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CHAPTER 3 

“The Greatness of the Smallest Ones”: The Most Valuable 
Attributes of Flies and Worms for the Study of Neurodegeneration 
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Abstract: Over the last decades, a large number of experimental models have been 
developed to explore the mechanisms underlying neurodegenerative disorders. Invertebrate 
models of neurodegeneration, such as the fruit fly Drosophila melanogaster and the 
nematode Caenorhabtidis elegans, have emerged as successful complementary systems to 
mammalian models, facilitating identification of relevant pathways and novel disease-
associated genes. These organisms provide reliable systems for identifying genetic 
modifiers of neuropathologies and the interesting possibility of screening and testing 
potential drugs for treatments to prevent and/or alleviate disease symptoms. 

This chapter will focus on the main experimental strategies used in Drosophila 
melanogaster and Caenorhabtidis elegans to study neurodegeneration. Insights from 
forward genetic approaches, transgenic models of human neurodegenerative disorders 
and studies of fly/worm homologs of human disease genes will be presented. The value 
of using invertebrate models for the study of neurodegeneration will be discussed, 
highlighting advantages and limitations associated with these studies. 
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3.1. INTRODUCTION 

Human pedigree analyses and gene linkage studies on families and populations 
with patterns of inherited neurodegenerative diseases have revealed genetic 
mutations responsible for disorders such as Alzheimer’s disease, Amyotrophic  
 

*Corresponding author Carolina Rezával: Department of Physiology, Anatomy and Genetics, University 
of Oxford, Parks Road, OX1 3PT, Oxford, UK; Tel: +44 (0)1865 272484; Fax: +44 (0)1865 272420;  
E-mail: crezaval@gmail.com 



50   Young Perspectives for Old Diseases Carolina Rezával 

lateral sclerosis, Huntington’s disease and Parkinson’s disease [1]. The 
identification of such mutations has opened a new field in neurosciences focused 
on deciphering the function of human disease genes in transgenic animals, with 
the ultimate aim of discovering the mechanisms of the associated neuropathology. 

A large number of experimental disease models based on mutations in homologs 
of human disease-associated genes or direct expression of human 
neurodegenerative-associated disease genes have been established in the past 
years [1-8]. Traditional animal models, such as rodents, seem ideal disease model 
systems given their close evolutionary relationship with humans [6]. Yet, rodents 
are expensive and laborious to maintain. In this respect, invertebrate model 
organisms such as the fruit fly D. melanogaster and roundworm C. elegans are 
excellent alternatives for studying mechanisms of neurodegeneration. These 
simple model systems offer enormous experimental advantages, including short 
generation times, large number of offspring and low cost of maintaining in the 
laboratory. In addition, there exist powerful techniques for manipulating gene 
expression and function that have emerged in worms and flies, including the 
ability to perform large-scale genetic screens and genome-wide analyses of 
genetic interactions based on the modification of a given phenotype [9-11]. 
Finally, compared to vertebrates, Drosophila and C. elegans have the key benefit 
of relatively low genetic redundancy, as genes are usually present in one copy. 
This greatly simplifies genetics studies. 

Despite these clear experimental advantages, it could be argued that invertebrate 
physiology is far too different from human physiology to directly translate 
findings in flies or worms to humans. Indeed, there are important differences that 
should be taken into consideration, e.g., invertebrates have a less complex nervous 
system - with fewer neurons, glia and synapses than the human brain. 
Additionally, worms and flies lack some important components for many 
vertebrate pathological phenomena, such as inflammatory processes and neuronal 
myelination. Nevertheless, flies and worms share many fundamental cellular and 
molecular pathways with mammals, including those governing gene expression, 
cell cycle regulation, membrane trafficking, cellular toxicity and cell death. 
Importantly, the basic structural and functional components of the nervous 
systems are highly conserved between invertebrates and humans, including 
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Synaptic Proteins, ion channels and neurotransmitters (e.g. dopamine, 
acetylcholine, glutamate and GABA) [12-15]. This suggests that the fundamental 
mechanisms underlying neuronal viability and synapse function are evolutionarily 
conserved across species. Interestingly, various human pathological processes 
including cancer, ageing, neurodegeneration and infectious diseases also affect 
flies and worms. In this regard, the annotation of the C. elegans and Drosophila 
genomes revealed that more than 70% of the genes associated with human genetic 
disorders are present in these organisms (http://superfly.ucsd.edu/homophila/; [16-
19]). Importantly, expression of several human neurodegenerative disease-
associated genes in flies or worms recreates key neuropathological features of the 
disease including, in some cases, age-dependent neuronal degeneration, 
vulnerability of specific neuronal types and accumulation of proteins in abnormal 
aggregates [3, 20-26]. This demonstrates important parallels between these 
organisms and humans. These simpler model systems have served as platforms for 
identifying genes and pharmacological compounds that modulate the pathology, 
thus providing insights into the genetic and molecular basis of neurodegeneration 
[3, 4, 20-23, 25, 26]. In addition, unbiased genetic screens in invertebrates have 
uncovered genes not previously suspected to be involved in neuronal maintenance 
and viability, and interestingly, disrupting the function of some of these genes in 
more complex organisms also results in neurodegeneration. These findings 
validate such approaches as a meaningful way to identify conserved genes 
required to maintain nervous system integrity [24, 27, 28]. 

It is thus clear that Drosophila and C. elegans represent valuable model systems 
to study basic mechanisms governing neuronal dysfunction and death associated 
with human diseases. 

3.2. DROSOPHILA MELANOGASTER: BASICS OF A POWERFUL 
GENETIC MODEL SYSTEM 

Over a century of intensive research using Drosophila melanogaster to study 
complex biological processes has generated a vast knowledge about its genetics, 
anatomy and development. This small insect (of about 3 mm in length) lives near 
unripe and rotten fruit in nature (Fig. 1A). Fruit flies develop through embryo, 
larval, and pupal stages followed by metamorphosis into the adult fly. They have 
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a short life cycle, of 10 days at 25 °C, and adults live for ~2–3 months, with the 
potential of producing hundreds of offspring. This is in contrast to rodent models, 
where only a few offspring are produced every 3 to 4 months. Although the fly 
nervous system (Fig. 1B) has ~1 million-fold fewer neurons than the human brain, 
it is still capable of producing many complex behaviors, including mating 
behavior, intra-specific aggression, and learning and memory [29]. The adult fly 
brain contains around 200,000 neurons, including neurons involved in sensory 
perception, integration and motor output. 

 

Figure 1: Fruit flies and worms: their anatomy and nervous system. (A) Image of an adult male and 
female Drosophila melanogaster performing the courtship ritual (top and bottom, respectively). (B) 
The Drosophila nervous system. The adult brain (top) and ventral nerve cord (bottom) are labeled 
with anti-nc82, a synaptic marker (shown in magenta). A sex-specific neuronal circuitry is visualised 
with anti-GFP antibody (shown in green). Scale bar: 100 μm. (C) Caenorhabtidis elegans (L1) larvae, 
soon after hatching. Scale bar: ~50 μm. (D) The C. elegans nervous system. Three types of motor 
neurons are shown in the ventral nerve cord of a triple transgenic animal: B-type motor neuron (DB; 
shown in green), A-type motor neuron (DA; shown in yellow) and D-type motor neuron (DD; shown 
in red). Scale bar: 50 μm. Images in A and B were taken by Carolina Rezával, University of Oxford. 
Pictures in C and D were kindly donated by M Gravato-Nobre, University of Oxford. 
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Sophisticated genetic techniques, such as random transposon tagging, site-specific 
transgenesis and recombination-mediated genetic engineering allow efficient 
manipulation of gene expression and function. There exist online databases containing 
valuable information regarding different aspects of Drosophila biology, including 
genes, mutations, phenotypes and available stocks (Flybase: http://flybase.org/), as 
well as nervous system anatomy (Flybrain: http://flybrain.neurobio.arizona.edu/; 
flymind) and development (the Interactive Fly: http://www.sdbonline.org/fly/ 
aimain/1adult.htm). 

3.3. C. ELEGANS: BASICS OF A CELLULARLY DEFINED MODEL 
SYSTEM 

C. elegans is a free-living nematode of only ~1 mm in length that lives in temperate 
soil environments (Fig. 1C). These roundworms have a rapid generation cycle (~3 
days), short lifespan (~3 weeks) and two sexes: hermaphrodites (comprising most of 
the population) and males (comprising approximately 0.1% of the total population). 
After hatching, they undergo four larval stages (L1–L4) to become an adult. Under 
non-favorable environmental conditions, such as starvation or stress, C. elegans can 
enter an alternative third larval stage: the “dauer state”. They can persist as stress-
resistant dauer larvae for weeks or even months. When suitable environmental 
conditions are resumed, animals re-enter the life cycle at the fourth larval stage. An 
adult hermaphrodite produces about 300 self-fertilized eggs over a period of 3 days, 
and more than 1,000 eggs after male insemination. 

Worms are straightforward to cultivate and propagate in the laboratory, as thousands 
of them can be reared on small agar-filled Petri plates or liquid media seeded with 
bacteria (e.g. Escherichia coli). In addition, worm strains can be frozen in glycerol, 
allowing for long-term storage. Bioinformatics and functional genomic databases 
providing valuable information of C. elegans are available on line [11], such as 
WormBase (http://www.wormbase.org) and WormAtlas (http://www.wormatlas.org). 

One of the most remarkable features of worms is their transparent body, allowing for 
the visualization of all cells at all stages of development. Indeed, the complete cell 
lineage of C. elegans has been precisely described. The adult consists of 959 somatic 
cells, 302 of which are neurons that include chemosensory, mechanosensory, and 
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thermosensory types [11, 30] (Fig. 1D). In contrast to flies, worms lack a centralized 
brain. Interestingly, the position of each neuron, fate and synaptic connections has 
been characterized in great detail [30, 31], simplifying the study of neurodegenerative 
phenotypes. 

