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 Introduction 

 Human neurodegenerative diseases are responsible 
for devastating symptoms such as ataxia, tremor, move-
ment disorders, and cognitive and memory loss, all be-
cause of dysfunction and loss of specialised neurons. The 
pathogenicity of such diseases can be triggered either at 
the protein level as is the case in Alzheimer’s disease 
(AD), tauopathies, Parkinson’s disease (PD), amyotrophic 
lateral sclerosis (ALS), hereditary spastic paraplegia and 
various polyglutamine (polyQ) diseases, or at the RNA 
level, a recently emerging neurodegenerative mechanism 
observed in spinal muscular atrophy (SMA), spinocere-
bellar ataxia (SCA) 8 and fragile-X-associated tremor/
ataxia syndrome (FXTAS). Following the identification 
of their hereditary component, the modelling of neuro-
degenerative diseases in transgenic or mutant animal 
models is considered a great feat of the past decade. Be-
yond doubt, the fruit fly or  Drosophila melanogaster  
stands out as an excellent model organism for gene func-
tion studies thanks to the relative ease with which it is 
amenable to genetic manipulation and large-scale genet-
ic screening. The evidence we put forward in this review 
illustrates the giant strides made using this simple organ-
ism in unveiling the molecular and cellular pathophysiol-
ogy of neurodegeneration, as well as its potential in dis-
covering novel drug targets for long-sought therapeu-
tics.
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 Abstract 
 Neurodegenerative diseases are responsible for agonizing 
symptoms that take their toll on the fragile human life. Aber-
rant protein processing and accumulation are considered to 
be the culprits of many classical neurodegenerative diseases 
such as Alzheimer’s disease, tauopathies, Parkinson’s dis-
ease, amyotrophic lateral sclerosis, hereditary spastic para-
plegia and various polyglutamine diseases. However, re-
cently it has been shown that toxic RNA species or disruption 
of RNA processing and metabolism may be partly to blame 
as clearly illustrated in spinal muscular atrophy, spinocere-
bellar ataxia 8 and fragile X-associated tremor/ataxia syn-
drome. At the dawn of the twenty-first century, the fruit fly 
or  Drosophila melanogaster  has taken its place at the fore-
front of an uphill struggle to unveil the molecular and cellu-
lar pathophysiology of both protein- and RNA-induced neu-
rodegeneration, as well as discovery of novel drug targets. 
We review here the various fly models of neurodegenerative 
conditions, and summarise the novel insights that the fly has 
contributed to the field of neuroprotection and neurode-
generation.  Copyright © 2006 S. Karger AG, Basel 
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  The Strong Case for  Drosophila  Models of Human 
Disease 

 The first and foremost reason why flies are exploited 
as models of human diseases is based on the presumption 
that fundamental aspects of cell biology in flies have been 
conserved throughout evolution in higher-order organ-
isms such as humans. A recent report demonstrating that 
approximately 75% of the disease-related loci in humans 
have at least one  Drosophila  homologue cements this high 
degree of conservation present in flies  [1] . Furthermore, 
studies of developmental events in the fly and subsequent 
similar studies in higher animals have revealed a stun-
ning degree of functional conservation of genes, as exem-
plified by the hedgehog gene which encodes a cell-cell 
communication molecule  [2] . These studies indicate that 
not only basic cell biology but also higher-order events 
such as organ ‘construction’ and function are conserved. 
Second, for flies, size does not matter at least with respect 
to their brains. Indeed, the fly brain is estimated to have, 
strikingly enough, in excess of 300,000 neurons and sim-
ilarly to mammals is organised into areas with separated 
specialised functions such as learning, memory, olfaction 
and vision. Third, an unparalleled advantage of inverte-
brates is the ability to carry out large-scale genetic screens 
inexpensively and rapidly for mutations affecting a rele-
vant process. Fourth,  Drosophila  has an unrivalled bat-
tery of genetic tools including a rapidly expanding collec-
tion of mutants, transposon-based methods for gene ma-
nipulation, systems that allow controlled ectopic gene 
expression and balancer chromosomes. The latter are 
special chromosomes made up of multiple inverted seg-
ments that suppress recombination together with visible 
and molecular markers, which allow chromosomal fea-
tures (e.g. lethal mutations and deletions) to be followed 
indefinitely through crosses and generations. The above 
characteristics of such a minuscule system model, com-
bined with the rapid generation time, inexpensive culture 
requirements, large progeny numbers produced in a sin-
gle cross and a small highly annotated genome devoid of 
genetic redundancy, are poised to yield seminal insights 
into human disease.

  The Making of a Fly Model 

 The classical and most reliable path to examine a dis-
ease-related gene in  Drosophila  is to generate a loss-of-
function mutation in the fly homologue. Historically, 
this was done using genetic techniques to disrupt the 

gene, for instance using transposable viral-like elements 
or mutagenic chemicals ( fig. 1 a). However, in the age of 
genomics combined with large-scale efforts to map and 
open up the fly genome, banks of mutants and deletions 
are the present and future. These enable the fly workers 
to find their required mutant via internet-based search 
engines and a simple academically open ordering system. 
Transposable elements have, in flies, also been employed 
to generate transgenic animals. The DNA viral elements 
of these  P  elements are used as vehicles to insert a ‘new’ 
gene into the host genome  [3] . This technique is efficient 
and transgenic animals are produced at a high rate. The 
ability to generate multiple transgenic lines for each con-
struct statistically diminishes any potential integration 
site effects. As in higher animals, fusion genes have been 
made, with a recent trend in life imaging being provided 
with a large number of green fluorescent protein-protein 
fusion transgenic animals.

  If the disease protein or untranslated RNA has a dom-
inant effect, another approach would be to overexpress 
the cognate gene in a wild-type fly background. Indeed, 
thanks to the well-established  GAL4 /upstream activating 
sequence ( GAL4 /UAS) bipartite expression system, trans-
genes can be expressed in either various tissues or in a 
small group of specific cells  [4]  ( fig. 1 b). This technique 
has also been used quite recently to knockdown an en-
dogenous gene by expressing a transgenic RNA interfer-
ence (RNAi) construct that expresses double-stranded 
hairpin RNAs capable of suppressing translation or de-
grading homologous mRNAs in specific spatial or tem-
poral patterns.

  RNAi transgene techniques are useful, but it is never 
clear if the effect is loss-of-function or merely a knock-
down. In addition, non-specific effects are possible and 
these have been documented in a recent report  [5] . The 
flippase (Flp)/flippase recombinase target  (FRT)  genetic 
mosaic system is capable of achieving the same goals 
without the problems associated with RNAi, and conse-
quently this innovative technique has gained consider-
able showing in the engineering blueprint of fly disease 
models. The mechanics of this system involve yeast Flp-
recombinase-mediated mitotic recombination between 
 FRT  sites integrated at identical positions on homologous 
chromosomes  [6] . This results in the generation of a clone 
of cells homozygous for a mutagenised chromosome arm, 
which can be screened for a disease-specific phenotype. 
By controlling the space and time of the recombination 
event, only the cells of interest at a specific time are made 
homozygous ( fig. 1 c). As a result, this technique allows 
the uncovering of tissue-specific phenotypes generated 



 Cauchi/van den Heuvel

 

