour was 

comparable to the GMR>wIR control strain (Figure 7.3). To further examine the 

domains of ADAR1 and their effect of the RNAi pathway transgenic lines expressing 

the two z-DNA binding domains of ADAR1 p150 (ADAR1 p150 1-442), or ADAR1 

constructs lacking the z-DNA binding domains (ADAR1 p150 443-end) were tested 

for antagonism of the RNAi pathway.  The comparisons for all of these transgenic 

lines were estimated to produce a 70% reduction in eye pigment (Table 7.2) (Liam 

Keegan). To determine whether cellular localisation of ADAR1 p150 contributed to 

the antagonism of the RNAi pathway ADAR1 p150 bearing a mutation in the NES 

domain (ADAR1 p150 NES) was co-expressed with the GMR>wIR. Mis-localisation 

of ADAR p150 to the nucleus still resulted in antagonism of the RNAi pathway. 

However, ADAR1 p150 localised to the nucleus only antagonised the RNAi pathway 

at 30% of the efficiency of wild type ADAR1 p150 (Table 7.2). 
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Figure 7.2: The effect of ADAR1 p150 editing activity on the antagonism of the 

RNAi pathway. 

A: In the GMR>wIR control strain the expression of white is silenced by the RNAi pathway 

due to the expression of white inverted repeats in the eye. Co-expression of ADAR p150 

with GMR>wIR inhibits the silencing of white. Loss of ADAR1 p150 editing activity 

(ADAR1 p150 EA) results in a reduction in the antagonism of the RNAi pathway and hence 

less eye pigment was produced. B: The colour intensity of the red channel was measured ten 

times in all of the eyes. An average was taken and the ADAR1 p150 EA; GMR>wIR and the 

GMR>wIR control strain were compared relative to ADAR1 p150; GMR>wIR. This was 

repeated five times using different heads. 
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Figure 7.3: The effect of the z-DNAα domain on ADAR1 p150 antagonism of the 

RNAi pathway. 

ADAR1 p150 antagonises the silencing of GMR>wIR and it does so more efficiently than 

ADAR1 p150 lacking editing activity (ADAR1 p150 EA). The z-DNAα binding domain of 

ADAR1 p150 (ADAR1 p150 1-296) does not inhibit RNAi mediated silencing of white and 

the eye pigment is comparable to the GMR>wIR control strain.  

 
 
 

Table 7.2: The effect of expressing different domains of ADAR1 p150 on the RNAi 
pathway. 

 

Transgenic line No. lines 

tested 

Estimation of reduction in 

RNAi antagonism 

Inactive human ADAR1 p150 2 60% 

Human ADAR1 p150 1-296 3 100% 

Human ADAR1 p150 1-442 2 70% 

Human ADAR1 p150 443-end 1 70% 

Human ADAR1 p150 NES mutant 2 70% 
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7.4 Discussion 
Expression of an inverted repeat directed to white under the control of the 

GMR-GAL4 promoter results in RNAi mediated silencing of white. Co-expression of 

the GMR>wIR with ADAR1 p150 revealed that ADAR1 p150 antagonised the RNAi 

pathway, whereas ADAR1 p110, ADAR2, and Drosophila ADAR did not (Liam 

Keegan). To further investigate ADAR1 p150 antagonism several Drosophila 

transgenic lines expressing either mutations in ADAR1 p150 or the substrate binding 

domains of ADAR1 p150 were generated. We found that ADAR1 antagonism of the 

RNAi pathway still occurred in the absence of any editing activity. However, the 

antagonism of the RNAi pathway generated by the inactive ADAR1 p150 EA was 

reduced by approximately 60% when compared to the antagonism generated by wild-

type ADAR1 p150. This suggests that binding of ADAR1 p150 sequesters the 

siRNA substrate from the siRNA machinery and is responsible for 40% of the 

inhibition generated by the wild-type ADAR1 p150 enzyme.  

 

ADAR1 p150 NES localises to the nucleus (Poulsen et al., 2001). Co-

expression of GMR>wIR with ADAR1 p150 NES was used to determine whether 

cytoplasmic localisation was critical for antagonism of the RNAi pathway. The 

ADAR1 p150 NES mutant was capable of inhibiting the RNAi pathway, albeit at 

30% of the efficiency of wild-type ADAR1 p150. This could suggest that the N-

terminal domain of ADAR1 p150 is important for the antagonism of the RNAi 

pathway. To test this hypothesis we generated transgenic lines expressing the first z-

DNA binding domain (z-DΝΑα), both the z-DΝΑα and z-DNAβ binding domains 

and ADAR1 p150 that lacked both the z-DΝΑα and z-DΝΑβ binding domains. Co-

expression of the z-DΝΑα binding domain with GMR>wIR was not sufficient to 

antagonise the RNAi pathway. Co-expression of the construct expressing both the z-

DΝΑα and z-DΝΑβ binding domains with GMR>wIR antagonised the RNAi 

pathway.  However, the antagonism of the RNAi pathway was at lower efficiency 

than wild-type ADAR1 p150. Co-expression of ADAR1 p150 lacking both zDNA-
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binding domains with GMR>wIR also antagonised the RNAi pathway and it did so at 

a comparable efficiency to expression of the zDNAα and z-DNAβ construct.  