3.4. GENETIC APPROACHES TO STUDY NEURODEGENERATION IN 
FLIES AND WORMS 

There are four interconnected and complementary approaches based on “reverse” 
and “forward” genetics to study neurodegeneration in flies and worms (Fig. 2): 

i. Transgenic models of human diseases 

ii. Loss-of-function of fly or worm homologs of human disease- 
associated genes 

iii. Screen of novel genes involved in neurodegeneration 

iv. Identification of modifiers of neurodegenerative phenotypes 

 

Figure 2: Using invertebrates to study neurodegeneration. The main experimental strategies 
employed in D. melanogaster and C. elegans to study neurodegeneration. These approaches are 
interconnected: a neurodegenerative phenotype caused by either (1) expression of a human disease 
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gene, (2) inactivation of a given disease gene ortholog or (3) mutation of a novel fly/worm 
neurodegenerative gene can be used as a platform to identify genetic enhancers and suppressors, or 
chemical compounds, that modify the original neuropathology. Genetic and chemical modifiers 
identified in forward genetic approaches can be studied in reverse genetic models and vice versa. 

i) Transgenic Models of Human Diseases 

“Reverse” genetics (from causal gene to phenotype) consists of evaluating the 
function of a candidate gene in a given biological process. Once the function of 
the gene has been altered, the effect on the physiology and/or behavior of the 
organism can be subsequently analyzed. Following such approach, wild type or 
mutant human genes previously linked to neurodegenerative disorders can be 
expressed in flies or worms. A successful transgenic model should recapitulate 
behavioral and pathological features of the human neurodegenerative disorder, 
allowing researchers to study the fundamental pathways influenced by 
pathological genes. By overexpressing human disease-associated genes in a 
specific subset of cells or tissues in both flies and worms, lethal effects resulting 
from broad mis-expression can be circumvented. In Drosophila, the GAL4/UAS 
binary system [32] provides a very efficient method for expressing genes in a 
tissue and time-dependent manner. In one parental strain, promoter regions for a 
particular gene drive expression of the yeast transcription factor GAL4 in defined 
tissues or cellular types. The second fly strain bears a transgene under the control 
of the upstream activation sequence (UAS) that is recognized by GAL4. The 
resulting progeny will express the gene of interest only in those tissues or cells 
expressing the GAL4 protein (Fig. 3). In most fly disease models a human 
pathogenic transgene is fused to UAS (UAS-transgene) and expressed in a 
specific pattern. There are several collections of transgenic “GAL4 drivers” 
specific for different tissues or cell-types available to direct the expression of the 
gene of interest (http://flybase.org/). The eye-specific promoter GMR (Glass 
Multimer Reporter) has been extensively used to express pathological transgenes 
in the developing compound eye. This regular structure, composed of highly 
organized eye units known as ommatidia, allows the identification of 
neurodegenerative phenotypes using a standard light microscope or scanning 
electron microscopy to detect altered ommatidial numbers or arrangement that 
typically lead to a “rough” eye phenotype and loss of photoreceptor neurons (Fig. 
4 A-E). Use of GMR-based constructs has been particularly useful for genetic 
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enhancer/suppressor screens [33-35]. Neurodegeneration in the brain can be 
detected by the appearance of vacuoles (holes) (Fig. 4F,G). Specific transgenes 
can be broadly expressed in the brain (e.g. via the pan-neuronal driver elav-GAL4) 
or, alternatively, in specific subsets of neurons (via neuron type-specific drivers, 
such as those for dopaminergic or serotonergic neurons (TH-GAL4 or TRH-GAL4, 
respectively). Thus, it is possible to investigate cell-type-specific death associated 
with the expression of pathological genes. Different modifications of the 
GAL4/UAS system have been developed to further refine tissue specificity as 
well as temporal expression [36, 37]. By employing these techniques, it is 
possible to manipulate biological processes in the adult brain without affecting 
nervous system development. It should be noted, however, that high levels of 
GAL4 protein can trigger neuronal death per se, thus an excess of GAL4 might 
enhance neuronal defects observed in neurodegeneration models [38]. 

 

Figure 3: A powerful genetic tool to study neurodegeneration in flies. The GAL4/UAS system 
allows spatial and temporal gene expression in flies. In fly disease models a human pathogenic 
transgene is fused to a sequence (UAS) recognized by the transcription factor GAL4 (UAS-
transgene). The fly line carrying such transgene is crossed to another one carrying GAL4 under the 
control of a specific promotor (GAL4 driver). The resulting progeny will express the gene in a 
specific cell or tissue type, depending on the GAL4 driver. This system also serves to knockdown 
the expression of an endogenous gene in selected cell types or tissues. In this case, a line 
expressing RNA interference (RNAi) against a specific gene under the control of UAS (UAS-
RNAi) is crossed to the GAL4 driver line. 

C. elegans can also be genetically manipulated to express human transgenes 
associated with neurodegenerative diseases. Generation of transgenic worms is 
relatively simple, low-cost and quick. It usually involves injection of transgenes 
into the gonad of hermaphrodite adults or bombardment with DNA-coated 
microparticles [39]. The MosTIC technique provides a means to engineer single 
copy transgenes at a defined locus in the genome [40]. 
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Figure 4: Neurodegenerative phenotypes in Drosophila melanogaster. The fly compound eye is a 
highly organized structure that allows detecting toxicity very easily under standard light 
microscopy (A-C) or scanning electron microscopy (D-E). Downregulation of the cytoskeleton 
gene enabled (ena) in the eye leads to disorganization of photoreceptor neurons and retinal 
degeneration in GMR-GAL4>ena rev flies (B,C,E). Images of wild-type flies showing normal eye 
morphology are shown in A and D. Neurodegeneration triggered by decreased enabled levels can 
be also detected in adult fly head semi-thin sections of elav-GAL4>enarev flies stained with 
methylene blue by light microscopy. Young (0–3 days) and old (30 days) elav-GAL4>enarev flies 
are shown in F and G, respectively. While the nervous system of young flies is well preserved (F), 
age-dependent degeneration characterized by the occurrence of vacuoles in specific areas of the 
brain is observed in old flies (G). Scale bar: 50 µm. Images (D-G) taken from: Rezaval et al., 
2008. PLoS One 3, e3332. 

Gene expression can be modulated by promoter-driven expression in worms; for 
example, transgenes can be directed to muscle cells (via the unc-54 promoter) or 
particular subsets of neurons, such as dopaminergic neurons (via the dopamine 
transporter dat-1 promoter), or touch neurons (via the mec-7 promoter). The 
transparent nature of C. elegans facilitates in vivo visualization of neurons 
throughout the lifetime of the animal, using fluorescent marker genes, such as the 
jellyfish Green Fluorescent Protein (GFP) [41, 42]. Thus, the effects of genetic 
and pharmacological modulators on neuronal viability can be easily evaluated in 
living worms by detecting signs of cell dystrophy, such as vacuolization and 
protein aggregation [3, 43, 44] (Fig. 5). 
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Figure 5: Neurodegenerative phenotypes in C. elegans. (A-C) Misfolding and aggregation of α-
synuclein in nematodes. Photomicrographs of transgenic C. elegans displaying muscle-specific 
expression of α-synuclein: GFP. (A) Misfolded α-synuclein forms small (arrowhead), medium 
(small arrow) and large aggregates (arrow) in body wall muscle cells. (B) Decreased α- synuclein: 
GFP misfolding is observed when the chaperone TOR-2 is simultaneously expressed, 
demonstrating the utility of this transgenic strain in screening for enhancers/suppressors of 
misfolding. (C) Following RNAi of specific gene targets in worms expressing TOR-2 + α 
synuclein: GFP misfolded α-synuclein is again detected (arrows). (D-E) α-synuclein-induced 
toxicity in dopaminergic neurons in C.elegans. (D) The six dopaminergic neurons in the anterior 
region of C. elegans (four CEP and two ADE neurons) are visualized in a transgenic Pdat-1: GFP 
worm where GFP is under the control of the dopamine transporter promoter. The dendrites of the 
CEPs are indicated with large arrows and the cell bodies of the ADEs are shown with arrowheads. 
(E) CEP and ADE age-dependent degeneration is observed in worms expressing both Pdat-1: GFP 
and Pdat-1:  α-synuclein. A 7-day old worm displays two intact CEP neurons (large arrows), one 
retracting (degenerating) CEP dendrite (small arrow), and one intact ADE neuron (arrowhead). 
The additional CEP and ADE neurons have degenerated and are no longer visible (grey arrow and 
arrowhead represent normal locations of the CEP and ADE, respectively). Images taken from: 
Harrington et al., 2011. Methods 53, 220-225. 

ii) Loss-of-Function of fly or Worm Homologs of Human Disease Genes 

Following a reverse genetic approach, fly or worm genes with similarity to 
specific human familial neurodegenerative disease-associated genes can be 
disrupted and the resulting mutant phenotype investigated. In Drosophila, total or 
partial genetic inactivation can be achieved via (1) transposon-mediated 
mutagenesis [9, 45-49], (2) GAL4/UAS–mediated RNA interference (RNAi) [48, 
50] and (3) homologous recombination-based gene knockout [51-53]. Several 
large-scale P element gene disruption projects have generated thousands of stocks 
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of flies containing single P elements insertions at known locations in the genome. 
Many of these are available in fly stock centers (http://www.flybase.org). P 
elements have become key genetic tools in Drosophila, used not only as mutagens 
but also for in vivo gene tagging and inserting transgenes [9, 48, 49]. 

The second mutational strategy is based on RNA interference (RNAi), the gene-
specific degradation or inhibition of an mRNA that prevents the encoded protein 
from being synthesized. This evolutionarily conserved mechanism was first 
characterized in C. elegans, and is triggered by double stranded RNA (dsRNA) 
that shares sequence identity to a specific mRNA [54]. RNAi is cleaved in vivo 
into short fragments that guide sequence-specific mRNA degradation or 
translational repression. The technique of RNAi, coupled with the availability of 
the complete genomic sequences of Drosophila and C. elegans has made possible 
the rapid study of gene function, both on a single gene level and at a global scale. 
In flies, specific RNAi targeting can be achieved via the GAL4/UAS system: a 
UAS line expressing an RNAi sequence (UAS-RNAi) is used in conjunction with a 
specific GAL4 line to knockdown the expression of the gene in selected cell types 
or tissues. Collections of RNAi knockdown strains targeting ~90% of the entire 
Drosophila melanogaster genome are available to the research community [50]. It 
should be noted, however, that RNAi often results in only partial gene inactivation 
or, in some cases, no inactivation at all. In this regard, the use of the enzyme Dicer 
has greatly improved the efficiency of the RNAi methodology in Drosophila, such 
that dsRNAs are better processed in the presence of this enzyme [55]. 