Neurodegenerative Dis 2006;3:338–356340

  Fig. 1.  Commonly used genetic approaches to studying genes 
causing neurodegenerative diseases in  Drosophila .  a  A classical 
crossing scheme used to generate point mutations on an autoso-
mal chromosome using the chemical mutagen ethyl methane sul-
phonate (EMS).  b  Using the  GAL4 / UAS  system, a transgenic fly 
having either the disease-causing gene or an RNAi construct 
placed under the control of  GAL4 -responsive multiple  UAS  sites 
is crossed to a number of well-characterised transgenic lines or 
‘drivers’, expressing the yeast transcriptional activator  GAL4  in a 
variety of tissue- and cell-type-specific patterns.  c  The powerful 
Flp/ FRT  system allows site-specific recombination between ho-
mologous chromosomes following DNA replication. In this way, 
the region of the chromosome arm distal to the  FRT  site will be 

made homozygous and upon segregation, half of the daughter 
cells will inherit two copies of this region from one of the parental 
chromosomes. By introducing tissue-specific dominant lethal or 
disadvantageous mutations, recombinant homozygous mutant 
cell clones can be generated which can be screened for a pheno-
type.  d  On the other hand, in the mosaic analysis with a repres-
sible cell marker modification, recombinant homozygous mutant 
cell populations are uniquely distinguished because they lack re-
pression of a  UAS  marker gene.  tubP-GAL80  =  GAL80  driven by 
the tubulin 1 !  promoter; m = mutation; D = dominant lethal 
 (ovo  D1)  or disadvantageous  (Minute)  mutation;  gmr  = glass mul-
timer reporter. 
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by mutations in essential genes regardless of their other 
functions in development. An ingenious improvement on 
this system was the addition of markers or genetic tricks. 
Indeed, if it is desirable to create large (or domineering) 
mutant areas, the chromosome arm carrying the normal 
allele can be modified with a dominant lethal mutation, 
for example  ovo  D1 , a dominant female sterile mutation 
that leads to degeneration of the germline when present, 
and is used to generate a homozygous mutant female 
germline  [7–9] , or dominant disadvantageous mutations, 
such as the metabolic mutation  Minute . Furthermore, the 
‘mosaic analysis with a repressible cell marker’ technique 
is commonly used to establish uniquely labelled neuronal 
populations homozygous for a mutation of interest with-
in an otherwise phenotypically wild-type nervous system 
 [10] . In mosaic analysis with a repressible cell marker, 
heterozygous flies ubiquitously express  GAL80 , which in 
turn suppresses  GAL4 -dependent expression of a UAS-
linked marker gene. Upon recombination and segrega-
tion, daughter cells homozygous for the mutant gene are 
established. Since these clones no longer express  GAL80 , 
the marker gene can be specifically turned on by  GAL4  
to uniquely label homozygous mutant cells ( fig. 1 d). 

  Once a fly model is established, the resulting phenotype 
can be thoroughly investigated to provide cellular and mo-
lecular insights into the pathogenesis of the disease in 
question ( fig. 2 ). Given the powerful genetics of the fly, an 
obvious step would be the uncovering of second-site mod-
ifiers, opening the door further to molecular characterisa-
tion and possibly therapeutic manipulation. Such screens 
have often been carried out using the adult compound eye 
because of its tolerance to genetic disruption of basic bio-
logical processes, its dispensability for survival of the fly 
under laboratory conditions and the ease with which dis-
ruption of photoreceptors can be detected. However, it is 
important to note that the cellular environment of the fly’s 
retina may differ from that of the neuronal tissue specifi-
cally affected by the condition under investigation and, 
because of this caveat, some of the identified interactions 
may prove false  [11] . Flies also provide a platform for rapid 
drug discovery because it is easy to generate large numbers 
of genetically identical animals that can be tested in drug 
screens. Such work is prone to contribute to the identifica-
tion of novel hits in the lengthy pharmaceutical pipeline. 
Last but not least, it is important to note that any model is 
not an exact phenocopy of the respective human condition 
and this therefore always hinders a complete understand-
ing of a disease progress and/or assessment of therapies. 
This limitation putatively weighs heavily on  Drosophila  
considering its large evolutionary distance from humans.

  Fig. 2.  Getting the most out of fly models of neurodegenerative 
disease. Second-site modifier screens, phenotypic characterisa-
tion and pharmacological rescue constitute the three most power-
ful exploits of fly neurodegenerative disease models.  a  In the con-
text of neurodegenerative diseases, second-site modifier screens 
are commonly carried out in the fly’s compound eye, which con-
tains a multitude of unit eyes or ommatidia. Each ommatidium 
contains 8 photoreceptor cells (R1–R8), of which 7 are usually vis-
ible in a single microscopic plane.  b  The nervous system of verte-
brates and invertebrates is very similar. A schematic of the larval 
brain is shown here. Motor neurons project from the neuropile 
(equivalent to the vertebral column in vertebrates) towards mus-
cles where they form neuromuscular junctions (NMJs). Because 
the fly nervous system is well characterised and highly accessible, 
its phenotypic analysis is undemanding. HD = Huntington dis-
ease; HSP = hereditary spastic paraplegia.  c  Discovery of drug 
compounds that positively modulate the disease phenotypes in fly 
neurodegenerative models is considered the holy grail in the field 
of neurodegenerative therapeutics. 
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  Modelling Protein-Induced Neurodegeneration in 
the Fly 

 Many neurodegenerative diseases are the result of 
pathogenicity initiated at the protein level, most com-
monly the result of aberrant protein processing and ac-
cumulation. AD, tauopathies, PD, ALS, hereditary spas-
tic paraplegia, various polyQ diseases and the emerging 
excitotoxicity-induced neurodegeneration, all constitute 
clear examples of this pathogenic platform ( table 1 ).

  Alzheimer’s Disease 
 AD is clinically characterised by progressive memory 

loss accompanied by pathological features including ex-
tracellular senile plaques containing  " -amyloid (A " ) 
peptides, formation of neurofibrillary tangles and pro-
gressive neuronal loss. Secretion of A "  peptides is the 
result of sequential cleavage of A "  precursor protein 
(APP) by  " -secretase, a type I transmembrane glycosyl-
ated aspartyl protease, and  # -secretase, a large protein 
complex composed of at least 4 proteins, presenilin (PS) 

Table 1. Fly models of neurodegenerative diseases

Disease Generation of model Reference

Protein-mediated neurodegeneration
AD Expression of human A"40, A"42, APP, "-secretase, and presenilin transgenes 22–24

Loss-of-function mutations in dPS 18–20
Expression of dPS bearing familial AD-associated mutations in a dPS null 
 background

21

Tauopathies Expression of wild-type and mutant human tau transgenes 25–28
PD Exposure to rotenone 31

Expression of human wild-type and mutant (A30P, A53T) !-synuclein 32
Disruption of dParkin 38–40
Expression of the hParkin substrate protein, Pael-R 41
Disruption of DJ-1 Drosophila homologues: DJ-1a and DJ-1b 43–46
Disruption of dPink1 48–51

PolyQ diseases Expression of polyQ chains alone 52, 53
HD Expression of a polyQ-expanded (Q75, Q93, Q120, Q128) amino-terminal 

 fragment of human Htt
58, 60, 61

SCA3 Expression of wild-type (Q27) and mutant (Q78) versions of a carboxy-
 terminal fragment of the human Atx3 gene

66

SCA2 Disruption of dAtx2 68
SCA1 Expression of full-length wild-type (Q30) and mutant (Q82) versions of the 

 human Atx1 gene
69

Overexpression of dAtx1 72
SBMA Expression of full-length mutant hAR (Q52) 74
ALS Disruption of dSOD, the fly homolog of human SOD1 76, 77

Expression of human SOD1 mutant transgenes in a dSOD null background 76
HSP Loss-of-function mutations in dSpastin 81

RNAi knockdown of dSpastin 82, 117
Expression of dSpastin bearing a conserved pathogenic mutation (K467R 
 substitution corresponding to the K388R mutation in human Spastin gene)
in a wild-type background

82

Excitotoxicity RNAi knockdown of dEATT1 84

RNA-mediated neurodegenerative diseases
FXTAS Expression of the human FMR1 with premutation (90 CGG repeats) 101
SCA8 Expression of wild-type (CTG9) and repeat-expanded (CTG112) human SCA8 

non-coding RNA
102

SMA Disruption of dSMN by ectopic expression of human SMN 106
Loss-of-function mutations in dSMN 107

SBMA = Spinobulbar muscular atrophy; hAR = human androgen receptor; HSP = hereditary spastic para-
plegia; for other abbreviations, see text.
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1 or 2, nicastrin, Aph-1 and Pen-2. In the absence of pa-
thology, the heterogenous cleavage nature of  # -secretase 
gives rise to a series of A "  peptides, including the major 
species A " 40 and a smaller amount of A " 42. Genetic 
analyses of familial AD identified mutations in the  APP, 
PS1  and  PS2  genes, all of which are associated with al-
tered APP processing and lead to an increased genera-
tion of A " 42 peptide, the primary neurotoxic species in-
volved in AD pathogenesis (for review, see Nussbaum 
and Ellis  [12] ).