 

These experiments demonstrate that for complete inhibition of the RNAi 

pathway, in this assay, the wild-type ADAR1 p150 enzyme was required. 

Furthermore, equal importance can be given to the binding activity of inactive 

ADAR1 p150, the cellular localisation of ADAR1 p150, and to both the z-DNAα 

and z-DNAβ binding domains together. In order to achieve a more precise and 

quantitative result, the ADAR1 constructs that have been used to generate the 

transgenic flies will be examined in a cell culture system assaying their effect on 

specific miRNAs.   
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8.1 Discussion 
In Drosophila the expression of pathogenic proteins that are known to cause 

human neurodegenerative disorders such as Alzheimer’s, Parkinson’s, and PolyQ 

repeat diseases has revealed that the cellular phenotype is similar in humans and 

Drosophila (Feany and Bender, 2000; Jackson et al., 1998; Warrick et al., 1998; 

Wittmann et al., 2001). However, the successful modelling of a particular human 

disease relies upon correct identification of the disease causing mutation. A second 

approach that has provided insight into the biology that underlies neurodegeneration 

is the detailed analysis of the neurodegeneration generated in Drosophila by 

mutations in endogenous genes. These include mutants isolated due to shortened 

lifespan, bubblegum, spongecake, eggroll, and drop-dead (Buchanan and Benzer, 

1993; Min and Benzer, 1997; Min and Benzer, 1999). Other mutants have been 

isolated due to temperature-sensitive paralysis such as vacu (Palladino et al., 2002) 

and anatomical head defects such as swiss cheese (Kretzschmar et al., 1997). One 

phenotype shared by these Drosophila mutants is the formation of vacuoles in the 

synaptic neuropil. One other Drosophila mutant that was identified as suffering from 

the formation of age-dependent vacuoles in the synaptic neuropil is the Drosophila 

Adar mutant (Ma et al., 2001; Palladino et al., 2000). 

 

ADAR (adenosine deaminase that acts on dsRNA) enzymatically modifies 

adenosines into inosines and it can carry out this process on duplex RNA present in 

coding transcripts and non-coding transcripts. In mammals, there are three ADAR 

genes, ADAR1, ADAR2 and ADAR3. Loss of ADAR2 mediated editing, results in 

mice that suffer from a series of seizures and premature death. This has been shown 

to be due to the loss of editing at one editing site in the transcript encoding for the 

glutamate-gated ion channel subunit B (GluR-B), a subunit of the AMPAR (amino 3-

hydroxy-5-methyl-4-isoxazole receptor) (Higuchi et al., 2000). ADAR2 shares most 

sequence similarity to Drosophila ADAR (Keegan et al., 2005). Two Drosophila 

mutants for Adar have been reported the Adar1F4 mutant shows age-dependent 

vacuolisation of the synaptic neuropil, whereas the second Adar mutant, hypnos2, 
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shows loss of cortical neurons and no vacuolisation of the neuropil, (Ma et al., 2001; 

Palladino et al., 2000b). In this PhD I report the characterisation of a third 

Drosophila Adar mutant, Adar5G1, and investigate the effect of expressing the edited 

forms of transcripts in Adar mutants. 

 

To characterise the neurodegeneration phenotype of the Adar5G1 mutant I 

took two approaches. The first approach involved the use of a 3D imaging technique 

called optical projection tomography (OPT), which had never been reported to be 

used in Drosophila research prior to this PhD. Reconstruction of the OPT generated 

images allows the visualisation in 2D and 3D of internal anatomy without dissection. 

This required no manual dissection or sectioning and relied upon the efficient 

bleaching of the Drosophila exoskeleton and clearing of the Drosophila body so that 

it was almost transparent. This not only aided imaging Drosophila for OPT but also 

aided confocal visualisation of the brain through the head cuticle.  I used OPT to 

generate an anatomical background of Drosophila onto which I mapped 

neurodegenerative vacuoles of the Adar5G1 mutant brain from within the intact head. 