In the third mutational strategy, homologous recombination-based gene knockout 
allows precise gene targeting to eliminate a specific gene [51, 52, 56]. Gene 
targeting is the modification of an endogenous gene sequence by recombination 
between an introduced DNA fragment and the homologous target gene [57]. This 
method has proven to be a valuable tool for altering genes in mice [58] as well in 
Drosophila [51, 56]. 

Currently, several methods are available for genetic inactivation of genes in  
C. elegans, including i) transposon-mediated mutagenesis and ii) use of RNAi 
[54, 59]. As in Drosophila, transposon-mediated mutagenesis in C. elegans is 
based on active transposable elements to inactivate gene function. In such 
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approaches, transposons are mobilized randomly in a Drosophila or C. elegans 
strain and independent lines are then screened for the presence of a transposon 
insertion in the gene of interest [60, 61]. 

RNAi-based approaches to inactivate gene function have been utilized extensively 
in worms [54, 59]. Specific dsRNA can be delivered into the worm either by 
microinjection, at the single worm level, or by uptake of dsRNA by worms in 
solution (soaking) or feeding worms bacteria engineered to synthesize the specific 
dsRNA. The most reliable method for causing severe gene inhibition is 
microinjection; however, it is more labor intensive than other approaches. Soaking 
and feeding are more suitable methods for high-throughput genomic analyses, as 
large numbers of worms can be treated at once. Since C. elegans neurons are 
refractive to RNAi and not efficiently targeted by bacterial feeding approaches 
[59], techniques that aim to improve RNAi efficiency in neurons have been 
developed, such as selecting mutant strains that are more sensitive to RNAi [62, 
63]. However, it should be noted that strains with intrinsic mutant phenotypes 
could also interfere with the process of interest. 

More recently, homologous recombination methods have been developed to 
specifically disrupt gene function [64]. Yet these approaches are still laborious 
and not amenable for large scaling. 

iii) Screen of Novel Genes Involved in Neurodegeneration 

Classical “forward genetic” screens (from phenotype to causal gene) involve the 
generation of random mutations in the genome, screening of the resulting mutants 
for a specific phenotype and subsequent identification of the affected gene. 
Compared to “reverse genetics”, this approach is an unbiased method as it does 
not require previous knowledge about the nature of the emerging candidates. 
Therefore, unexpected genes and molecular pathways involved in a disease 
pathogenesis can be uncovered, which can be further studied in more complex 
animals. Large collections of mutants can be anatomically analyzed in search for 
“neurodegeneration hallmarks”, such as abnormal accumulation of pathogenic 
proteins and age-dependent neuronal death that can be identified by direct 
examination of the brain. Genetic screens can also be based on the observation 
that neurodegeneration is often associated with neuronal dysfunction that results 
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in altered physiology or behavior. Hence, these approaches select for mutations 
causing neuronal death, reduced lifespan or abnormal behaviors, such as 
progressive incoordination or paralysis [24]. 

How difficult is to produce Drosophila mutations in a large-scale? Ionizing 
radiation and chemical mutagens, such as ethyl methane sulphonate (EMS) or N-
ethyl-N-nitrosourea (ENU) are used to produce mutations in Drosophila. 
However, the identification of the resulting mutations at the DNA level is labor 
intensive, time consuming and consequently not practical on a genome-wide 
basis. In contrast, P element-induced mutations can be rapidly identified on a 
large scale. However, P elements tend to integrate preferentially into specific 
hotspots, thus reducing the proportion of the genome that can be randomly 
targeted. Several genome-wide collections of chemical or transposon-induced 
mutants are currently available from Drosophila stock centers. Alternatively, 
large collections of transgenic RNAi strains are also available and can be 
employed in combination with GAL4 lines to screen for mutant phenotypes [50, 
65]. The RNAi technique overcomes a clear limitation of traditional chemical or 
radiation mutagenesis screens in that it allows the identification of genes that 
generate lethality earlier in development, through restricting gene inactivation in a 
temporal and/or spatial fashion. In addition, the gene responsible for the 
phenotype of interest is already known, making it possible to establish a 
connection between a phenotype and the affected gene rapidly. 

In C. elegans, large mutant libraries are obtained by either (1) chemical mutagenesis, 
such as EMS, diethyl sulfate (DES) or N-nitroso-N-ethylurea (ENU); (2) irradiation 
with X-rays, γ-rays or UV light; (3) transposable element movement. Since chemical 
mutagens are easy to use, efficient and create a wide range of genetic lesions, they 
have been successfully used to generate mutant libraries for PCR-based 
identification of deletions in genes of interest [66]. The C. elegans Gene Knockout 
Consortium (GKC: http://celeganskoconsortium.omrf.org/) and the National 
Bioresource Project (NBRP: http://www.shigen.nig.ac.jp/c.elegans/index.jsp) have 
been established to isolate deletion mutants for all C. elegans genes. As in 
Drosophila, a critical bottleneck for chemical mutagenesis resides in the arduous 
task of genetic mapping and identification of the mutant gene. Transposon-based 
insertional mutagenesis is a strategy complementary to chemical mutagenesis and 
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greatly facilitates identification of mutant genes. However, the identification of 
mutagenic insertions can be complicated by the presence of multiple endogenous 
transposons in the worm genome. In this regard, mobilization of heterologous 
transposons such as the Drosophila mariner transposon Mos1, has provided a more 
efficient way to generate mutations. These mariner elements constitute unique 
transposon insertions in a C. elegans mutant strain and are thus more readily 
localized [67]. Unfortunately, such transposons are not as versatile as P elements in 
Drosophila and are not useful for introducing large DNA fragments into the worm 
genome. The fact that there is also a bias in the sites of mariner insertions in the 
worm’s genome represents an additional caveat. In this regard, the NemaGENETAG 
project (http://elegans.imbb.forth.gr/nemagenetag/) is contributing to expand the 
library containing transposon-tagged mutants in C. elegans. Emerging technologies, 
such as Mos TIC approach for genome engineering, allow the introduction of 
exogenous DNA sequences into predetermined genomic locations [40, 68]. 
Alternative approaches for gene inactivation include the use of RNAi in worms (e.g. 
[69]). RNAi by feeding is the least labor intensive and the most economical method 
used for high throughput genome-wide screenings, allowing large numbers of genes 
to be evaluated simultaneously [70]. Lethal phenotypes at the embryonic stage can 
be avoided by delivering dsRNA into the worms at the first larval stage. The use of 
RNAi libraries has been very effective in screening for a variety of worm 
phenotypes/genes [70]. There are currently two RNAi feeding libraries for C. 
elegans: known as the Ahringer and ORFeome libraries. These libraries are available 
to the public and together, can target about 94% of C. elegans genes. Importantly, 
WormBase contains valuable information about published large-scale RNAi data, 
including genes affected and all RNAi phenotypes. 

iv) Identification of Modifiers of Neurodegenerative Phenotypes 

Once a neurodegenerative phenotype caused by, for example, expression of a human 
disease-associated gene or inactivation of a given disease -associated gene ortholog 
is established, it is possible to perform genetic modifier screens to identify genetic 
enhancers and suppressors that modify the original neuropathology. In addition, 
pharmacological screens can be used to identify drugs that modulate the 
neurodegenerative phenotype and their associated molecular pathways. Therapeutic 
compounds that have been already identified in mammalian systems can also be 
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tested in invertebrate models, allowing for validation of hits and exclusion of 
compounds with unfavorable properties [71-73]. 

Moderate ‘‘high-throughput’’ screens are possible in Drosophila by feeding flies 
with food mixed with different concentrations of neuroactive compounds. The 
lack of a stringent blood-brain barrier in flies simplifies the access of 
pharmacological compounds to the nervous system. An alternative approach to 
deliver pharmacological compounds in a more efficient way consists of direct 
intra-abdominal or intra-thoracic injection into adults. However, this method is 
more laborious and time-consuming [74]. In this regard, microfluidic devices in 
combination with computer-controlled injection systems provide a more 
systematic methodology for injections in fly embryos [75, 76]. 

C. elegans also lacks a functional blood-brain barrier and are sensitive to a wide 
range of human neuroactive drugs [77]. Worms can be grown in liquid medium in 
96-well microtiter plates containing different drugs and rapidly screened for novel 
compounds. Thus nematodes are even more amenable for large therapeutic 
screens than Drosophila [77]. Neuronal viability can be measured with GFP-
based tags in a fluorescent plate reader or, alternatively, worm motor activity can 
be automatically monitored in real time [78]. Both these approaches are amenable 
to high throughput screens and allow the identification of neurotoxic or 
neuroprotective compounds. 

Once a therapeutic drug has been identified in either Drosophila or C. elegans model 
systems, suppressor screens can be carried out to identify molecular partners 
involved in the compound-mediated protection of neurons. Drugs with efficacy in 
invertebrate models, however, need to be validated in mammalian whole-animal 
disease models to be considered as candidates for clinical trials [73]. 

3.5. CONTRIBUTIONS OF FLY AND WORM STUDIES TO UNDER-
STANDING THE MECHANISMS UNDERLYING NEURODEGENERATION 

3.5.1. Insights from Transgenic and Mutant Models of Human Diseases 

Examples of findings associated with pathogenic mechanisms and therapeutic 
implications in flies and worms are offered here to illustrate the value of 
invertebrate models in the study of neurodegeneration. 
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3.5.1.1. Alzheimer’s Disease 

Patients with Alzheimer’s disease suffer from age-dependent memory loss, 
deterioration of cognitive functions and dementia. Progressive neuronal 
degeneration affects specific areas of the brain, such as the frontal cerebral cortex 
and hippocampus [79]. The pathological hallmarks of Alzheimer’s disease are the 
accumulation of extracellular senile plaques (composed mainly of the amyloid 
Aβ42 peptide) and intracellular neurofibrillary tangles (composed of aggregated, 
hyperphosphorylated forms of the microtubule-associated protein Tau) [79]. Aβ42 
peptides are produced by proteolytic cleavage of the amyloid precursor protein 
(APP) transmembrane receptor via the action of β and -secretases. The ß-site 
APP-cleaving enzyme (BACE) cleaves APP at the beta site, and the presenilins, 
PS1 and PS2, participate in APP cleavage at the ɣ site [80]. Genetic analyses of 
familial Alzheimer’s disease identified mutations in the APP, PS1 and PS2 genes; 
these mutations are all associated with abnormal APP processing and Aβ42 
aggregation. Hence, it is believed that Aß42 peptide overproduction is the initial 
trigger of a series of pathogenic events that result in Tau hyperphosphorylation, 
abnormal cellular signaling, and synaptic failure, ultimately leading to neuronal 
death [81-83]. 