  Due to the lack of conservation of the A "  domain in 
the  Drosophila  APP-like protein (APPL)  [13]  and the ab-
sence of  " -secretase activity  [14] , modelling AD in the fly 
proved to be a challenging experience. Many focused on 
unravelling the physiological functions of APP and APPL 
in  Drosophila . Both proteins were shown to function as 
vesicular receptors for kinesin 1, a motor mediating an-
terograde vesicle trafficking. Indeed flies lacking APPL 
or overexpressing human APP and  Drosophila  APPL 
constructs have axonal transport defects, which are en-
hanced by reductions in kinesin 1 expression. Further-
more, overexpression of the A " -domain-containing APP 
but not APPL induced neuronal apoptosis  [15, 16] . APPL 
has also been implicated in promoting synaptic forma-
tion at the neuromuscular junction (NMJ)  [17] . Turning 
their attention to the  Drosophila   PS  ( dPS ) gene, several 
research groups revealed that dPS is required for the pro-
duction of notch proteolytic products implicated in sig-
nalling. Consequently, loss-of-function mutations in the 
 dPS  gene abolish notch signal transduction and enhance 
apoptosis in developing tissues  [18–20] . Attempting to 
dissect the clinical heterogeneous nature of familial AD 
associated with  PS  gene mutations, Seidner et al.  [21]  in-
troduced familial AD-linked mutations at conserved res-
idues in  dPS  transgenes expressed in flies lacking endog-
enous  dPS  activity. The mutant phenotypic spectrum ob-
served in flies correlated with that observed in human 
patients, thus suggesting that clinical heterogeneity de-
pends on human  PS  mutant lesions rather than genetic or 
environmental factors.

  Modelling AD in the fly was also attempted by deliv-
ering transgenes encoding the human A " 40 and A " 42 
peptides. When specifically expressed in the brain, both 
A " 40 and A " 42 led to age-dependent learning defects, 
but only A " 42 was capable of causing the formation of 
diffuse amyloid deposits in Kenyon cells (principal neu-
rons of the fly’s mushroom bodies, which are highly plas-
tic brain regions essential for many forms of learning and 
memory), locomotor dysfunction and extensive neurode-
generation, all of which are exacerbated with age. Fur-

thermore, the life-span of A " 42 transgenic flies was also 
much shorter, whereas that of A " 40 transgenic flies was 
not affected  [22] . When expression was directed in the 
eye, A " 42 but not A " 40 flies exhibited progressive eye 
disorganisation, the severity of which depended on the 
expressed amounts of the peptide. The authors also 
screened for genetic modifiers of the A " 42-induced 
rough-eye phenotype. Their efforts paid off because over-
expression of the  Drosophila  neprilysin gene was found 
to suppress the A " 42 phenotypes by lowering the levels 
of the A " 42 peptide  [23] . This result opened up the pos-
sibility of neprilysin up-regulation as a novel preventive 
and therapeutic approach to AD.

  Using a different approach, Greeve et al.  [24]  showed 
that expression of human APP in the eye alone, or in 
combination with human  " -secretase, resulted in pro-
gressive degeneration of retinal photoreceptors and age-
dependent A "  plaque formation. Both phenotypes were 
completely absent when  " -secretase was expressed alone. 
Moreover, when APP,  " -secretase and an additional copy 
of the  dPS  gene were expressed ubiquitously, flies demon-
strated semi-lethality and ectopic wing vein formation, 
both of which were absent when  dPS  was expressed alone 
or in combination with  " -secretase. The observed pheno-
types were suppressed by the introduction of  dPS  loss-of-
function mutations and by secretase inhibitors, a clear 
demonstration that this fly model reconstitutes some of 
the human phenotypes and molecular findings in AD. 
Undeniably this fly model can now be employed to screen 
for genes, drugs or metabolites that modulate APP pro-
cessing and have the potential to decrease A " -induced 
cellular degeneration.

  Tauopathies 
 Neurofibrillary tangles which are composed of abnor-

mally phosphorylated forms of the microtubule-binding 
protein, tau, constitute the pathological hallmarks of 
tauopathies, a group of neurodegenerative diseases that 
include AD and the frontotemporal dementias. To model 
tauopathies, Wittmann et al.  [25]  expressed wild-type 
and mutant forms of human tau in the fly in a pan-neu-
ronal pattern. Similar to the situation observed in afflict-
ed humans, transgenic flies have adult-onset, progressive 
brain neurodegeneration, a shortened life-span, en-
hanced toxicity of mutant tau, and accumulation of ab-
normal tau with the exception that neurofibrillary tan-
gles containing tau protein do not form. Hyperphosphor-
ylation of tau by  shaggy , the  Drosophila  glycogen synthase 
kinase 3 "  homologue and  wingless  pathway component, 
not only exacerbates the neurodegeneration caused by 



 Cauchi/van den Heuvel

 

Neurodegenerative Dis 2006;3:338–356344

tau but also stimulates a neurofibrillary-tangle-like pa-
thology in  Drosophila . Furthermore, the authors estab-
lished that the effect of glycogen synthase kinase 3 " /
shaggy is likely independent of its classical Wnt role 
though 2 downstream components of the Wnt signalling 
pathway,  " -catenin and T-cell factor, were found to have 
a distinct role in modulating tau-induced neurodegen-
eration  [26] . In line with this, inhibitors of glycogen syn-
thase kinase 3 "  were found to ameliorate the develop-
ment of the tau fly phenotype, thereby establishing a nov-
el therapeutic strategy for tauopathies  [27] .

  Overexpression of human tau in  Drosophila  larval 
motor neurons disrupts axonal transport and causes im-
paired locomotion  [27] . On trying to dissect the mecha-
nism of tau-mediated neuronal dysfunction, Chee et al. 
 [28]  found that NMJs exhibit defective synaptic trans-
mission, which may be the result of a reduced number of 
functional mitochondria in the presynaptic terminal. Re-
cently, Shulman and Feany  [29]  were successful in con-
ducting a screen for genetic modifiers of a tau-induced 
rough-eye phenotype. Whilst kinases and phosphatases 
comprised the major class of modifiers uncovered thus 
underlining the significance of phosphorylation on tau 
toxicity, other modifiers included apoptotic regulators, 
cytoskeleton components and the  Drosophila  homo-
logues of the proteins implicated in fragile-X mental re-
tardation (FMR) and SCA2. Continuing the search for 
tau modifiers, Karsten et al.  [30]  have recently identified 
puromycin-sensitive aminopeptidase as an inhibitor of 
tau-induced neurodegeneration by performing gene ex-
pression analyses in multiple brain regions of mice ex-
pressing mutant human tau followed by validation in the 
 Drosophila  tau model. These results have important im-
plications for the development of therapies in tauopa-
thies.

  Parkinson’s Disease 
 Patients afflicted with PD experience resting tremor, 

postural instability, bradykinesia and rigidity. The char-
acteristic pathological hallmarks of this common move-
ment disorder include loss of dopaminergic neurons in 
the substantia nigra, formation of Lewy bodies, which are 
ubiquitinated protein accumulations in neuronal peri-
karya, and Lewy neurites, which are similar protein ag-
gregates found in neuronal processes. Although a num-
ber of genes causative of the rare familial forms of PD 
have been discovered, most cases of PD are sporadic and 
thought to be caused by both exogenous environmental 
toxins and endogenous proteotoxins (for a review, see 
Nussbaum and Ellis  [12] ).

  In an attempt to model sporadic PD in  Drosophila , 
Coulom and Birman  [31]  reported that flies treated with 
rotenone, which is a mitochondrial complex I inhibitor 
and a widely used pesticide, recapitulated the main symp-
tomatic features of PD including locomotor impairments 
and loss of dopaminergic neurons in all of the brain clus-
ters. The antioxidant melatonin alleviated both these 
phenotypes, suggesting that this agent may be beneficial 
in the treatment of PD.

  The discovery of familial PD-associated genes offered 
the opportunity to study mechanisms of both familial 
and sporadic mechanisms of PD pathogenesis in model 
organisms. One of the familial PD-linked genes that have 
been intensively studied in  Drosophila  encodes  ! -synu-
clein, a soluble, natively unfolded presynaptic neuronal 
protein and a major constituent of both Lewy bodies and 
Lewy neurites. Feany and Bender  [32]  were the first to 
show that expression of normal and mutant forms of hu-
man  ! -synuclein in the fly leads to adult-onset loss of 
tyrosine-hydroxylase-positive dopaminergic neurons. 
This was associated with filamentous  ! -synuclein-rich 
intraneuronal inclusions and locomotor dysfunction, 
thereby recapitulating the essential features of the human 
disorder. Using this fly model, the same group showed 
that increased Ser129 phosphorylation in human  ! -synu-
clein correlated with enhanced neurotoxicity. On the 
other hand, blocking phosphorylation not only had the 
opposite effect but also increased formation of inclusion 
bodies, hence implicating that the latter may protect neu-
rons from  ! -synuclein toxicity  [33] .