The clear advantage that this technique has over histology is that the data are 

represented in 2D in all three planes, and in 3D. Furthermore OPT was used to 

analyse reporter gene expression, of a TAU-β-galactosidase reporter strain, from 

within the intact adult. The efficiency at which Drosophila is bleached and cleared 

may aid the analysis of large-scale screens that are dependent upon reporter gene 

expression. Furthermore OPT offers a means to catalogue the global phenotype of 

Drosophila mutants. One clear limitation to OPT is the pixel resolution of the 

captured images. One approach which can increase the pixel resolution is the 

warping of high-resolution data captured from wax sections onto the framework 

obtained by OPT (Baldock et al., 2003; Christiansen et al., 2006; 

http://genex.hgu.mrc.ac.uk, ; Kerwin et al., 2004; Sarma et al., 2005).  

 

The second approach used to investigate the neurodegeneration in the Adar 

mutant was haematoxylin and eosin staining of wax paraffin sections. The two 



Chapter 8: Discussion and future perspectives 

 200

previously reported Adar mutants, Adar1F4 and hypnos2, showed a different age-

dependent neurodegenerative phenotype (Ma et al., 2001; Palladino et al., 2000b) 

however both mutant strains expressed ADAR protein, the Adar1F4 mutant is a 

hypomorphic line and hypnos2 expresses an ADAR enzyme that lacks part of the 

deaminase domain and part of the second dsRBD. I have shown here that ADAR 

localised to all nuclei in the Drosophila CNS and so I endeavoured to characterise 

the phenotype of a Drosophila strain that completely lacked the ADAR enzyme. This 

third Adar mutant, Adar5G1, also shows a different neurodegenerative phenotype. 

Similar to the Adar1F4 mutant, the Adar5G1 mutant suffers from age-dependent 

vacuole formation however the phenotype is far more rapid and affects the MB 

calyces and retina. ADAR mediated editing is known to act on many transcripts that 

encode for a variety of different proteins, this includes those encoding for subunits of 

ion channels (Hoopengardner et al., 2003; Stapleton et al., 2006). Neuronal cell death 

is observed in mice lacking ADAR2 activity and is due to excitotoxicity resulting 

from aberrant signalling from the AMPA receptor (Higuchi et al., 2000). It is 

possible that the MB calyx and the retina are more susceptible to excitotoxicity than 

other regions in the brain as they are regions that receive regular visual and olfactory 

information. 

 

Expression of Drosophila Adar 3/4 S in the cholinergic neurons of the 

Adar5G1 mutant strain rescued the neurodegeneration observed in the MB calyces and 

retina. Expression of Adar 3/4 S mainly in the thoracic ganglion of the Adar5G1 

mutant using the D42-GAL4 driver only produced a partial rescue in the MB calyces. 

The D42-GAL4 driver is not expressed in the retina but it is expressed in regions of 

the central brain this could account for the differences in rescue between the MB 

calyces and retina. However the rescue achieved in the MB calyces when expressing 

Adar 3/4 S under the control of D42-GAL4 is less efficient than expressing Adar 3/4 

S in the cholinergic neurons (Table 6.1). When analysing the effect of expressing the 

human ADARs in the Adar5G1 mutant strain, it was found that both ADAR1 p110, the 

nuclear form of ADAR1, and ADAR2 rescued the vacuoles present in the MB calyces 
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and retina of the Adar5G1 mutant strain. However, expression of the cytoplasmic form 

of ADAR1 did not rescue the neurodegeneration observed in the Adar5G1 mutant. This 

strongly suggests that ADAR must be localised to the nucleus in order to rescue 

neurodegeneration. Interestingly, expression of ADAR3, which has yet to be shown 

to be catalytically active but has a putative NLS, rescues the vacuolisation of the MB 

calyx and the retina. The rescue is comparable to the rescue achieved by expressing 

ADAR2 (Table 6.1). This suggests that ADAR may play an additional role in the 

Drosophila CNS to that of editing adenosines in coding transcripts. This role, in 

addition to enzymatic activity, is a property of other members of the cytidine 

deaminase family. For example APOBEC3G does not require deaminase activity to 

inhibit HIV-1 (Gallois-Montbrun et al., 2007; Wichroski et al., 2006) nor does it 

require deaminase activity to inhibit miRNA-mediated repression of protein 

translation (Huang et al., 2007). It is possible that ADAR in Drosophila has a similar 

role that requires binding to non-coding and coding RNAs and possibly sequesters 

them. Certainly the modulation of miRNAs has been reported to play a role in the 

pathogenesis of neurodegeneration in Drosophila (Bilen et al., 2006). This could 

explain the differences seen between the previously reported Adar mutants. The 

hypnos2 mutant lacks part of the deaminase domain and part of the second dsRBD 

(Ma et al., 2001). If the truncated protein can still bind RNA in this mutant strain, it 

may explain for the lack of vacuole formation. It may also explain why in the 

hypomorphic line, Adar1F4, neurodegeneration is delayed and no evidence of 

vacuoles were found in the MB calyces (Palladino et al., 2000b).  
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Table 8.1: Rescue of neurodegeneration in the Adar5G1 mutant. 