Different approaches have been utilized to study the normal function of APP, as 
well as the mechanisms by which APP dysfunction might lead to 
neurodegeneration in flies [4, 72]. Flies carrying loss-of-function mutations of the 
fly homolog of the human APP (dAPPL) display no neurodegeneration but show 
abnormal behaviors that are rescued by the transgenic introduction of human APP 
gene, indicating functional conservation between fly APPL and human APP [84]. 
Additional studies have linked dAPPL with physiological functions such as 
neuronal development and synapse formation [85-87]. Transgenic flies expressing 
wild type and Alzheimer’s disease mutant forms of APP in the fly nervous system 
and retina have revealed interesting findings. APP and dAPPL overexpression 
leads to axonal transport defects [85, 88] that appear to correlate with impaired 
synaptic plasticity [89]. Evidence for dysfunction in axonal transport has also 
been found in other neurodegenerative disease fly models, such as Huntington’s 
disease [90, 91], suggesting a common mechanism of neurodegeneration in 
different diseases. 
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Flies have orthologs of α-secretases [92, 93] and γ-secretase components, such as 
PSN and Nicastrin [94-96]. Although dAPPL lacks the Aβ domain [96b], it has 
been recently shown that processing of dAPPL by the fly β-secretase BACE 
(dBACE) results in neurotoxic Aβ-like fragments, amyloid deposits and 
neurodegeneration [97]. Aβ42 formation and neurotoxicity can be achieved by 
simultaneous expression of human BACE and APP in either the fly retina or 
nervous system [98, 99]. Interestingly, direct expression of human Aβ42 in the fly 
recapitulates aspects of the Alzheimer’s disease pathology, such as age-dependent 
neurodegeneration and accumulation of amyloid plaques [100, 101]. Moreover, 
generation of Aβ42 leads to defective axonal transport [85, 88], mitochondrial 
mislocalisation [102] and synaptic plasticity defects [89]. Aβ42 accumulation has 
been also found to trigger progressive locomotor deficits, abnormal learning and 
reduced lifespan [99, 100, 103, 104]. On the other hand, different studies in flies 
have confirmed experimentally that Aß42 aggregation propensity correlates with 
neurotoxicity [72, 99, 105, 106] and several modifiers of Aβ42 aggregation-
related toxicity have been identified. Some of these include genetic regulators of 
proteolytic processing of APP, such as modulators of PSN activity [107, 108] or 
compounds that interact with amyloid structure and reduce aggregation properties 
of Aβ [103, 109]. These findings highlight the utility of Drosophila models in 
providing indications of pathogenic mechanisms and identifying Alzheimer’s 
disease compounds that target Aß42 aggregation to reduce toxicity. 

As in humans, several studies in Drosophila have implicated heavy metals in the 
development of Aβ-induced pathological processes [110]. One study shows that 
inhibition of zinc transporters reduces Zn++ accumulation in the fly brain, which in 
turn reduces Aβ42 deposits [111]. Thus, manipulation of zinc transporters in 
Alzheimer’s disease brains may represent a novel therapeutic strategy. 

C. elegans contains one APP-related gene (apl-1) that similarly to dAPPL, lacks a 
region equivalent to the Aβ-peptide [112]. Knockout of apl-1 causes 
developmental defects and larval lethality while overexpression produces 
movement defects and reduces viability. Interestingly, RNAi knockdown studies 
revealed a role for apl-1 in synaptic transmission [113]. Similarly to Drosophila, 
Aβ42 peptides have been expressed in C. elegans to study different aspects of 
Alzheimer’s disease. Thus, worms carrying transgenes that drive Aβ42 peptide 
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expression in body wall muscles or neurons have been created [114, 115]. Aβ42 
expression under the control of a muscle-specific promoter leads to intracellular 
amyloid deposits in the muscles, in addition to progressive paralysis and reduced 
lifespan in worms [44, 114-116]. This model has been subsequently used to 
identify binding partners of Aβ that contribute or respond to Aβ toxicity [117-
119]. Interestingly, Aβ deposits induce stress response in worms by promoting 
expression of heat shock proteins. Thus, heat shock chaperone function might 
play a role in modulating intracellular Aβ42 metabolism and toxicity [116-118]. 
Aβ42 accumulation has been also found to induce increased iron levels and 
oxidative stress in human cell and worm models of Alzheimer’s disease [120, 
121]. Carbonyl accumulation, an oxidative damage indicator, also correlates with 
Aβ42 expression in worms. This phenomenon has also been observed in human 
neuronal cultures exposed to Aβ42 and brain tissue from Alzheimer’s disease 
patients [122]. Aβ-expressing nematodes have also served to identify potential 
therapeutic reagents of the Aβ42-related toxicity [23]. Tetracyclines have been 
found to interact with Aβ42 oligomers and prevent their aggregation in Aβ 
transgenic worms [123]. Moreover, these compounds decrease superoxide 
production, and thus oxidative stress, in Alzheimer’s disease nematode models. 
These findings suggest a potential use of these drugs for reducing Aβ aggregates. 
Additional compounds useful for preventing Aβ42 toxicity include coffee extracts 
[124] and extracts from the Ginkgo biloba that have been shown to decrease 
reactive oxygen species (ROS) generated by oxidative stress [125, 126]. 

In alternative approaches, Drosophila and C. elegans models for tauopathy have 
been established to study the pathological properties of intracellular neurofibrillary 
tangles and Tau associated with Alzheimer’s disease. These strategies have been 
recently reviewed and therefore will not be discussed here [3, 21, 23, 127, 128]. 

3.5.1.2. Parkinson’s Disease 

Parkinson’s disease is characterized by age-dependent loss of dopaminergic neurons 
in the brain, resulting in loss of motor capacity, involving tremors, rigidity and 
bradykinesia, as well as cognitive disorders [129]. The progressive degeneration of 
dopamine neurons has been associated with the formation of inclusion bodies called 
Lewy bodies, containing misfolded and aggregated α-synuclein protein [130, 131]. 
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Familial forms of Parkinson’s disease have been linked to mutations in α-synuclein, 
ubiquitin carboxy-terminal hydrolase-L1 and Parkin genes. These findings implicate 
Lewy body components and defects in the degradation of misfolded/aggregated 
proteins in the mechanism of the pathology [131, 132]. 

Expression of wild type and mutant forms of human α-synuclein in flies recapitulate 
key features of Parkinson’s disease such as inclusions of α-synuclein reminiscent of 
Lewy bodies, age-dependent degeneration of dopaminergic neurons and progressive 
motor [133-137]. Expression of Hsp70, a highly conserved molecular chaperone 
involved in refolding of misfolded proteins, can prevent the pathology of α-
synuclein Parkinson’s disease models in flies [134] and mice [138]. Moreover, 
pharmacological treatments involving geldanamycin suppress α-synuclein toxicity in 
flies by inducing the heat shock response [139], suggesting a potential therapy for 
Parkinson’s disease. Notably, human genetic data shows that some polymorphisms 
in Hsp70 are genetic risk factors for Parkinson’s disease [140]. These findings reveal 
a role for abnormal protein folding and aggregation in the disease pathogenesis [134, 
141]. Interestingly, superoxide dismutase activity prevents the death of 
dopaminergic neurons in flies, highlighting the importance of oxidative stress in the 
α-synuclein pathogenesis [142]. In addition to abnormal protein aggregation and 
oxidative damage, altered histone acetylation is involved in Parkinson’s 
pathogenesis. α-synuclein inhibits histone acetylation in the nucleus and induces 
neurotoxicity that can be reverted by histone deacetylase inhibitors [143]. Other 
studies have focused on the role of phosphorylation in the generation of neurotoxic 
isoforms of α-synuclein [144-147], providing new insight into the signaling 
pathways underlying Parkinson’s disease. 

Several genes have been associated with autosomal recessive juvenile parkinsonism, 
including DJ-1, Pink1 and Parkin. Drosophila homologs of these genes exist and 
have been mutated. These mutants are associated with mitochondrial disruptions 
[148], supporting the notion that mitochondrial dysfunction is an important factor 
underlying the pathogenesis [4]. The Parkin gene, an E3 ubiquitin protein ligase, is 
involved in proteasomal degradation of damaged proteins. Drosophila PARK2 null 
mutants exhibit increased oxidative stress, reduced lifespan, behavioral defects and 
age-dependent muscle degeneration associated with neuronal apoptosis and 
mitochondrial pathology [149-151]. Other studies suggest that PINK1 and Parkin act 
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together in a common pathway regulating mitochondrial morphology and function, 
including mitochondrial fission/fusion [152-156]. New Drosophila models of 
mitochondrial dysfunction are emerging to specifically study the mechanisms 
responsible for mitochondria-mediated dopaminergic neuronal loss [157]. 
Biochemical approaches have revealed genetics modulators of Parkin-mediated 
toxicity. For example, glutathione S-transferase (GST) S1 activity is sufficient to 
rescue dopaminergic neuronal death in Parkin mutants, likely by modulating cellular 
response to oxidative stress [151, 158, 159]. In addition, another member of the GST 
family in Drosophila (glutathione S-transferase Omega 1) suppresses the phenotypes 
of parkin and α-synuclein mutants by regulating mitochondrial ATP synthase 
activity [160]. 

Environmental toxins, such as the herbicide paraquat and the pesticide rotenone, 
appear to be risk factors for sporadic Parkinson’s disease. Exposure of flies to such 
environmental contaminants leads to increased oxidative stress through 
mitochondrial pathways. These treatments induce parkinsonian-like symptoms in 
Drosophila, including dopaminergic neuronal death and behavioral abnormalities 
that can be mitigated by adding the antioxidant melatonin. These findings suggest 
that antioxidants may be helpful in the treatment of the Parkinson’s disease 
pathology [161, 162]. 