  In an effort to find modifiers of human  ! -synuclein 
toxicity in  Drosophila , Auluck et al.  [34]  reported that di-
rect expression of the human molecular chaperone heat 
shock protein (Hsp) 70 prevented dopaminergic neuro-
nal loss despite the continued presence of aggregate pa-
thology, whereas interference with endogenous chaper-
one activity accelerated this phenotype. In addition,  ! -
synuclein transgenic flies treated with geldanamycin 
were completely protected against  ! -synuclein neurotox-
icity  [35] . Geldanamycin is a drug that interferes with the 
activity of the molecular chaperone Hsp90, which in turn 
functions as a negative regulator of the heat shock tran-
scription factor that mediates Hsp70 and Hsp40 expres-
sion. These observations suggest that chaperones play a 
significant role in  ! -synuclein pathologies and modula-
tion of molecular chaperone activity may be an effective 
approach in the treatment of PD. A recent study aimed at 
identifying  ! -synuclein cytotoxicity modifiers adopted a 
cross-species strategy. By conducting a genome-wide 
overexpression screen in a yeast PD model, Cooper et al. 
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 [36]  found that the large class of toxicity modifiers were 
proteins functioning in endoplasmic reticulum-to-Golgi 
vesicular trafficking. Elevated expression of a mamma-
lian homologue of one such modifier, the Rab guanosine 
triphosphatase, Ypt1p, protected against  ! -synuclein-in-
duced dopaminergic neuron loss in various animal mod-
els of PD including  Drosophila .

  Reaping the fruits of high-density oligonucleotide mi-
croarrays, Scherzer et al.  [37]  attempted temporal profil-
ing of progressive gene expression changes in human  ! -
synuclein transgenic flies, with the goal of revealing the 
molecular machinery mediating neurotoxicity in vivo 
and identifying potential targets for neuroprotective 
drugs. Various transcripts including those encoded by lip-
id processing, energy, membrane transport and defence 
response genes were tightly associated with  ! -synuclein 
expression, thus indicating that perturbed vesicle mem-
brane fusion and permeability together with early mito-
chondrial damage may underlie neurotoxicity in trans-
genic flies. Additionally, there was no significant overlap 
between the transcriptional programmes observed in the 
fly models of PD and tauopathy, suggesting highly dis-
tinct pathways of neurodegeneration in both diseases.

  Autosomal recessive juvenile-onset parkinsonism has 
been linked to 3 genes,  Parkin ,  DJ-1  and PTEN-induced 
putative kinase 1 ( Pink1) , which are somehow involved in 
mitochondrial function. Parkin is an E3-specific ubiqui-
tin ligase and its conservation in  Drosophila   (dParkin)  
made it amenable to direct genetic investigation. Indeed, 
 dParkin  null flies exhibited a reduced life-span, locomo-
tor defects, infertility, a reduction in cell size and number, 
and a progressive degeneration of a subset of dopaminer-
gic neurons  [38–40] . Profound mitochondrial defects 
were the earliest detectable phenotypes associated with 
muscle degeneration and defective spermatids in  dParkin  
mutants, raising the question of whether  dParkin  is re-
quired for mitochondrial integrity  [38, 39] . Progressive 
degeneration of dopaminergic neurons was also observed 
when the human Pael receptor (Pael-R), a parkin ubiqui-
tination target, was expressed pan-neuronally. Co-ex-
pression of human parkin (hParkin) rescued  Drosophila  
neurotoxicity by degrading Pael-R, whilst in vivo knock-
down of  dParkin  promoted Pael-R accumulation and ac-
celerated Pael-R-induced neurodegeneration. Moreover, 
co-expression of  ! -synuclein and hParkin was associated 
with both reduced  ! -synuclein-induced neurodegenera-
tion and reduced inclusion formation  [41] . All this evi-
dence seems to suggest parkin is an important neuronal 
protective factor that is molecularly associated with the 
 ! -synuclein-associated phenotypes.

  Substantial evidence suggests that parkin may also 
confer protection from the effects of oxidative stress. 
 Indeed recent results from transcriptional profiling of 
 dParkin  fly mutants and a genetic screen for  dParkin  mod-
ifiers demonstrated that oxidative stress response elements 
are up-regulated and loss-of-function mutations in oxida-
tive stress response components enhanced the  dParkin  
mutant phenotypes  [42] . Further work by the same group 
on glutathione S-transferase S1, a factor that has been im-
plicated in the cellular response to oxidative stress and one 
of the modifier genes uncovered in the above screen, re-
vealed that its overexpression rescued the degeneration of 
dopaminergic neurons in  dParkin  fly mutants  [40] . Induc-
ing glutathione S-transferase expression in mammals may 
therefore be a promising therapeutic strategy for PD.

   Drosophila  possesses 2 homologues of human  DJ-1:  a 
ubiquitously expressed  DJ-1  "  and  DJ-1  ! , which is pre-
dominantly expressed in the male germline. Attempting 
to dissect the function of these 2 genes, Meulener et al. 
 [43]  showed that  DJ-1  !  and  DJ-1  "  double null flies are vi-
able, fertile, have a normal life-span and do not suffer a 
progressive loss of dopaminergic neurons. However, they 
are associated with a selective sensitivity to agents that 
induce oxidative stress, including the environmental tox-
ins rotenone and paraquat. A separate study revealed that 
single  DJ-1  "  null flies exhibited an extended survival of 
dopaminergic neurons and a differential response to dif-
ferent forms of oxidative stress. Indeed, a compensatory 
up-regulation of  DJ-1  !  protected  DJ-1  "  mutant flies 
against paraquat insult, but not against hydrogen perox-
ide  [44] . Recently, Park et al.  [45]  have reported that  DJ-1  "  
mutants also have oxidative-stress-sensitive locomotive 
dysfunction. Whilst these studies failed to show a defect 
in dopaminergic neurons thereby undermining the suit-
ability of  Drosophila  to model autosomal recessive juve-
nile-onset parkinsonism as a result of  DJ-1  dysfunction, 
an alternative approach undertaken by Yang et al.  [46]  
seemed to have alleviated this problem. Specifically, the 
authors inactivated  DJ-1  !  by transgenic RNAi to reveal 
that  DJ-1  !  knockdown flies show cellular accumulation 
of reactive oxygen species, hypersensitivity to oxidative 
stress, and degeneration of dopaminergic and photore-
ceptor neurons. Furthermore, components of the phos-
phatidylinositol-3-kinase/Akt-signalling pathway were 
identified as specific modifiers of  DJ-1  !  RNAi-induced 
neurodegeneration, possibly establishing another avenue 
for the treatment of PD.

  Following the discovery of the mitochondrial kinase, 
 Pink1 , as a novel gene linked to autosomal recessive juve-
nile-onset parkinsonism, 2 years ago  [47] , evidence from 



 Cauchi/van den Heuvel

 

Neurodegenerative Dis 2006;3:338–356346

 Drosophila  lately added a twist to an emerging patho-
physiology of PD. Indeed, several recent studies demon-
strate that knockdown  [48]  or loss-of-function  [49, 50]  
mutants in the  Drosophila   Pink1  homologue ( dPink1 ) 
have mitochondrial dysfunction that is phenotypically 
translated into locomotive defects, defective sperm pro-
duction, shortened life-span and degeneration of indirect 
flight muscles and dopaminergic neurons. Transgenic 
expression of  dParkin  (but not  dDJ-1 ) suppressed the 
 dPink1  loss-of-function phenotypes but not vice versa, 
implicating that although both proteins function in a 
common pathway that regulates mitochondrial physiol-
ogy,  dParkin  functions downstream of  dPink1 . Intrigu-
ingly, Wang et al.  [51]  show that treatment with antioxi-
dants or expression of the human Cu-Zn superoxide 
 dismutase 1  (SOD1)  suppressed the neurodegeneration 
induced by  dPink1  inactivation, thereby showing that 
 dPink1  may play a neuroprotective role against undergo-
ing neuronal oxidative stress. We anticipate that addi-
tional  Drosophila  work on  dPink1-dParkin  will help to 
further clarify the neurodegenerative saga of PD.