 

GAL4 driver 

strain  

Transgene Rescue of 

MB calyces 

Rescue of 

retina 

Cha-GAL4 UAS:Adar 3/4 S +++ +++ 

 UAS: ADAR1 p110 +++ ++ 

 UAS: ADAR1 p150 + - 

 UAS: ADAR2 +++ +++ 

 UAS: ADAR3 +++ +++ 

 UAS: p35 - - 

 UAS: Rdl I/V 5.1 ++ - 

D42-GAL4 UAS: Adar 3/4 S ++ - 
Table 6.1: +++: full rescue, ++: partial rescue, +:very weak rescue, -: no rescue. 

 

 

 The cellular process by which neurodegeneration occurs is unclear both in 

humans and in the Drosophila models of the disease. To determine whether the 

Adar5G1 mutant could provide information on the cellular process leading to 

neurodegeneration, the mechanism of neuronal cell loss was investigated. I found 

that the vacuolisation of the synaptic neuropil was not attributable to apoptosis, or 

type I PCD. However, it is likely that the necrotic spots that form on the body of the 

aging Adar5G1 mutant is due to type I PCD as DNA fragmentation was detected in 

the fat body of the head capsule. To further investigate the mechanism of cell death, 

aged Adar5G1 mutant heads were analysed with TEM. This revealed that the structure 

of the ommatidia was affected by enlarging pigment cells. In addition to this there 

seemed to be several stages of neurodegeneration in the photoreceptors. In the early 

stages cytoplasmic multilamellar inclusion were identified. As the degeneration 

process continued, single membrane bounded vesicles were observed to bud from the 

outer membrane of the photoreceptors. This seemed to progress into large 
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multilamellar whorls pinching from the outer membrane into the ommatidial cavity. 

Eventually the outer membrane of the photoreceptors was undetectable and high 

rates of excocytosis were observed in the rhabdomeres. Multilamellar inclusions 

were also observed in the glial cells of the retina and in enlarged vacuoles in the 

neuropil. The optic lamina appeared to have developed normally as six 

photoreceptors per cartridge were identified. However pleated sheets, likely to be 

projecting from glial cells, separated the photoreceptor axon terminals. Glial cell 

extensions were also associated with the neuronal cell bodies, this was a common 

occurrence throughout all examined areas of the 25-day-old Adar5G1mutant brains.   

 

The membrane structures that have been described here in the Adar5G1 mutant 

brain have been identified in many other neurodegenerative Drosophila mutants. For 

example swiss cheese, benchwarmer, eggroll and in the human neurodegenerative 

disease Tay Sachs disease (Becker and Yates, 1991; Dermaut et al., 2005; 

Kretzschmar et al., 1997; Min and Benzer, 1997). In all cases abnormal membrane 

biogenesis has been implicated. The production of multilamellar structures has also 

been reported to be due to abnormal autophagic recycling of the cellular membranes 

(Komatsu et al., 2005; Komatsu et al., 2007). Other reports suggest that autophagy is 

induced by oxidative stress (Scherz-Shouval and Elazar, 2007). The hypnos2 Adar 

mutant strain, which was originally identified as a mutant that was tolerant to oxygen 

deprivation, up-regulates several anti-oxidant markers (Ma et al., 2001). Interestingly 

the hypnos2 mutant shows greater resistance to paraquat treatment than wild-type 

controls (Chen et al., 2004). This has also been observed in Drosophila treated with 

rapamycin prior to exposure to paraquat (Ravikumar et al., 2006). The up-regulation 

of autophagy by rapamycin protects the Drosophila CNS from the effects of 

paraquat. This suggests that a reason for increased resistance to paraquat observed in 

the hypnos2 mutant could be due to the increased levels of autophagy that may be 

involved in the degeneration process observed in the CNS of Adar mutants. More 

recently ADAR has been shown to edit transcripts that encode for proteins that are 

known to be involved in endocytosis, such as Rab27, α-Adaptin, and EndoA 
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(Appendix I, Table AI.3) (Stapleton et al., 2006). Therefore, the observed 

multilamellar inclusions may be due to the loss of editing at these sites.  