C. elegans models of Parkinson’s disease have also been generated that examine 
α-synuclein toxicity. α-synuclein::GFP or α-synuclein::YFP (Yellow Fluorescent 
Protein) fusion proteins were expressed specifically in either body-wall muscles, 
the nervous system or specific subsets of neurons, such as motor neurons or 
dopaminergic neurons. Overexpression of wild type and mutant forms of human 
α-synuclein in dopaminergic neurons has been shown to trigger neuronal loss 
accompanied by accumulation of misfolded α-synuclein aggregates in C. elegans 
[163, 164]. Since nematodes have only eight dopaminergic neurons, it is 
straightfoward to examine their integrity over time. Interestingly, α-synuclein 
overexpression renders these worms incapable of reducing their locomotion upon 
the presence of food, a behavioral response controlled by dopaminergic neurons. 
This phenotype can be rescued by re-establishing normal dopamine levels [164]. 
High throughput genomic approaches using α-synuclein transgenic worms have 
uncovered changes in expression of genes associated with components of 
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ubiquitin-proteasomal and mitochondrial systems that may arise as a consequence 
of mitochondrial dysfunction in the Parkinson’s pathology [165]. 

Large-scale RNAi screens in worms have permitted identification of modulators 
of the neurodegenerative phenotype triggered by α-synuclein expression via the 
premature formation of aggregates of fluorescently labelled misfolded proteins in 
vivo [166]. Other studies have identified modifier genes associated with protein 
degradation, lipid metabolism, RNA metabolism, vesicular trafficking and 
endocytosis pathways, in addition to aging-associated genes [166-172]. Several of 
these modifiers have been successfully validated as neuroprotective in 
mammalian systems. An interesting example is VPS-41, a protein involved in 
lysosomal trafficking of Golgi-derived vesicles [173]. The human ortholog of 
VPS-41 (hVPS41) also protects C. elegans neurons and mammalian 
neuroblastoma cells from the toxic effects produced by Parkinson’s disease-
associated toxins [174]. Recent studies suggest that hVPS41 prevents α-synuclein 
toxicity by facilitating clearance of misfolded and aggregated proteins [175]. 

MicroRNAs (miRNAs) are short ribonucleic acid (RNA) molecules that repress 
mRNA translation or mediate mRNA degradation in a sequence-specific manner in 
animals and plants [176]. Interestingly, microRNA regulation has been linked to 
Parkinson’s pathogenic mechanisms in disease worm models, as is the case in 
mammalian systems, suggesting a conserved pathological mechanism across species 
[177]. 

C. elegans have orthologs for various human genes linked to familial Parkinson’s 
disease, including parkin (pdr-1), PINK1 (pink-1) and DJ-1 (djr-1.1, 1.2). 
Mutations in these genes can cause loss of dopaminergic neurons or mitochondrial 
pathology [178, 179]. pdr-1 null mutants exhibit lower levels of ubiquitin 
conjugates, suggesting that alterations in the ubiquitin proteasome system may be 
a causative factor for the pathogenesis of Parkinson’s disease [178]. 

In addition to genetic models of Parkinson’s pathology in worms, the effects of 
environmental agents have also been evaluated. For example, worms exposed to 
either 6-OHDA or rotenone (neurotoxins with harmful effects in rodents [180]), 
show selective degeneration of dopaminergic neurons [167, 181, 182]. Studies 
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using these models demonstrate that restricted diet can prevent dopaminergic 
neuron degeneration [183, 184], suggesting a link between Parkinson’s and 
metabolism. Neurotoxicity models of dopaminergic neuron degeneration have 
also revealed oxidative stress and the protein misfolding are major contributing 
factors in neurodegeneration and disease progression [183, 185]. 

3.5.2. Insights from Neurodegenerative Mutations 

Forward genetic screens have identified a number of interesting mutations that 
cause neuronal dysfunction and death. This strategy has been enormously 
successful in flies. Pioneering studies in neurodegeneration were carried out in 
Seymour Benzer’s laboratory, one of the most influential laboratories in the 
history of Drosophila neurogenetics. Fly mutants such as bubblegum, swiss 
cheese and drop-dead were first isolated in screens selecting for flies with 
defective phototaxis behavior or reduced lifespan, followed by histological 
examination that revealed vacuolization in the brain [186-189]. Bubblegum is 
considered an interesting candidate to study “human-like neurodegeneration 
processes”. It has a mutation in the VLCFA acyl coenzyme A synthetase gene that 
leads to abnormal accumulation of very long chain fatty acids, as it is observed in 
patients with adrenoleukodystrophy (ALD). Moreover, such neurodegenerative 
phenotype can be alleviated by feeding the flies with ‘Lorenzo’s oil’, a treatment 
based on monounsaturated fatty acids used to lower VLCFA levels in ALD 
patients [189]. Other studies have isolated fly mutants on the basis of additional 
neurodegenerative phenotypes, including paralysis induced by high temperature 
or mechanical stress [190, 191] and abnormal circadian rhythms [192]. These and 
additional large-scale genetic screens have identified mutations that interfere with 
mitochondrial function, signal transduction, lipid homeostasis, protein 
homeostasis, channel function, cytoskeleton, oxidative stress response and glial-
neuronal signaling in Drosophila [24, 28]. The characterization of these mutants 
has shown that many of them recapitulate important features of human 
neurodegenerative diseases, i.e., vulnerability of specific neuronal populations and 
progressive degeneration. Interestingly, the importance of some of these genes in 
neurodegeneration has been validated in mammalian disease models (e.g.[193, 
194]). This suggests that this approach may identify novel genes important for 
conserved mechanisms that maintain nervous system integrity. 
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CONCLUDING REMARKS 

The generation of animal models that recapitulate physiologic and pathologic 
conditions in humans are key for biomedical and scientific progress. They provide 
an opportunity to explore the mechanisms underlying disease pathogenesis as well as 
develop effective preventive measures and therapies. During the past decades, 
invertebrate models of neurodegeneration have emerged as successful 
complementary systems to mammalian models, facilitating identification of relevant 
pathways and novel disease-associated genes. It is important to bear in mind, 
however, that invertebrate models have potential caveats and limitations in studying 
the function of human disease genes. They lack a number of disease-related factors 
and biophysical processes that may influence specific pathologies. It follows that 
observations in invertebrates should be subsequently validated in mammals to 
determine their relevance to human diseases. Nevertheless, the conservation of 
important basic biological processes in Drosophila, C. elegans and mammals have 
permitted the recreation of essential pathological features observed in human 
patients, substantiating their enormous potential for dissecting conserved 
pathogenetic mechanisms [3, 4, 20-26]. Moreover, these simple models offer 
extraordinary genetic tools to decipher genetic pathways of disease-genes and to 
discover genetic factors that modulate the neurodegenerative phenotype. Notably, 
findings from worm and fly models of Aβ42 toxicity, polyglutamine repeat proteins 
and α-synuclein have identified conserved chaperone proteins as important 
suppressors of neurotoxicity [117, 118, 134, 195]. These findings suggest that some 
toxic mechanisms might be common to different neurodegenerative diseases. The 
fact that overexpression of glutathione-S-transferase can suppress the toxicity 
associated with either long polyglutamine repeat proteins, α-synuclein 
overexpression or mutations in Parkin also implicates oxidative stress as playing a 
role in different neurodegenerative processes [3, 4, 151, 158-160]. Importantly, 
several genetic modulators identified in enhancer/suppressor screens have been 
validated in mammalian systems [174, 175, 196-200]. In addition, loss-of-function 
studies of endogenous genes homologous to human disease genes in Drosophila and 
C. elegans have yielded new clues to pathogenic mechanisms. For example, 
mitochondrial dysfunction was first linked to defective PINK1/Parkin signalling in 
Drosophila [152, 153, 156]. On the other hand, invertebrate neurodegenerative 
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mutants isolated in forward screens that show characteristic features of progressive 
neurodegeneration have provided valuable insights into conserved genetic pathways 
and mechanisms required for maintaining the structural integrity of the nervous 
system. Indeed, this approach has allowed researchers to identify novel 
neurodegeneration genes, suggesting their human orthologs may also be involved in 
pathological processes [24, 28]. Since collections of genetic mutations in flies and 
worms are constantly expanding, it is reasonable to anticipate that additional disease 
genes will be identified. 

Pharmacological screens in worms and flies have identified potential therapeutic 
compounds. For example, the identification of chaperones and histone deacetylase 
inhibitors as suppressors of neurodegenerative phenotypes in flies has led, in some 
cases, to validation in mouse models and human clinical trials [34, 35, 72, 134, 
139, 141]. Sophisticated and automated techniques that are impractical in 
mammals continue to emerge in invertebrates. These will increasingly facilitate 
high-throughput screens for candidate therapeutic reagents. 

Given the rapid advances in the field of neurodegeneration in Drosophila and C. 
elegans, it is logical to expect an increasing number of high-quality studies that will 
continue to enrich the study of neurodegenerative diseases and complement studies 
in mammalian systems. Futures studies in invertebrates will focus on understanding 
key aspects of the neurodegenerative pathology, including ageing and disease 
susceptibility. Illumination of these processes is essential for diminishing events that 
promote age-associated neuronal decline and disease. Such studies may ultimately 
provide a molecular link between ageing and neurodegeneration. 

ACKNOWLEDGEMENTS 

I am very grateful to Ana Maria Valles (Institut Curie, France), John Nambu (Florida 
Atlantic University, U.S.A) and Maria Gravato-Nobre (University of Oxford, UK) 
for their careful and critical reading of this chapter. I also thank Maria Gravato-
Nobre and Dr M.Fernanda Ceriani (Fundación Instituto Leloir, Argentina) for 
providing images for this chapter. Images in Fig. 1A and B were obtained in 
Stephen F Goodwin lab at The University of Oxford. 



The Greatness of the Smallest Ones Young Perspectives for Old Diseases   73 

CONFLICT OF INTEREST 

The author confirms that this chapter contents have no conflict of interest. 

REFERENCES 

[1] Harvey, B.K., Richie, C.T., Hoffer, B.J., and Airavaara, M. (2011). Transgenic animal 
models of neurodegeneration based on human genetic studies. J Neural Transm 118, 27-45. 

[2] Winderickx, J., Delay, C., De Vos, A., Klinger, H., Pellens, K., Vanhelmont, T., Van 
Leuven, F., and Zabrocki, P. (2008). Protein folding diseases and neurodegeneration: 
lessons learned from yeast. Biochim Biophys Acta 1783, 1381-1395. 