  Polyglutamine Diseases 
 A group of human neurodegenerative diseases known 

collectively polyQ diseases are caused by an expansion of 
a CAG repeat within the open reading frame (or protein-
coding region) of the disease gene. The expanded repeat 
is translated into an expanded tract of glutamines that 
confers a dominant toxicity to the respective disease pro-
tein, leading to dysfunction and late-onset neurodegen-
eration in selective neurons. To date 9 polyQ diseases 
have been identified, including Huntington’s disease 
(HD), spinobulbar muscular atrophy, dentatorubral-
pallidoluysian atrophy and 6 SCAs (1, 2, 3, 6, 7 and 17).

  Expanded polyQ chains alone are intrinsically cytotox-
ic, produce aggregates and lead to neuronal degeneration 
and early adult death when expressed in  Drosophila  neu-
rons  [52] . Using transgenic flies expressing polyQ chains 
alone, Kazemi-Esfarjani and Benzer  [53, 54]  uncovered 
 Drosophila  homologues of human Hsp40/HDJ1, human 
tetratricopeptide repeat protein 2 and human myeloid leu-
kaemia factor 1 as suppressors in a screen for genetic fac-
tors modifying polyQ-mediated eye neuro degeneration. 
Expression of the expanded polyQ-containing peptides in 
 Drosophila  neurons attenuated cAMP-response-element-
binding-protein (CREB)-responsive transcription. In line 
with this, a mutation in the CREB fly homologue, dCREB2, 
enhanced polyQ-induced lethality, suggesting that part of 
the polyQ-induced phenotypes can be attributed to tran-
scriptional deregulation  [55] .

  Attention also focused on gaining insights into the 
pathophysiology of polyQ in the context of known disease 
proteins. Many authors decided to use truncated instead 
of full-length versions of their protein of interest. In the 
case of HD this may be the result of technical difficulties 
imposed by the massive size of the causative protein com-
bined with the additional strain of an engineered polyQ 
domain. It is crucial to note that the use of truncated pro-
teins may render the results obtained from these models 
incomplete especially in view of recent studies underscor-
ing the importance of the protein framework in the mod-
ulation of polyQ-induced neurodegeneration  [56, 57] . 

  HD is an autosomal dominant disease caused by the 
expansion of a polyQ repeat in the huntingtin (Htt) pro-
tein. Characterised by a combination of chorea, cognitive 
impairment and affective changes, HD is one of the polyQ 
diseases that was successfully modelled in the fly. Indeed, 
both reduced expression of the  Drosophila   Htt  ortho-
logue ( dHtt ) and expression of the polyQ repeat-expand-
ed amino-terminal fragment of human Htt resulted in 
neuronal organelle accumulations characteristic of dis-
rupted axonal transport, progressive neurodegeneration 
 [58]  and reduced viability  [59] . Furthermore, similar to 
the human situation, the age of onset and severity of neu-
ronal degeneration correlated with the repeat length  [60] . 
In another  Drosophila  model with a pan-neuronal ex-
pression of a larger amino-terminal fragment of the hu-
man  Htt  gene having a pathogenic polyQ tract, Lee et al. 
 [61]  observed a progressive loss of motor coordination, 
decreased viability and progressive formation of Htt ag-
gregates specifically in the cytoplasm and neurites. The 
authors also reported that Htt aggregates were able to se-
quester other expanded polyQ proteins in the cytoplasm 
and to physically obstruct axonal transport. Conversely, 
flies expressing an expanded polyQ tract either alone or 
in the context of the SCA3 protein did not present with 
axonal trafficking disruption, thus suggesting that axo-
nal transport defects may not be a universal phenomenon 
in polyQ disorders.

  The HD fly models served as the bedrock for studying 
the effect of a myriad of modifiers on HD pathology. In-
deed, following the in vitro demonstration that the mu-
tant polyQ-containing domain of human Htt, Htt exon 1 
protein (Httex1p), interacts directly with the acetyltrans-
ferase domains of histone acetyltransferases to inhibit 
their acetyltransferase activity, Steffan et al.  [59]  reported 
that both genetic and pharmacological reductions in the 
activity of histone deacetylases were found to reduce the 
rate and extent of polyQ-induced pathology in transgenic 
 Drosophila  expressing expanded repeat Httex1p as well as 
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expanded polyQ peptide alone. In another study, a syn-
thetic bivalent Htt-binding peptide suppressed polyQ ag-
gregation and pathogenesis in transgenic  Drosophila  ex-
pressing expanded polyQ polypeptides, thereby suggest-
ing that in addition to inhibiting histone deacetylases, 
targeting protein interactions leading to aggregate forma-
tion may also be beneficial for the design and develop-
ment of therapeutic agents for HD and related diseases 
 [62] . Furthermore, acting on in vitro evidence showing 
that Httex1p can be modified either by small ubiquitin-
like modifier (SUMO) 1 or by ubiquitin on identical lysine 
residues, the same group found that abolishing Httex1p 
lysine residues or lowering SUMOylation activity sup-
pressed neurodegeneration whereas reducing ubiquitina-
tion activity modestly worsened the pathology in HD 
transgenic flies  [63] . These findings raise the possibility 
that therapeutic strategies aimed at reducing the level of 
SUMOylated Htt have the potential to suppress HD patho-
genesis. Recently, studies from Rubinsztein’s laboratory 
demonstrated that rapamycin, an autophagy inducer, pro-
tected against neurodegeneration not only in HD flies 
 [64] , but also in  Drosophila  expressing wild-type or mu-
tant forms of tau  [65] , suggesting the potential of inducing 
autophagy to treat a wider range of aggregate diseases.

  SCAs are characterised by cerebellar Purkinje cell de-
generation that causes ataxia, or loss of balance and co-
ordination. Numerous insights were also gained from fly 
models of SCAs. Indeed, the modelling of SCA3 or Ma-
chado-Joseph disease in  Drosophila  by Warrick et al.  [66]  
about a decade ago started the ball rolling. The authors 
observed that targeted expression of a polyQ-expanded 
segment of human  Ataxin-3 (Atx3) , the causative gene in 
SCA3/Machado-Joseph disease, led to nuclear inclusion 
formation and late-onset neural degeneration. In later 
studies, the same group demonstrated that directed ex-
pression of both the human forms of Hsp70 and normal 
human Atx3 suppressed neurodegeneration in the SCA3 
fly model  [56, 67] . These results highlight the crucial im-
pact of host protein function in SCA3 disease pathogen-
esis and once again, the therapeutic benefit of molecular 
chaperones in aggregate disorders. In an attempt to shed 
light on the role of the SCA2 gene product, Atx2, Satter-
field et al.  [68]  investigated the  Drosophila  homologue 
dAtx2. The variety of fly phenotypes observed upon ei-
ther a reduction or an increase in  dAtx2  activity appeared 
to be the result of defective actin filament formation, thus 
indicating that Atx2 may have a role in regulating the cy-
toskeleton and possibly transport.

  In an attempt to model SCA1 in the fly, Fernandez-
Funez et al.  [69]  observed that expression of the full-

length human SCA1 gene  (Atx1)  resulted in neurodegen-
erative phenotypes which were stronger with expanded 
Atx1 compared to the wild type. Additionally, the au-
thors reported the discovery of various modifiers of 
SCA1-induced neurodegeneration, including those in-
volved in protein folding and clearance, RNA processing, 
transcriptional regulation and cellular detoxification. 
The 14-3-3 protein, a multifunctional regulatory mole-
cule, was found to modify neurotoxicity by binding to 
and stabilizing Atx1, thereby slowing its normal degrada-
tion. The association of Atx1 with 14-3-3 is regulated by 
Akt-dependent phosphorylation of serine 776 and is 
stronger in polyQ-expanded Atx1 compared to the wild 
type. As expected, overexpression of both 14-3-3 and Akt 
kinase intensified Atx1-induced neurodegeneration in 
the SCA1 fly model  [70] . In line with this, overexpression 
of a degradatory co-chaperone of Hsp70 that facilitates 
the polyubiquitination of chaperone substrates (C termi-
nus of Hsp70 interacting protein) was found to decrease 
the protein steady-state levels of both expanded and un-
expanded Atx1 and suppressed their toxicity in SCA1 
flies  [57] . Two recent studies implicated that Atx1 may 
play a role in the regulation of gene expression. Tsai et al. 
 [71]  reported that mutant Atx1-mediated aggregates in 
SCA1 flies sequestered the endogenous transcriptional 
co-repressor, silencing mediator for retinoid and thyroid 
hormone receptor-related ecdysone receptor-interacting 
factor, and consistently, a mutation in that gene enhanced 
the SCA1-mediated eye neurodegeneration. In another 
report, overexpression of the  Drosophila  homologue of 
 Atx1  ( dAtx1 ) inhibited sensory-organ development by 
decreasing the senseless transcription factor. Since a sim-
ilar effect was observed in the Purkinje cells of human 
 Atx1  transgenic mice, the authors concluded that the 
Atx1/senseless interaction could contribute to the charac-
teristic Purkinje cell degeneration in SCA1  [72] . All the 
above studies point to several pathways involved in SCA1 
pathogenesis and their modulation holds therapeutic val-
ue. Interestingly, a recent landmark paper that estab-
lished an interaction network for proteins involved in in-
herited ataxias using a stringent yeast 2-hybrid screen 
confirmed many modifiers uncovered previously in  Dro-
sophila  disease models  [73] .