 

However, it seems likely that aberrant synaptic signalling underlies the 

behavioural phenotype observed in the Adar deletion mutants. Not only because 

ADAR edits transcripts encoding subunits of ion channels and synaptic signalling 

molecules (Hoopengardner et al., 2003; Stapleton et al., 2006) but also because 

rescue of locomotion is dependent upon ADAR activity (Keegan et al., 2005). The 

GAL4 binary system (Brand and Perrimon, 1993) was used to express the Rdl 

transcript edited at site C in the Adar5G1 mutant strain. Only one of the generated 

transgenic lines resulted in a weak rescue of locomotion in the Adar1F4 mutant strain. 

The other lines transgenic for Rdl edited at site C, Rdl edited all sites, Rdl completely 

unedited, and Nic34E edited at site C not only failed to produce a rescue in the 

Adar5G1 mutant, but dramatically reduced locomotion in control flies that were wild 

type for Adar. This suggests that mis-expression of ion channel subunits in 

Drosophila is very deleterious to development and to normal behaviour. Analysis of 

the neurodegeneration in the Adar5G1 mutant strain rescued by the transgenic line that 

gave a weak rescue of Adar1F4 mutant locomotion (Rdl I/V 5.1), revealed that there 

was a reduction in vacuolisation in the MB calyx and no rescue of the retina (Table 

6.1). RDL is present in the MB calyces and is absent from the retina (Aronstein and 

Ffrench-Constant, 1995; Harrison et al., 1996) and this could explain the differences 

observed. This result suggests that increasing the expression of a subunit of an 

inhibitory ion channel is sufficient to partially rescue or at least delay the 

vacuolisation observed in the Adar5G1 mutant.  

 

The data presented in this PhD suggest that the neurodegeneration in the 

Adar5G1 mutant shows the characteristics of abnormal membrane lipid metabolism. 

However it is unknown whether these lead to the vacuolisation observed in the 

synaptic neuropil. The vacuolisation in the calyces and retina of the Adar5G1 mutant 

was rescued by the over-expression of ADAR enzymes that localise to the nucleus. 
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This included an inactive ADAR, ADAR3. This implicates the involvement of 

ADAR in a non-canonical role, which is required to maintain the integrity of the 

Drosophila adult CNS. However the editing activity of ADAR is required to rescue 

the behaviour of the Adar mutants (Keegan et al., 2005). Expression of the Nic34E 

transcript edited at site C failed to rescue the locomotion phenotype of the Adar1F4 

mutant. Only one transgenic line expressing Rdl edited at site C produced a weak 

rescue of locomotion in the Adar 1F4 mutant. This suggests that ADAR activity is 

required for producing the vast number of isoforms necessary for complex behaviour 

in adult Drosophila.  

 

 

Future Perspectives 
 I would first like to propose experiments that would enhance the results 

presented in this PhD. I would then like to discuss other experiments that would 

advance the field. 

 

Short-term goals 
The most immediate experiments following this PhD are required for the 

following areas:  

 

1. Are other forms of inactive ADAR able to rescue the neurodegeneration 

observed in the Adar5G1 mutants? 

 

2. Is autophagy mediating the production of the multilamellar membrane 

inclusions? 

 

3. Does expression of edited transcripts rescue the neurodegeneration of the 

Adar5G1 mutant? 
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4. Is the neurodegeneration in the Adar5G1 mutant cell autonomous? 

 

 

1. Are other forms of inactive ADAR able to rescue the 
neurodegeneration observed in the Adar5G1 mutants? 

The rescue of neurodegeneration in the calyces and retina of the 30-day-old 

Adar5G1 mutant was dependent upon the presence of ADAR in the nucleus, as only 

nuclear forms of ADAR (ADAR, ADAR1 p110, and, ADAR2) rescued 

neurodegeneration. This includes the expression of the inactive ADAR3 enzyme. To 

confirm that rescue of neurodegeneration is not dependent ADAR activity I would 

like to express inactive Drosophila ADAR, in the Adar5G1mutant. If this rescues the 

neurodegeneration, it would further confirm that ADAR activity is not necessary for 

mediating neurodegeneration. However, if it does not rescue neurodegeneration, it 

would suggest that ADAR3 is active, and has activity on a transcript that has not 

been identified so far.  

 

 

2.  Is autophagy mediating the production of the multilamellar 
membrane inclusions? 

The data that I have presented in this PhD suggests that the Adar5G1 mutant is 

associated with autophagy. To further confirm this I propose four experiments. The 

first will be to repeat the Lysotracker staining on aged brains of the Adar5G1 mutant. 

Lysotracker stains acidic regions and was initially used to investigate nuclear cell 

death and therefore only the cortical later of neuronal cell bodies was analysed. 