[3] Teschendorf, D., and Link, C.D. (2009). What have worm models told us about the 
mechanisms of neuronal dysfunction in human neurodegenerative diseases? Mol 
Neurodegener 4, 38. 

[4] Hirth, F. (2010). Drosophila melanogaster in the study of human neurodegeneration. CNS 
Neurol Disord Drug Targets 9, 504-523. 

[5] Xi, Y., Noble, S., and Ekker, M. (2011). Modeling neurodegeneration in zebrafish. Curr 
Neurol Neurosci Rep 11, 274-282. 

[6] Trancikova, A., Ramonet, D., and Moore, D.J. (2011). Genetic mouse models of 
neurodegenerative diseases. Prog Mol Biol Transl Sci 100, 419-482. 

[7] Mhatre, S.D., Paddock, B.E., Saunders, A.J., and Marenda, D.R. (2013). Invertebrate 
Models of Alzheimer's Disease. J Alzheimers Dis 33, 3-16. 

[8] Pienaar, I.S., Gotz, J., and Feany, M.B. (2010). Parkinson's disease: insights from non-
traditional model organisms. Prog Neurobiol 92, 558-571. 

[9] Venken, K.J., and Bellen, H.J. (2005). Emerging technologies for gene manipulation in 
Drosophila melanogaster. Nat Rev Genet 6, 167-178. 

[10] Matthews, K.A., Kaufman, T.C., and Gelbart, W.M. (2005). Research resources for 
Drosophila: the expanding universe. Nat Rev Genet 6, 179-193. 

[11] Antoshechkin, I., and Sternberg, P.W. (2007). The versatile worm: genetic and genomic 
resources for Caenorhabditis elegans research. Nat Rev Genet 8, 518-532. 

[12] Bargmann, C.I. (1998). Neurobiology of the Caenorhabditis elegans genome. Science 282, 
2028-2033. 

[13] Lloyd, T.E., Verstreken, P., Ostrin, E.J., Phillippi, A., Lichtarge, O., and Bellen, H.J. 
(2000). A genome-wide search for synaptic vesicle cycle proteins in Drosophila. Neuron 
26, 45-50. 

[14] O'Kane, C.J. (2011). Drosophila as a model organism for the study of neuropsychiatric 
disorders. Curr Top Behav Neurosci 7, 37-60. 

[15] Yoshihara, M., Ensminger, A.W., and Littleton, J.T. (2001). Neurobiology and the 
Drosophila genome. Funct Integr Genomics 1, 235-240. 

[16] Reiter, L.T., Potocki, L., Chien, S., Gribskov, M., and Bier, E. (2001). A systematic 
analysis of human disease-associated gene sequences in Drosophila melanogaster. Genome 
Res 11, 1114-1125. 

[17] Culetto, E., and Sattelle, D.B. (2000). A role for Caenorhabditis elegans in understanding 
the function and interactions of human disease genes. Hum Mol Genet 9, 869-877. 



74   Young Perspectives for Old Diseases Carolina Rezával 

[18] Lloyd, T.E., and Taylor, J.P. (2010). Flightless flies: Drosophila models of neuromuscular 
disease. Ann N Y Acad Sci 1184, e1-20. 

[19] Shaye, D.D., and Greenwald, I. (2011). OrthoList: a compendium of C. elegans genes with 
human orthologs. PLoS One 6, e20085. 

[20] Wentzell, J., and Kretzschmar, D. (2010). Alzheimer's disease and tauopathy studies in flies 
and worms. Neurobiol Dis 40, 21-28. 

[21] Calahorro, F., and Ruiz-Rubio, M. (2011). Caenorhabditis elegans as an experimental tool 
for the study of complex neurological diseases: Parkinson's disease, Alzheimer's disease 
and autism spectrum disorder. Invert Neurosci 11, 73-83. 

[22] O'Kane, C.J. (2003). Modelling human diseases in Drosophila and Caenorhabditis. Semin 
Cell Dev Biol 14, 3-10. 

[23] Ewald, C.Y., and Li, C. (2010). Understanding the molecular basis of Alzheimer's disease 
using a Caenorhabditis elegans model system. Brain Struct Funct 214, 263-283. 

[24] Lessing, D., and Bonini, N.M. (2009). Maintaining the brain: insight into human 
neurodegeneration from Drosophila melanogaster mutants. Nat Rev Genet 10, 359-370. 

[25] Lu, B., and Vogel, H. (2009). Drosophila models of neurodegenerative diseases. Annu Rev 
Pathol 4, 315-342. 

[26] Papanikolopoulou, K., and Skoulakis, E.M. (2011). The power and richness of modelling 
tauopathies in Drosophila. Mol Neurobiol 44, 122-133. 

[27] Kretzschmar, D. (2005). Neurodegenerative mutants in Drosophila: a means to identify 
genes and mechanisms involved in human diseases? Invert Neurosci 5, 97-109. 

[28] Kretzschmar, D. (2009). Swiss cheese et allii, some of the first neurodegenerative mutants 
isolated in Drosophila. J Neurogenet 23, 34-41. 

[29] Vosshall, L.B. (2007). Into the mind of a fly. Nature 450, 193-197. 
[30] Hobert, O. (2010). Neurogenesis in the nematode Caenorhabditis elegans. WormBook, 1-

24. 
[31] White, J.G., Southgate, E., Thomson, J.N., and Brenner, S. (1986). The structure of the 

nervous system of the nematode Caenorhabditis elegans. Philos Trans R Soc Lond B Biol 
Sci 314, 1-340. 

[32] Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as a means of altering cell 
fates and generating dominant phenotypes. Development 118, 401-415. 

[33] Bilen, J., and Bonini, N.M. (2005). Drosophila as a model for human neurodegenerative 
disease. Annu Rev Genet 39, 153-171. 

[34] Marsh, J.L., and Thompson, L.M. (2006). Drosophila in the study of neurodegenerative 
disease. Neuron 52, 169-178. 

[35] Sang, T.K., and Jackson, G.R. (2005). Drosophila models of neurodegenerative disease. 
NeuroRx 2, 438-446. 

[36] Roman, G., Endo, K., Zong, L., and Davis, R.L. (2001). P[Switch], a system for spatial and 
temporal control of gene expression in Drosophila melanogaster. Proc Natl Acad Sci U S A 
98, 12602-12607. 

[37] McGuire, S.E., Mao, Z., and Davis, R.L. (2004). Spatiotemporal gene expression targeting 
with the TARGET and gene-switch systems in Drosophila. Sci STKE 2004, pl6. 

[38] Rezával, C., Werbajh, S., and Ceriani, M.F. (2007). Neuronal death in Drosophila triggered 
by GAL4 accumulation. Eur J Neurosci 25, 683-694. 

[39] Mello, C., and Fire, A. (1995). DNA transformation. Methods Cell Biol 48, 451-482. 



The Greatness of the Smallest Ones Young Perspectives for Old Diseases   75 

[40] Robert, V.J., Katic, I., and Bessereau, J.L. (2009). Mos1 transposition as a tool to engineer 
the Caenorhabditis elegans genome by homologous recombination. Methods 49, 263-269. 

[41] Chalfie, M., Tu, Y., Euskirchen, G., Ward, W.W., and Prasher, D.C. (1994). Green 
fluorescent protein as a marker for gene expression. Science 263, 802-805. 

[42] Miller, D.M., 3rd, Desai, N.S., Hardin, D.C., Piston, D.W., Patterson, G.H., Fleenor, J., Xu, 
S., and Fire, A. (1999). Two-color GFP expression system for C. elegans. Biotechniques 
26, 914-918, 920-911. 

[43] Wolozin, B., Gabel, C., Ferree, A., Guillily, M., and Ebata, A. (2011). Watching worms 
whither: modeling neurodegeneration in C. elegans. Prog Mol Biol Transl Sci 100, 499-
514. 

[44] Link, C.D., Johnson, C.J., Fonte, V., Paupard, M., Hall, D.H., Styren, S., Mathis, C.A., and 
Klunk, W.E. (2001). Visualization of fibrillar amyloid deposits in living, transgenic 
Caenorhabditis elegans animals using the sensitive amyloid dye, X-34. Neurobiol Aging 
22, 217-226. 

[45] O'Hare, K., and Rubin, G.M. (1983). Structures of P transposable elements and their sites 
of insertion and excision in the Drosophila melanogaster genome. Cell 34, 25-35. 

[46] Rio, D.C., and Rubin, G.M. (1988). Identification and purification of a Drosophila protein 
that binds to the terminal 31-base-pair inverted repeats of the P transposable element. Proc 
Natl Acad Sci U S A 85, 8929-8933. 

[47] Rio, D.C., Barnes, G., Laski, F.A., Rine, J., and Rubin, G.M. (1988). Evidence for 
Drosophila P element transposase activity in mammalian cells and yeast. J Mol Biol 200, 
411-415. 

[48] Ryder, E., and Russell, S. (2003). Transposable elements as tools for genomics and genetics 
in Drosophila. Brief Funct Genomic Proteomic 2, 57-71. 

[49] Adams, M.D., and Sekelsky, J.J. (2002). From sequence to phenotype: reverse genetics in 
Drosophila melanogaster. Nat Rev Genet 3, 189-198. 

[50] Dietzl, G., Chen, D., Schnorrer, F., Su, K.C., Barinova, Y., Fellner, M., Gasser, B., Kinsey, 
K., Oppel, S., Scheiblauer, S., et al. (2007). A genome-wide transgenic RNAi library for 
conditional gene inactivation in Drosophila. Nature 448, 151-156. 

[51] Wesolowska, N., and Rong, Y.S. (2010). The past, present and future of gene targeting in 
Drosophila. Fly (Austin) 4, 53-59. 

[52] Rong, Y.S., and Golic, K.G. (2000). Gene targeting by homologous recombination in 
Drosophila. Science 288, 2013-2018. 

[53] Golic, K.G., and Golic, M.M. (1996). Engineering the Drosophila genome: chromosome 
rearrangements by design. Genetics 144, 1693-1711. 

[54] Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., and Mello, C.C. (1998). 
Potent and specific genetic interference by double-stranded RNA in Caenorhabditis 
elegans. Nature 391, 806-811. 

[55] Mikuma, T., Kawasaki, H., Yamamoto, Y., and Taira, K. (2004). Overexpression of Dicer 
enhances RNAi-mediated gene silencing by short-hairpin RNAs (shRNAs) in human cells. 
Nucleic Acids Symp Ser (Oxf), 191-192. 