  The success story of polyQ disease models in  Drosoph-
ila  cannot be complete without that of spinobulbar mus-
cular atrophy or Kennedy’s disease, an X-linked, adult-
onset neurodegenerative disorder caused by expanded 
polyQ stretches in the N terminus of the human andro-
gen receptor gene. Attempting to model this disease in 
flies, Takeyama et al.  [74]  observed that mutant human 
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androgen receptor expression in the  Drosophila  eye 
caused marked neurodegeneration with nuclear localiza-
tion and structural alteration of the human androgen re-
ceptor mutant protein, only upon dietary ingestion of an-
drogen or its known antagonists. These results suggest 
that the onset of spinobulbar muscular atrophy requires 
nuclear localisation, interestingly, together with ligand-
dependent structural alteration of human androgen re-
ceptor mutants.

  Amyotrophic Lateral Sclerosis 
 ALS is a progressive, nearly always fatal disorder that 

is characterised by dysfunction and loss of large motor 
neurons in the cerebral cortex and spinal cord leading to 
progressive muscle weakness, atrophy and eventually pa-
ralysis. Approximately 10% of ALS cases are hereditary, 
and a small minority of these have mutations in the gene 
encoding  SOD1 , a ubiquitously expressed enzyme that is 
protective against toxic superoxide radicals (for a review, 
see Rowland and Shneider  [75] ). Disruption of the  Dro-
sophila   SOD1  homologue,  dSOD , leads to reduced life-
span, increased oxidative stress, infertility, impaired lo-
comotor activity, decreased resistance to hyperoxic stress 
 [76]  and neuropathology  [77] . Furthermore, Mockett et 
al.  [76]  have recently shown that expression of human 
 SOD1  mutant transgenes in  Drosophila  with a  dSOD  null 
background was associated with increased oxidative 
stress and decreased motor performance of abrupt onset 
followed by premature death. The authors also reported 
that the above-mentioned phenotypic manifestations 
were fully rescued by a single human wild-type  SOD1  
transgene expressing only minimal levels (5–10%) of 
SOD activity. In another study, when normal human 
 SOD1  overexpression was targeted selectively to motor 
neurons of flies with a normal  dSOD  +/+  background, a 
dramatic extension of life-span was observed, undeniably 
demonstrating that SOD is an important player in pro-
tecting motor neurons against oxidative stress  [78] .

  Hereditary Spastic Paraplegia 
 Hereditary spastic paraplegias are a large group of ge-

netically heterogenous disorders that are characterised 
by degeneration of motor neurons in the corticospinal 
tract and dorsal columns, resulting in gait disturbance 
due to lower-extremity spasticity and weakness  [79] . Fol-
lowing the recent discovery that mutations in the human 
 SPG4  locus, which encodes spastin, are responsible for 
approximately 40% of all dominantly inherited cases 
 [80] , various groups focused on uncovering the functions 
of spastin in  Drosophila . Recessive loss-of-function mu-

tations in the highly conserved  Spastin  homologue, 
 dSpastin , give rise to defective larval NMJs including 
smaller, more numerous synaptic boutons, accumulation 
of stabilised microtubules and reduced neurotransmitter 
release. Indeed these defects seem to be responsible for 
the severe movement defects and short life-span observed 
in  dSpastin  null adult flies  [81, 82] . Furthermore, neuro-
nal knockdown of  dSpastin  and neuronal expression of 
 dSpastin  containing a conserved pathogenic mutation led 
to similar phenotypic abnormalities and in the case of the 
former also resulted in adult-onset neurodegeneration 
 [82] . Administration of the microtubule-destabilising 
drug vinblastine ameliorated not only the locomotor and 
life-span defects, but also the NMJ phenotypes observed 
on loss of  dSpastin , the latter suggesting that spastin may 
be a negative regulator of the microtubule cytoskeleton 
stability  [82] . These observations in  Drosophila  opened 
the door to a pharmacological strategy aimed at modulat-
ing microtubule stability in order to effectively counter 
the pathological phenotypes arising in hereditary spastic 
paraplegias.

  Excitotoxicity-Induced Neurodegeneration 
 Excessive or prolonged stimulation of glutamate re-

ceptors in the mammalian central nervous system (CNS) 
is thought to lead to neuronal hyperactivation and dam-
age, a phenomenon observed in an ensemble of neurode-
generative disorders including acute CNS insults, HD, 
ALS, AD and PD (for a review, see Salinska et al.  [83] ). 
The synaptic activity of glutamate, the chief excitatory 
neurotransmitter in the mammalian CNS, normally ter-
minates on its reuptake by excitatory amino acid trans-
porters (EAATs). On knockdown of the  Drosophila  glu-
tamate transporter,  dEAAT1 , Rival et al.  [84]  observed 
hyperexcitability, reduced life-span and marked brain 
degeneration. The hyperexcitability phenotype was sig-
nificantly rescued by exposure to riluzole, an anti-excito-
toxic agent used clinically for ALS patients, and by the 
anti-oxidant melatonin, the latter confirming an impor-
tant role of oxidative stress in excitotoxicity-induced neu-
rodegeneration. The same group also stumbled upon ev-
idence of a reduced glutamate buffering capacity when 
attempting to investigate the involvement of glial cell dys-
function in polyQ-mediated neurodegenerative diseases. 
Indeed, upon targeted expression of the polyQ-contain-
ing domain of Htt or an extended polyQ peptide alone in 
a subset of  Drosophila  glial cells, the authors observed a 
progressive decrease in  dEAAT1  transcription in addi-
tion to a shortened life-span and characteristic nuclear 
inclusions  [85] . Delving deeper into the reasons behind 
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the disruption of  dEAAT1  expression and thereby glial 
dysfunction, the authors found that this is partly the re-
sult of a disruption of the epidermal growth factor recep-
tor signalling, a pathway implicated in independently up-
regulating glial glutamate transporter expression in 
mammalian cells. In addition to uncovering insights into 
the molecular and physiological effects of glutamate-me-
diated excitotoxicity, these studies are a proof of principle 
that the fruit fly can also serve as an effective model of 
excitotoxicity-induced neurodegeneration.

  Modelling RNA-Induced Neurodegeneration
in the Fly 

 In the past few years, RNA-based neurotoxic mecha-
nisms have emerged as a novel cause of neurodegenera-
tive conditions. Once transcribed from DNA, RNA un-
dergoes complex processing that includes splicing and 
editing, and association with specific proteins that deter-
mine its subcellular localisation, stability and eventual 
translation into its cognate protein. All these aspects of 
RNA processing can be targeted in specific neuronal 
populations to cause a degenerative finale. Indeed this 
happens in several conditions including SMA and the 
non-coding trinucleotide repeat diseases, FXTAS and 
SCA8 ( table 1 ). 

  Non-Coding Trinucleotide Repeat Diseases 
 These conditions are characterised by expansion of 

trinucleotide repeats within the 5 "  or 3 "  untranslated re-
gion or an intron of the respective gene. This can lead to 
loss of function of the disease gene, gain of function of 
the disease-associated mRNA, or both, resulting in neu-
ronal dysfunction and degeneration. Fly models of some 
of these diseases have recently been established.