Punctate staining was detected in the neuropil of aged wild-type brains as well as 

aged Adar5G1 mutant brains, however I concentrated my analysis on the outer layer of 

nuclei. Therefore, it is possible that there was an increase in acidic lysosomes in the 

cytoplasmic neuropil that went unnoticed.  
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A second experiment I propose takes advantage of fly strains expressing GFP 

tagged gene markers of autophagy. The gene products of Atg5 and Atg8 are required 

for autophagy and both localise to the preautophagosomal structure (PAS) (Kabeya 

et al., 2000; Kirisako et al., 1999; Mizushima et al., 2001). As the PAS matures it 

forms a double-membrane enclosed autophagosome, at which point ATG5 is 

removed leaving ATG8 on the membrane (Kabeya et al., 2000; Mizushima et al., 

2001). The autophagosome fuses with the lyososome to form the autolysosome 

(Mizushima et al., 2004). Drosophila strains that express GFP-ATG5 and GFP-

ATG8 have been used with Lysotracker to identify the different stages of autophagy 

(Rusten et al., 2004). The early autophagosome can be identified by GFP-ATG5 or 

GFP-ATG8, Lyostracker can identify the lysosome, and the autolysosome is detected 

by a co-localisation of ATG8 and Lysotracker. Crossing these genetic strains to the 

Adar5G1 mutant may identify if there is an increase in the number of auto-

phagosomes. Furthermore if there is a block in autophagy, this will identify at which 

stage the block occurs.  It is possible that an antibody to GFP will be required to 

detect the EGFP as the whole-mount brain is highly auto-fluorescent. If this turns out 

to be the case Lysotracker cannot be used, as it requires the tissue to be fresh and 

unfixed, therefore only an increase in early and mature autophagosomes can be 

identified.  

 

Autophagic vacuoles have been associated with many neurodegenerative 

diseases including Huntington’s disease (Petersen et al., 2001; Ravikumar et al., 

2004), ALS (Kabuta et al., 2006; Morimoto et al., 2007), and Parkinson’s disease 

(Anglade et al., 1997). However, it remains to be seen whether it is autophagy that 

mediates death, or whether cell death is due to an impairment of the autophagic 

pathway. The fourth experiment is aimed at elucidating whether autophagy is a 

destructive or protective mechanism in the Adar5G1 mutant. To determine whether 

autophagy is inducing neuronal cell death in the Adar5G1 mutant I propose to 

knockdown several of the Atg genes in the Adar5G1 mutant background using the 
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RNAi lines available at the VDRC (Vienna Drosophila RNAi centre) (Dietzl et al., 

2007). If autophagy is the mechanism that causes vacuole formation, then down 

regulation of the autophagic process should rescue the neurodegenerative phenotype. 

If autophagy is up-regulated in response to clearing the increasing number of 

cytoplasmic inclusions then promoting autophagy may reduce the number of 

multilamellar membrane inclusions observed in the Adar5G1 mutant. Rapamycin is a 

drug that induces autophagy by inhibiting the protein kinase TOR (target of 

rapamycin) (Blommaart et al., 1995; Noda and Ohsumi, 1998). In a Drosophila 

model of Huntington’s disease rapamycin treatment was shown to reduce the number 

of protein aggregates by inducing autophagy by the inhibition of TOR (Ravikumar et 

al., 2004). Genetically reducing TOR using RNAi constructs against TOR (Dietzl et 

al., 2007) should promote autophagy and if autophagy is a protective mechanism in 

the Adar5G1 mutant rescue of neurodegeneration should be observed.  

 

 

3. Does expression of edited transcripts rescue the 
neurodegeneration? 

Analysis of the Adar5G1 mutant rescued by the expression of the Rdl I/V 5.1 

transgene produced rescue in the MB calyces. Only one head was analysed and so 

this needs to be repeated with several more heads. It may also be that just expressing 

more of the transcript is sufficient to induce a rescue of neurodegeneration. 

Therefore, Adar5G1 mutants expressing the unedited Rdl transcript or the Nic34E 

transcript edited at site C should be tested for rescue of neurodegeneration.  

 
4. Is the neurodegeneration in the Adar5G1 mutant cell 
autonomous? 

Multilamellar inclusions were identified in the photoreceptors, glial cells and 

in nerve fibres. Furthermore glial cell extensions were a common occurrence in the 

optic lobe and surrounded many of the neuronal cell bodies. ADAR localised to all 
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nuclei in the CNS. To confirm whether the phenotypes observed in the TEM sections 

of the 25-day-old Adar5G1 mutant is due a loss of ADAR in the neurons or in the glial 

cells I would use the RNAi strains that express inverted repeats to the Adar gene that 

I have obtained VDRC. TEM analysis of 25-day-old Adar5G1 mutant brains 

expressing the Adar RNAi constructs under the control of a pan-neuronal GAL4 

driver such as elav-GAL4, or under control of a glial cell driver such as nirvana-

GAL4, could assist in determining whether the phenotypes observed are cell 

autonomous. A control strain for this experiment could be Actin 5c-GAL4 driving 

the ADAR RNAi constructs. 