[56] Gong, W.J., and Golic, K.G. (2003). Ends-out, or replacement, gene targeting in 
Drosophila. Proc Natl Acad Sci U S A 100, 2556-2561. 

[57] Golic, K.G., and Lindquist, S. (1989). The FLP recombinase of yeast catalyzes site-specific 
recombination in the Drosophila genome. Cell 59, 499-509. 



76   Young Perspectives for Old Diseases Carolina Rezával 

[58] Muller, U. (1999). Ten years of gene targeting: targeted mouse mutants, from vector design 
to phenotype analysis. Mech Dev 82, 3-21. 

[59] Tavernarakis, N., Wang, S.L., Dorovkov, M., Ryazanov, A., and Driscoll, M. (2000). 
Heritable and inducible genetic interference by double-stranded RNA encoded by 
transgenes. Nat Genet 24, 180-183. 

[60] Rushforth, A.M., Saari, B., and Anderson, P. (1993). Site-selected insertion of the 
transposon Tc1 into a Caenorhabditis elegans myosin light chain gene. Mol Cell Biol 13, 
902-910. 

[61] Rezsohazy R, van Luenen HG, Durbin RM, Plasterk RH. (1997). Nucleic Acids Res 25, 
4048-4054. 

[62] Esposito, G., Di Schiavi, E., Bergamasco, C., and Bazzicalupo, P. (2007). Efficient and cell 
specific knock-down of gene function in targeted C. elegans neurons. Gene 395, 170-176. 

[63] Lee, R.C., Hammell, C.M., and Ambros, V. (2006). Interacting endogenous and exogenous 
RNAi pathways in Caenorhabditis elegans. RNA 12, 589-597. 

[64] Berezikov, E., Bargmann, C.I., and Plasterk, R.H. (2004). Homologous gene targeting in 
Caenorhabditis elegans by biolistic transformation. Nucleic Acids Res 32, e40. 

[65] Mohr, S., Bakal, C., and Perrimon, N. (2010). Genomic screening with RNAi: results and 
challenges. Annu Rev Biochem 79, 37-64. 

[66] Edgley, M., D'Souza, A., Moulder, G., McKay, S., Shen, B., Gilchrist, E., Moerman, D., 
and Barstead, R. (2002). Improved detection of small deletions in complex pools of DNA. 
Nucleic Acids Res 30, e52. 

[67] Bessereau, J.L., Wright, A., Williams, D.C., Schuske, K., Davis, M.W., and Jorgensen, 
E.M. (2001). Mobilization of a Drosophila transposon in the Caenorhabditis elegans germ 
line. Nature 413, 70-74. 

[68] Robert, V., and Bessereau, J.L. (2007). Targeted engineering of the Caenorhabditis elegans 
genome following Mos1-triggered chromosomal breaks. EMBO J 26, 170-183. 

[69] Fewell, G.D., and Schmitt, K. (2006). Vector-based RNAi approaches for stable, inducible 
and genome-wide screens. Drug Discov Today 11, 975-982. 

[70] Simpson, K.J., Davis, G.M., and Boag, P.R. (2012). Comparative high-throughput RNAi 
screening methodologies in C. elegans and mammalian cells. N Biotechnol 29, 459-470. 

[71] Nichols, C.D. (2006). Drosophila melanogaster neurobiology, neuropharmacology, and 
how the fly can inform central nervous system drug discovery. Pharmacol Ther 112, 677-
700. 

[72] Rincon-Limas, D.E., Jensen, K., and Fernandez-Funez, P. (2012). Drosophila models of 
proteinopathies: the little fly that could. Curr Pharm Des 18, 1108-1122. 

[73] Pandey, U.B., and Nichols, C.D. (2011). Human disease models in Drosophila 
melanogaster and the role of the fly in therapeutic drug discovery. Pharmacol Rev 63, 411-
436. 

[74] Sarantseva, S., Timoshenko, S., Bolshakova, O., Karaseva, E., Rodin, D., Schwarzman, 
A.L., and Vitek, M.P. (2009). Apolipoprotein E-mimetics inhibit neurodegeneration and 
restore cognitive functions in a transgenic Drosophila model of Alzheimer's disease. PLoS 
One 4, e8191. 

[75] Cornell, E., Fisher, W.W., Nordmeyer, R., Yegian, D., Dong, M., Biggin, M.D., Celniker, 
S.E., and Jin, J. (2008). Automating fruit fly Drosophila embryo injection for high 
throughput transgenic studies. Rev Sci Instrum 79, 013705. 



The Greatness of the Smallest Ones Young Perspectives for Old Diseases   77 

[76] Zappe, S., Fish, M., Scott, M.P., and Solgaard, O. (2006). Automated MEMS-based 
Drosophila embryo injection system for high-throughput RNAi screens. Lab Chip 6, 1012-
1019. 

[77] Kaletta, T., and Hengartner, M.O. (2006). Finding function in novel targets: C. elegans as a 
model organism. Nat Rev Drug Discov 5, 387-398. 

[78] Zheng, M., Gorelenkova, O., Yang, J., and Feng, Z. (2012). A liquid phase based C. 
elegans behavioral analysis system identifies motor activity loss in a nematode Parkinson's 
disease model. J Neurosci Methods 204, 234-237. 

[79] Nelson, P.T., Braak, H., and Markesbery, W.R. (2009). Neuropathology and cognitive 
impairment in Alzheimer disease: a complex but coherent relationship. J Neuropathol Exp 
Neurol 68, 1-14. 

[80] Goedert, M., and Spillantini, M.G. (2006). A century of Alzheimer's disease. Science 314, 
777-781. 

[81] Hardy, J. (2009). The amyloid hypothesis for Alzheimer's disease: a critical reappraisal. J 
Neurochem 110, 1129-1134. 

[82] Hardy, J., and Selkoe, D.J. (2002). The amyloid hypothesis of Alzheimer's disease: 
progress and problems on the road to therapeutics. Science 297, 353-356. 

[83] Crews, L., and Masliah, E. (2010). Molecular mechanisms of neurodegeneration in 
Alzheimer's disease. Hum Mol Genet 19, R12-20. 

[84] Luo, L., Tully, T., and White, K. (1992). Human amyloid precursor protein ameliorates 
behavioral deficit of flies deleted for Appl gene. Neuron 9, 595-605. 

[85] Torroja, L., Chu, H., Kotovsky, I., and White, K. (1999). Neuronal overexpression of 
APPL, the Drosophila homologue of the amyloid precursor protein (APP), disrupts axonal 
transport. Curr Biol 9, 489-492. 

[86] Merdes, G., Soba, P., Loewer, A., Bilic, M.V., Beyreuther, K., and Paro, R. (2004). 
Interference of human and Drosophila APP and APP-like proteins with PNS development 
in Drosophila. EMBO J 23, 4082-4095. 

[87] Li, Y., Liu, T., Peng, Y., Yuan, C., and Guo, A. (2004). Specific functions of Drosophila 
amyloid precursor-like protein in the development of nervous system and nonneural tissues. 
J Neurobiol 61, 343-358. 

[88] Gunawardena, S., and Goldstein, L.S. (2001). Disruption of axonal transport and neuronal 
viability by amyloid precursor protein mutations in Drosophila. Neuron 32, 389-401. 

[89] Rusu, P., Jansen, A., Soba, P., Kirsch, J., Lower, A., Merdes, G., Kuan, Y.H., Jung, A., 
Beyreuther, K., Kjaerulff, O., et al. (2007). Axonal accumulation of synaptic markers in 
APP transgenic Drosophila depends on the NPTY motif and is paralleled by defects in 
synaptic plasticity. Eur J Neurosci 25, 1079-1086. 

[90] Gunawardena, S., Her, L.S., Brusch, R.G., Laymon, R.A., Niesman, I.R., Gordesky-Gold, 
B., Sintasath, L., Bonini, N.M., and Goldstein, L.S. (2003). Disruption of axonal transport 
by loss of huntingtin or expression of pathogenic polyQ proteins in Drosophila. Neuron 40, 
25-40. 

[91] Lee, W.C., Yoshihara, M., and Littleton, J.T. (2004). Cytoplasmic aggregates trap 
polyglutamine-containing proteins and block axonal transport in a Drosophila model of 
Huntington's disease. Proc Natl Acad Sci U S A 101, 3224-3229. 

[92] Allinson, T.M., Parkin, E.T., Turner, A.J., and Hooper, N.M. (2003). ADAMs family 
members as amyloid precursor protein alpha-secretases. J Neurosci Res 74, 342-352. 



78   Young Perspectives for Old Diseases Carolina Rezával 

[93] Rooke, J., Pan, D., Xu, T., and Rubin, G.M. (1996). KUZ, a conserved metalloprotease-
disintegrin protein with two roles in Drosophila neurogenesis. Science 273, 1227-1231. 

[94] Hong, C.S., and Koo, E.H. (1997). Isolation and characterization of Drosophila presenilin 
homolog. Neuroreport 8, 665-668. 

[95] Boulianne, G.L., Livne-Bar, I., Humphreys, J.M., Liang, Y., Lin, C., Rogaev, E., and St 
George-Hyslop, P. (1997). Cloning and characterization of the Drosophila presenilin 
homologue. Neuroreport 8, 1025-1029. 

[96] a) Francis, R., McGrath, G., Zhang, J., Ruddy, D.A., Sym, M., Apfeld, J., Nicoll, M., 
Maxwell, M., Hai, B., Ellis, M.C., et al. (2002). aph-1 and pen-2 are required for Notch 
pathway signaling, gamma-secretase cleavage of betaAPP, and presenilin protein 
accumulation. Dev Cell 3, 85-97. 
b) Rosen DR, Martin-Morris L, Luo LQ, White K. A. (1989). Drosophila gene encoding a 
protein resembling the human beta-amyloid protein precursor. Proc Natl Acad Sci U S A. 
86:2478–82. 

[97] Carmine-Simmen, K., Proctor, T., Tschape, J., Poeck, B., Triphan, T., Strauss, R., and 
Kretzschmar, D. (2009). Neurotoxic effects induced by the Drosophila amyloid-beta 
peptide suggest a conserved toxic function. Neurobiol Dis 33, 274-281. 