  Fragile-X syndrome, a common form of inherited 
mental retardation, is caused by a substantial ( 1 200) 
CGG trinucleotide repeat expansion in the 5 "  untrans-
lated region of the  FMR1  gene, termed ‘full mutation’, 
leading to transcriptional silencing and absence of the 
encoded FMR protein. The research on the physiological 
functions of the single  Drosophila  homologue of  FMR1 , 
 dFMR1,  has left no stone unturned. dFMR1 is an RNA-
binding protein that acts as a translational repressor. Ex-
periments in  Drosophila  revealed that translational reg-
ulation may occur via the RNAi pathway  [86–88] . Func-
tionally relevant RNA targets of dFMR1 were found to 
include  futsch , which encodes for a microtubule-associ-
ated protein with homology to mammalian MAP1B  [89] , 

 Rac1 , which encodes for a small GTPase  [90] ,  pickpock-
et1 , which encodes for an ion channel subunit  [91] ,  chick-
adee , which is the  Drosophila  profilin homologue  [92] , 
and several others which remain to be characterised 
 [93] .

  Homozygous loss of  dFMR1  is not lethal but mutant 
flies have abnormal circadian rhythms  [94, 95] , reduced 
courtship behaviour  [94] , abnormal locomotor behav-
iour  [89, 91]  and memory impairment  [96] . At the ana-
tomical level,  dFMR1  null mutants display enlarged NMJ 
synaptic terminals accompanied by altered neurotrans-
mission  [89] , overgrown sensory neuron dendritic 
branches  [90] , disrupted morphology of the mushroom 
bodies  [96, 97] , enhanced metabotropic glutamate recep-
tor signalling  [96]  and neurite morphology defects  [92] .

  The diverse phenotypes seen in  dFMR1  null flies are 
more or less similar to those observed in afflicted patients 
(who do not express the FMR1 message) including the 
marked absence of neurodegeneration. However, some 
fragile-X syndrome carriers have  FMR1  alleles, termed 
premutations, whereby the number of CGG repeats is in-
termediate between that found in patients ( 1 200 repeats) 
and that observed in normal individuals ( ! 55 repeats). 
These patients exhibit a progressive neurodegeneration 
condition coined FXTAS. Clinical features of FXTAS in-
clude progressive intention tremor, gait ataxia, parkin-
sonism, cognitive deficits and autonomic dysfunction, 
whilst global brain atrophy and intranuclear inclusions 
present in both neurons and astrocytes throughout the 
CNS constitute the neuropathological hallmarks of this 
condition (for a review, see Hagerman and Hagerman 
 [98] ). Since  FMR1  premutation alleles differ from both 
normal and full mutation alleles by producing more 
 FMR1  transcripts with lengthy rCGG repeats  [99, 100] , 
the possibility of an RNA-mediated neurodegenerative 
mechanism was tested in transgenic animal models. In-
deed, Jin et al.  [101]  reported that flies ectopically ex-
pressing a portion of the human  FMR1  5 "  untranslated 
region containing either normal or premutation length 
rCGG repeats, exhibit a progressive neurodegenerative 
phenotype, the severity of which appeared to be dosage 
and repeat length dependent. Even though the CGG re-
peats were only transcribed but not translated, transgen-
ic flies exhibited Hsp70- and ubiquitin-positive neuronal 
inclusion bodies, as observed in humans. This study sug-
gests that in fragile-X premutation carriers, the long 
rCGG tract in  FMR1  mRNA may attract and sequester 
rCGG interacting protein(s) from its normal functions, 
thereby affecting RNA metabolism and leading to pro-
gressive neuronal dysfunction and death.
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  SCA8 is another neurodegenerative disease caused by 
a transcribed but untranslated CTG repeat expansion hy-
pothesised to lead to a toxic RNA with impaired or al-
tered cellular functions. A recent study in  Drosophila  has 
been central to understanding the molecular mecha-
nisms underlying SCA8 pathology. Indeed, Mutsuddi et 
al.  [102]  found that when expressed in the fly retina, both 
wild-type and repeat-expanded SCA8 non-coding RNA 
induced late-onset, progressive neurodegeneration. Four 
neuronally expressed RNA binding proteins were found 
to modify this neurodegenerative phenotype, 2 of which 
exhibited different interaction strengths with wild-type 
versus repeat-expanded SCA8 backgrounds. Such results, 
combined with the demonstration that the interaction 
domain maps to the portion of the SCA8 RNA that un-
dergoes repeat expansion in the human disease, seem to 
suggest that CUG expansions alter the association with 
specific RNA binding proteins possibly leading to titra-
tion of critical RNA binding proteins or other factors re-
quired for neuronal survival.

  Of interest is a recent paper, which implicates that ex-
pansions within coding sequences may also result in neu-
rotoxic RNA. Indeed, based on the observation that hu-
man Atx2 and its  Drosophila  homologue  dAtx2  assemble 
with both polyribosomes and poly(A)-binding protein, a 
key regulator of mRNA translation, Satterfield and Pal-
lanck  [103]  put forward the case that polyQ expansions 
within Atx2 cause neurodegeneration by interfering with 
the translation regulation of particular mRNAs.

  Spinal Muscular Atrophy 
 SMA is considered a prime example of the deleterious 

repercussions a disruption in RNA processing can inflict 
on neuronal function. The prevalence of SMA among in-
fants sets it apart from other neurodegenerative condi-
tions, which usually do not become clinically evident un-
til late in life. An autosomal recessive disease character-
ised by muscle weakness and atrophy due to degeneration 
of anterior horn spinal motor neurons, SMA is usually 
the result of mutations in the survival of motor neuron 1 
( SMN1 ) gene resulting in loss of its protein product, SMN. 
Although humans carry a second SMN gene, termed 
 SMN2 , an innate splicing defect renders this gene only 
partially functional and thereby unable to fully compen-
sate for lack of protein encoding by  SMN1 . SMN is thought 
to be a major player in RNA metabolism including splic-
ing through its role in the assembly of the spliceosome 
complex and mRNA localisation to the axon (reviewed in 
Monani  [104]  and Briese et al.  [105] ). Thus, in contrast to 
FXTAS and SCA8, SMA leads to RNA-mediated neuro-

degeneration in a secondary or indirect way. Given the 
housekeeping role of SMN, the link between SMN’s func-
tion and the very specific motor neuron disease pheno-
type observed in SMA has baffled researches on both 
sides of the Atlantic for nearly a decade. Using the humble 
fruit fly, our group has contributed some answers to this 
riddle. 

   Drosophila  has a single highly homologous  SMN  or-
thologue,  dSMN , and disruption of its oligomerisation 
using ectopic expression of human SMN gives rise to pu-
pal lethality  [106] . The presence of maternal wild-type 
 dSMN  activity contributes to the survival of homozygous 
loss-of-function  dSMN  mutants until the late larval stag-
es where they develop abnormal motor behaviour  [107] . 
The latter phenotype can be rescued only on driving ex-
pression of a rescue construct in both muscle and neuro-
nal tissues. Explaining the observed motor deficits,  dSMN  
mutant larvae had electrophysiological defects and vari-
ous abnormalities at the larval NMJ including disorgan-
isation of synaptic boutons, increased number of enlarged 
boutons and, similar to SMA patients  [108]  and a recent 
SMA mouse model  [109] , reduced clustering of the neu-
rotransmitter receptors  [107] . More recently, we have 
shown for the first time that dSMN influences splicing of 
eIF-4E, a rate-limiting translation initiation factor, and 
controls localisation and translation of specific tran-
scripts in the well-characterised  Drosophila  egg cham-
bers [unpubl. data]. These findings lead us to postulate 
that SMN may be an important player in the localisation 
and translational repression of specific neuronal tran-
scripts especially those showing alternative splicing, and 
disruption of such processes can potentially lead to the 
motor neuron pathologies observed in SMA.

  From Forward Genetics to Neuropharmacology in 
Flies: A Promising Outlook 

 The Nobel-prize-winning screens by Christiane 
Nüsslein-Volhard and Eric Wieschaus for embryonic-
patterning mutants (part of these were published in a 
landmark paper describing segmentation in the fly  [110] ), 
ushered fly research into a new era. Indeed, this work un-
veiled the power of forward genetics in  Drosophila  to un-
cover mutants that influence a process of interest. In 
brief, forward genetic screens involve the introduction of 
random mutations at the genome level, screening of the 
resulting mutants for a specific phenotypic output and 
eventual mapping of the affected gene in the stabilised 
mutants. This journey makes forward genetics an unbi-



 The Fly as a Model for Neurodegenerative 
Diseases 

Neurodegenerative Dis 2006;3:338–356 351

Table 2. Examples of well-characterised neurodegenerative mutants isolated using forward genetics in Drosophila

Screen design Isolated mutant/gene Characterised mutant phenotype Ref.