 

Long term goals 
If time permits after completion of the short-term goals, I would like address 

the following areas: 

 

1. Investigate the ADAR function that is independent of ADAR activity. 

 

2. Investigate the effect of editing on specific transcripts. 

 

3. Investigate if a reduction of ADAR mediated editing is observed in 

Drosophila models expressing pathogenic polyQ expansions. 

 

 

1.  Investigate the ADAR function that is independent of 
enzymatic activity. 

If rescue of the neurodegeneration in the Adar5G1 mutant is not dependent on 

ADAR enzymatic activity then I would want to elucidate the underlying mechanism 

for this rescue. I would investigate two hypotheses. The first hypothesis is that the 

binding of ADAR to dsRNA may be co-ordinated with transcription and splicing. 

The loss of ADAR may result in a reduction of mature mRNAs (Chapter 6 Figure 
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6.5A and B). The second hypothesis is that ADAR may play a regulatory role in 

binding to miRNA. The second hypothesis is based on the knowledge that ADAR1 

and ADAR2 are involved in the miRNA pathway and that the Drosophila miRNA 

bantam plays a role in mediating neurodegeneration.  

 

  

A: Is there a change in mature mRNA levels in the Adar mutant? 

 I would first to do real time RT-PCR to compare the levels of transcripts that 

are edited by ADAR in a wild-type control strain and in the Adar5G1 mutant strain. If 

this shows that there is a reduction in mature mRNAs, I would hybridise total RNA 

isolated from the Adar5G1 mutant strain to Drosophila oligonucleotide microarrays 

and investigate whether there is a more global role for ADAR in mediating the 

maturation of mRNA. 

 

B: Is there a change in miRNA levels in the Adar mutant? 

To elucidate whether ADAR modulates the maturation of miRNAs in 

Drosophila, I would hybridise total RNA isolated from the Adar5G1 mutant strain to a 

microarray chip of Drosophila miRNAs in order to identify whether there was an up 

regulation or down regulation of any miRNAs in comparison to wild-type controls. 

This experiment also offers the possibility of investigating interesting miRNAs and 

their interaction with ADAR. 

 

C: Protein-protein interactions of ADAR in Drosophila 

To further investigate both of the above hypotheses, identification of the 

proteins that interact with ADAR will help to understand the possible different 

functions of ADAR. Many techniques can be used to investigate protein-protein 

interactions. I would suggest a yeast two-hybrid assay, in combination with 

immunoprecipitations. The immuoprecipitation can be performed with protein 
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extract of Drosophila expressing epitope tagged Adar, and protein extract from S2 

cells also expressing ADAR with epitope tags. By performing it in this manner 

ADAR can be purified along with the interacting proteins using ADAR2 bound 

beads and epitope tag bound beads. If it becomes apparent that ADAR does not have 

role outside that of adenosine to inosine editing, these experiments will still provide 

essential data about the proteins that interact with ADAR. Furthermore if rescue of 

neurodegeneration in the Adar5G1 mutant is dependent upon ADAR activity, this 

would suggest that ADAR3 is editing a critical substrate. To determine this substrate 

biochemical analysis can be used on the Adar5G1 mutants expressing ADAR3. The 

ADAR3 construct is tagged with a FLAG epitope and a HIS hexamer epitope. CLIP 

(cross-linking and immunoprecipitation) is a method that purifies protein-RNA 

complexes; subsequent cloning of the isolated RNA fragments identifies the RNA 

targets of the protein under investigation (Ule et al., 2005; Ule et al., 2003). CLIP 

could be used to identify the targets of ADAR3. CLIP could be used to identify the 

RNA targets of ADAR3. This can be performed with the protein extract from the 

UAS:ADAR3 expressing flies alongside expression in a cell culture system.  

 

 

2. Investigate the effect of editing on specific transcripts. 
Expression of the edited forms of transcripts in the Adar5G1 mutant only 

produced a partial rescue in one of the lines tested. The data that I present in the PhD 

suggests that expression of ion channels using the GAL4 binary system (Brand and 

Perrimon, 1993) was detrimental to Drosophila. One method to overcome this 

problem would be to use homologous recombination to generate mutations at the 

editing sites so that only the edited form was expressed. Crossing these lines into the 

Adar5G1 mutant strain would then determine whether that site was the most important 

site of ADAR activity.  

 

In addition to this homologous recombination could be used to generate lines 

that only expressed the unedited form of target transcripts. Expression of these 
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unedited sites in the wild-type background and subsequent analysis of the Drosophila 

CNS could give an indication to the function of the edited form. Alternatively, if 

deletion mutants were obtained for genes of transcripts edited by ADAR, they could 

be rescued with edited and unedited transgenes. Analysis of the CNS between the 

Drosophila lines rescued with the edited and unedited forms could provide insight 

into the function of editing at particular sites.  

 

 

3. Investigate if a reduction of ADAR mediated editing is 
observed in neuropathies associated with CAG expansions.  

Trinucleotide (CAG) expansions that occur in the coding region of specific 

genes result in a polyQ expansion in the protein and this leads to neurodegenerative 

disease (Jackson et al., 1998; Warrick et al., 1998). Trinucleotide expansions also 

occur in non-coding regions of genes and yet these still induce neurodegeneration 

such as Spinocerebellar Ataxia Type 8 (SCA8) (Mutsuddi et al., 2004). There has 

been one report that shows a reduction in editing of the Q/R site of the GluR-B 

transcript in patients that have suffered from Huntington’s disease (Akbarian et al., 

1995). I would like to investigate whether the trinucletotide repeat is sufficient to 

sequester ADAR and reduce editing in transcripts normally edited by ADAR2. To do 

this I would make use of the Drosophila models for Huntington’s (Jackson et al., 

1998; Warrick et al., 1998) and for trinucleotide repeats associated with SCA8 and 

Fragile X tremor/ataxia syndrome (Hagerman et al., 2001; Mutsuddi et al., 2004). I 

would sequence the transcripts normally edited by ADAR to look for a reduction of 

editing. To make a correlation to human disease, editing at the Q/R site of the GluR-

B transcript would have to be investigated in samples from patients that have 

suffered from neurodegenerative disease resulting from a trinucleotide expansion.  
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Table AI.1: ADAR targets identified by Xia et al., 2005. 

 
 

Function of transcript Editing event 
Nicotinic acetylcholine-activated cation-

selective channel 
3’ UTR 

Amine receptor I/V 
Hydrogen-transporting two-sector ATPase Stop/W 

Protein phosphatase type 1, regulator S/G 
 
 
 
 
 
 
 

Table AI.2: ADAR targets identified by Hoopengardner et al., 2003. 
 

Name Protein Function Number of sites 
   

Voltage-gated ion channels   
DSCI Na+ channel 1 

Ca-alpha1T Ca2+ channel 1 
DmCa1D Ca2+ channel 5 

α2δ Ca2+ channel accessory subunit 3 
Shaker (Sh) K+ channel 6 

ether-a-go-go (eag) K+ channel 6 
slowpoke (slo) K+ channel 2 

   
Synaptic release machinery   

Synaptotagmin (syt) Ca2+ sensor 4 
Dunc-13 SNARE binding 1 

Stoned B (stnB) Synaptic vesicle transport 1 
complexin (cpx) SNARE binding 3 

lap  Adaptor protein  1 
   

Ligand-gated ion channels   
D_5 NAChR subunit 7 
ARD nAChR subunit 4 
SBD nAChR subunit 2 

Resistance to dieldrin (Rdl) GABA-receptor 6 
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Table AI.3: ADAR targets identified by Stapleton et al., 2006. 

 
Symbol Edited 

sites 
Function 

   
Vesicular traffic   

Rab26 1 GTPase 
Rlip 10 GTPase activator. 

rab3-GEF 3 Rab guanyl-nucleotide exchange factor. 
endoA 2 Promotes synaptic vesicle budding. 

α-Adaptin 1 Component of endocytosis, subunit of AP-2.  
syd 1 Kinesin-dependent axonal transport. 

   
Ion homeostasis   

Cpn 1 Ca+2 sequestration  
Nckx30C 1 K+-dependent Na+, Ca2+ antiporter 
CG1090 3 K+-dependent Na+, Ca2+ antiporter 

Atpα 1 Na+, K+ exchanging ATPase 
CG32699  Ca+2 binding, actyltransferase activity 

   
Signal transduction   

Mob1  Activator of Trc kinase 
boss 2 G-protein-coupled receptor 

   
Ion channel   

SK 1 K+ channel  
CG31116 4 Cl-channel 

   
Cytoskeletal components   

spir  Actin nucleation factor. 
Atx2 2 Regulator of actin filament formation. 

CG32245 6 Structural constituent of cytoskeleton. 
   

Other   
CG32809 1 ATP binding 

retm 1 Phosphatidylinositol transporter 
   

Unknown   
CG1552 1 None 

CG31531 1 None 
CG3556 1 None 
CG9801 1 None 

l(1)G0196 3 None 
CG12001 1 None 
CG30079 5 None 
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