P element insertion mutagenesis for 
life-span-reducing mutants

bubblegum mutant mapped to the
VLCFA acyl-coenzyme A synthetase-
like gene

Adult neurodegeneration; elevated levels of 
VLCFAs as seen in the human disease 
adrenoleukodystrophy

118

EMS-induced mutagenesis for
life-span-reducing mutants; isolated 
mutants were then examined for 
 histological neuropathology

spongecake mutant; gene not mapped Brain degeneration characterised by regionally 
specific, membrane-bound vacuoles, similar to 
those seen in spongiform degenerations 
(e.g. Creutzfeldt-Jakob disease)

119

eggroll mutant; gene not mapped Brain degeneration characterised by dense, 
multilamellated structures resembling those 
found in lipid storage diseases (e.g. Tay-Sachs 
disease)

EMS-induced mutagenesis followed by 
eye-specific expression of Flp recombi-
nase to generate patches of homozygous 
mutant tissue; mutants isolated on 
whether the eyes develop substantial 
black degenerate tissue

burned mutant mapped to the cpb
locus encoding the "-subunit of the
F actin capping protein; scorched 
 mutant mapped to the cpa locus 
 encoding the !-subunit of the F actin 
capping protein

Mutant neuronal tissues characterised by 
 accumulation of F actin consistent with the 
known function of the isolated genes in  capping 
actin filaments and arresting their growth

120

P element insertion mutagenesis
for  abnormal development of the 
 peripheral nervous system

benchwarmer mutant mapped to the 
spinster gene which is predicted to 
 encode a lysosomal sugar carrier

Abnormal lysosomal carbohydrate storage, 
synaptic defects, subsequent progressive 
 neuronal degeneration and enhanced 
tau- mediated toxicity suggesting aberrant 
 lysosomal function and defects in endocytic 
membrane trafficking

121,
122

EMS-induced mutagenesis for tempera-
ture-sensitive paralytic mutants

vacuous mutant; gene not mapped Locomotor defects in both larvae and adults, 
neuronal hyperactivity and extensive 
age- dependent neurodegeneration throughout 
the CNS

123

Two mutants mapped to the same gene, 
ATPa, which encodes the !-subunit 
(catalytic) of the Na+/K+-ATPase

Behavioural abnormalities, reduced life-span, 
severe neuronal hyperexcitability and extensive, 
age-dependent neurodegeneration suggesting 
that maintenance of neuronal viability is 
dependent on normal sodium pump activity

124

P element insertion mutagenesis for 
mutants with histological adult brain 
abnormalities

sniffer mutant mapped to the sniffer 
gene encoding a short-chain dehydro-
genase/reductase enzyme

Reduced life-span, a progressive sluggish 
walking phenotype and age-related neuro-
degeneration, possibly the result of oxidative 
stress

125,
126

EMS-induced mutagenesis for mutants 
exhibiting adult brain defects as deter-
mined by histology

swiss cheese mutant mapped to the swiss 
cheese gene encoding a protein sharing 
homology with vertebrate neuropathy 
target esterase

Progressive neurodegeneration, glial 
hyperwrapping, neuronal apoptosis and reduced 
life-span

127,
128

EMS- and P-element-insertion-induced 
mutagenesis for mutants exhibiting 
adult structural brain defects as deter-
mined by histology

vacuolar peduncle mutant mapped to 
the RasGAP gene which encodes Ras 
GTPase-activating protein

Age-related brain degeneration, possibly
the result of deregulation of the EGFR/Ras 
 signalling pathway

129

Mutagenesis via P element enhancer 
insertions for gene products exhibiting 
a gain-of-function by causing neural 
cell loss

Effecter for neuronal death and degen-
eration 2 mutant mapped to the Sec61a 
gene which encodes for an endo-
plasmic-reticulum-associated protein 
translocon

Neuronal cell death accompanied by the 
 accumulation of ubiquitinated proteins

130

VLCFA = Very-long-chain fatty acid; EMS = ethyl methane sulphonate; EGFR = epidermal growth factor receptor.
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ased approach in contrast to reverse genetic approaches, 
which depend on existing genetic and often molecular 
knowledge. Applied to neurodegeneration research, for-
ward genetic approaches in the fly are usually conducted 
in two ways. One arm involves the application of a ran-
dom screen in a mutant background to uncover enhanc-
ers or suppressors of the disease phenotype  [111]  and the 
various uncovered modifiers in the fly neurodegenera-
tive disease models were reviewed above. The other arm 
involves screening for mutations that reduce life-span, 
exhibit behavioural abnormalities or those that result in 
retinal degeneration. The latter strategy has been gaining 
momentum in recent years and so far has yielded several 
well-characterised genes encoding proteins that function 
to maintain neural function ( table 2 ). Besides solidifying 
the mechanisms that function to maintain neural func-
tion with age, in the years to come, forward genetics has 
the potential to contribute valuable insights into neuro-
degenerative diseases whose aetiology is still unknown. 

  The successful modelling of neurodegenerative dis-
eases in  Drosophila  and the striking rescue results 
achieved by administering potential drug compounds 
triggered a drive towards the use of flies in high-through-
put therapeutic screens. In this respect,  Drosophila  offers 
several advantages over other models that make it a suit-
able choice for such screens. In contrast to the budding 
yeast  (Saccharomyces cerevisiae) , fruit flies are highly 
complex multicellular organisms and this renders them 
suitable for exploring any disease phenotype that dis-
rupts a multicellular function. Unlike the nematode  Cae-
norhabditis elegans ,  Drosophila  also boasts an advanced 
nervous system with a segmented brain, a visual system, 
a lymphatic system similar to blood and a tracheal respi-
ratory system, which are all features comparable to hu-
mans. While it is true that rodent models such as mice 
and rats are the preferred models for drug discovery and 
efficacy because their complex systems remarkably re-
semble our own, compared to flies, rodents are expensive 
to breed, maintain and use in large enough numbers in 
high-throughput drug discovery screens. However,  Dro-
sophila  is not perfect and investigators using this model 
for the purpose of therapeutic discovery should bear in 
mind certain limitations including metabolic differenc-
es, problems with drug delivery, the necessity of validat-
ing positive ‘hits’ in mammalian systems, the lack of a 
blood-brain barrier that prevents assessment of delivery 
to the brain and difficulties in assessing side-effects. De-
spite these hurdles, various compounds identified in con-
ventional screens were found to be also effective in sev-
eral  Drosophila  models, thereby validating the use of flies 

to screen compounds as well as underscoring the poten-
tial of these specific compounds  [64, 112–114] . To con-
clude, if ‘hits’ can be validated in high-order organisms, 
flies do offer combined toxicity (if the animal survives 
after being fed the drug) and discovery in a quick, effi-
cient and inexpensive package. Indeed, histone deacety-
lase inhibitors which were first discovered in fruit flies 
 [59] , confirmed in mice  [115, 116]  and presently tested in 
HD patients illustrate how employing fruit flies in the 
drug discovery pipeline holds promise for significant 
neuropharmacological recovery.

  Conclusion 

 With nearly a century of genetic knowledge, it is no 
surprise that the humble fruit fly continues to stoke the 
fire of interest in gaining novel insights into human pa-
thologies. This review should have given the reader an 
overview of how the fly has contributed to an under-
standing of neurodegenerative diseases, has led to the un-
covering of new molecular pathways as potential thera-
peutic targets and importantly has provided insights that 
are directly translatable into higher-order systems. Hence 
we believe that  Drosophila  research must not be consid-
ered in a vacuum. Rather, it should complement work in 
other systems especially mammalian ones. Several suc-
cessful stories utilizing a cross-species functional ge-
nomic approach have already been reported  [30, 36]  and 
we augur further studies in this style. The extensive ge-
netic arsenal of the fruit fly combined with its acclaimed 
past contributions are a reflection that, in the years to 
come, this organism will always be one jump ahead of 
other systems in making novel discoveries in the field of 
neuroprotection and neurodegeneration.
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