[98] Chakraborty, R., Vepuri, V., Mhatre, S.D., Paddock, B.E., Miller, S., Michelson, S.J., 
Delvadia, R., Desai, A., Vinokur, M., Melicharek, D.J., et al. (2011). Characterization of a 
Drosophila Alzheimer's disease model: pharmacological rescue of cognitive defects. PLoS 
One 6, e20799. 

[99] Greeve, I., Kretzschmar, D., Tschape, J.A., Beyn, A., Brellinger, C., Schweizer, M., Nitsch, 
R.M., and Reifegerste, R. (2004). Age-dependent neurodegeneration and Alzheimer-
amyloid plaque formation in transgenic Drosophila. J Neurosci 24, 3899-3906. 

[100] Iijima, K., Liu, H.P., Chiang, A.S., Hearn, S.A., Konsolaki, M., and Zhong, Y. (2004). 
Dissecting the pathological effects of human Abeta40 and Abeta42 in Drosophila: a 
potential model for Alzheimer's disease. Proc Natl Acad Sci U S A 101, 6623-6628. 

[101] Finelli, A., Kelkar, A., Song, H.J., Yang, H., and Konsolaki, M. (2004). A model for 
studying Alzheimer's Abeta42-induced toxicity in Drosophila melanogaster. Mol Cell 
Neurosci 26, 365-375. 

[102] Iijima-Ando, K., Hearn, S.A., Shenton, C., Gatt, A., Zhao, L., and Iijima, K. (2009). 
Mitochondrial mislocalization underlies Abeta42-induced neuronal dysfunction in a 
Drosophila model of Alzheimer's disease. PLoS One 4, e8310. 

[103] Crowther, D.C., Kinghorn, K.J., Miranda, E., Page, R., Curry, J.A., Duthie, F.A., Gubb, D.C., 
and Lomas, D.A. (2005). Intraneuronal Abeta, non-amyloid aggregates and neurodegeneration 
in a Drosophila model of Alzheimer's disease. Neuroscience 132, 123-135. 

[104] Zhao, X.L., Wang, W.A., Tan, J.X., Huang, J.K., Zhang, X., Zhang, B.Z., Wang, Y.H., 
YangCheng, H.Y., Zhu, H.L., Sun, X.J., et al. (2010). Expression of beta-amyloid induced 
age-dependent presynaptic and axonal changes in Drosophila. J Neurosci 30, 1512-1522. 

[105] Luheshi, L.M., Tartaglia, G.G., Brorsson, A.C., Pawar, A.P., Watson, I.E., Chiti, F., 
Vendruscolo, M., Lomas, D.A., Dobson, C.M., and Crowther, D.C. (2007). Systematic in 
vivo analysis of the intrinsic determinants of amyloid Beta pathogenicity. PLoS Biol 5, 
e290. 

[106] Iijima, K., Chiang, H.C., Hearn, S.A., Hakker, I., Gatt, A., Shenton, C., Granger, L., Leung, 
A., Iijima-Ando, K., and Zhong, Y. (2008). Abeta42 mutants with different aggregation 
profiles induce distinct pathologies in Drosophila. PLoS One 3, e1703. 



The Greatness of the Smallest Ones Young Perspectives for Old Diseases   79 

[107] van de Hoef, D.L., Hughes, J., Livne-Bar, I., Garza, D., Konsolaki, M., and Boulianne, 
G.L. (2009). Identifying genes that interact with Drosophila presenilin and amyloid 
precursor protein. Genesis 47, 246-260. 

[108] Mahoney, M.B., Parks, A.L., Ruddy, D.A., Tiong, S.Y., Esengil, H., Phan, A.C., 
Philandrinos, P., Winter, C.G., Chatterjee, R., Huppert, K., et al. (2006). Presenilin-based 
genetic screens in Drosophila melanogaster identify novel notch pathway modifiers. 
Genetics 172, 2309-2324. 

[109] Nerelius, C., Johansson, J., and Sandegren, A. (2009). Amyloid beta-peptide aggregation. 
What does it result in and how can it be prevented? Front Biosci 14, 1716-1729. 

[110] Lovell, M.A., Robertson, J.D., Teesdale, W.J., Campbell, J.L., and Markesbery, W.R. 
(1998). Copper, iron and zinc in Alzheimer's disease senile plaques. J Neurol Sci 158, 47-
52. 

[111] Lang, M., Wang, L., Fan, Q., Xiao, G., Wang, X., Zhong, Y., and Zhou, B. (2012). Genetic 
inhibition of solute-linked carrier 39 family transporter 1 ameliorates abeta pathology in a 
Drosophila model of Alzheimer's disease. PLoS Genet 8, e1002683. 

[112] Daigle, I., and Li, C. (1993). apl-1, a Caenorhabditis elegans gene encoding a protein 
related to the human beta-amyloid protein precursor. Proc Natl Acad Sci U S A 90, 12045-
12049. 

[113] Wiese, M., Antebi, A., and Zheng, H. (2010). Intracellular trafficking and synaptic function 
of APL-1 in Caenorhabditis elegans. PLoS One 5, e 12790. 

[114] Link, C.D. (1995). Expression of human beta-amyloid peptide in transgenic Caenorhabditis 
elegans. Proc Natl Acad Sci U S A 92, 9368-9372. 

[115] Fay, D.S., Fluet, A., Johnson, C.J., and Link, C.D. (1998). In vivo aggregation of beta-
amyloid peptide variants. J Neurochem 71, 1616-1625. 

[116] Link, C.D., Cypser, J.R., Johnson, C.J., and Johnson, T.E. (1999). Direct observation of 
stress response in Caenorhabditis elegans using a reporter transgene. Cell Stress 
Chaperones 4, 235-242. 

[117] Fonte, V., Kapulkin, V., Taft, A., Fluet, A., Friedman, D., and Link, C.D. (2002). 
Interaction of intracellular beta amyloid peptide with chaperone proteins. Proc Natl Acad 
Sci U S A 99, 9439-9444. 

[118] Link, C.D., Taft, A., Kapulkin, V., Duke, K., Kim, S., Fei, Q., Wood, D.E., and Sahagan, 
B.G. (2003). Gene expression analysis in a transgenic Caenorhabditis elegans Alzheimer's 
disease model. Neurobiol Aging 24, 397-413. 

[119] Boyd-Kimball, D., Castegna, A., Sultana, R., Poon, H.F., Petroze, R., Lynn, B.C., Klein, 
J.B., and Butterfield, D.A. (2005). Proteomic identification of proteins oxidized by 
Abeta(1-42) in synaptosomes: implications for Alzheimer's disease. Brain Res 1044, 206-
215. 

[120] Drake, J., Link, C.D., and Butterfield, D.A. (2003). Oxidative stress precedes fibrillar 
deposition of Alzheimer's disease amyloid beta-peptide (1-42) in a transgenic 
Caenorhabditis elegans model. Neurobiol Aging 24, 415-420. 

[121] Wan, L., Nie, G., Zhang, J., Luo, Y., Zhang, P., Zhang, Z., and Zhao, B. (2011). beta-
Amyloid peptide increases levels of iron content and oxidative stress in human cell and 
Caenorhabditis elegans models of Alzheimer disease. Free Radic Biol Med 50, 122-129. 

[122] Yatin, S.M., Varadarajan, S., Link, C.D., and Butterfield, D.A. (1999). In vitro and in vivo 
oxidative stress associated with Alzheimer's amyloid beta-peptide (1-42). Neurobiol Aging 
20, 325-330; discussion 339-342. 



80   Young Perspectives for Old Diseases Carolina Rezával 

[123] Diomede, L., Cassata, G., Fiordaliso, F., Salio, M., Ami, D., Natalello, A., Doglia, S.M., 
De Luigi, A., and Salmona, M. (2010). Tetracycline and its analogues protect 
Caenorhabditis elegans from beta amyloid-induced toxicity by targeting oligomers. 
Neurobiol Dis 40, 424-431. 

[124] Dostal, V., Roberts, C.M., and Link, C.D. (2010). Genetic mechanisms of coffee extract 
protection in a Caenorhabditis elegans model of beta-amyloid peptide toxicity. Genetics 
186, 857-866. 

[125] Smith, J.V., and Luo, Y. (2003). Elevation of oxidative free radicals in Alzheimer's disease 
models can be attenuated by Ginkgo biloba extract EGb 761. J Alzheimers Dis 5, 287-300. 

[126] Wu, Y., Wu, Z., Butko, P., Christen, Y., Lambert, M.P., Klein, W.L., Link, C.D., and Luo, 
Y. (2006). Amyloid-beta-induced pathological behaviors are suppressed by Ginkgo biloba 
extract EGb 761 and ginkgolides in transgenic Caenorhabditis elegans. J Neurosci 26, 
13102-13113. 

[127] Dimitriadi, M., and Hart, A.C. (2010). Neurodegenerative disorders: insights from the 
nematode Caenorhabditis elegans. Neurobiol Dis 40, 4-11. 

[128] Link, C.D. (2006). C. elegans models of age-associated neurodegenerative diseases: lessons 
from transgenic worm models of Alzheimer's disease. Exp Gerontol 41, 1007-1013. 

[129] Hoehn, M.M., and Yahr, M.D. (2001). Parkinsonism: onset, progression, and mortality. 
1967. Neurology 57, (10 Suppl 3), S11-26. 

[130] Martin, I., Dawson, V.L., and Dawson, T.M. (2011). Recent advances in the genetics of 
Parkinson's disease. Annu Rev Genomics Hum Genet 12, 301-325. 

[131] Giasson, B.I., and Lee, V.M. (2001). Parkin and the molecular pathways of Parkinson's 
disease. Neuron 31, 885-888. 

[132] Schwartz, L.M., Nambu, J.R., and Wang, Z. (2002). Parkinsonism proteolysis and 
proteasomes. Cell Death Differ 9, 479-482. 

[133] Feany, M.B., and Bender, W.W. (2000). A Drosophila model of Parkinson's disease. Nature 
404, 394-398. 

[134] Auluck, P.K., Chan, H.Y., Trojanowski, J.Q., Lee, V.M., and Bonini, N.M. (2002). 
Chaperone suppression of alpha-synuclein toxicity in a Drosophila model for Parkinson's 
disease. Science 295, 865-868. 

[135] Seugnet, L., Galvin, J.E., Suzuki, Y., Gottschalk, L., and Shaw, P.J. (2009). Persistent 
short-term memory defects following sleep deprivation in a drosophila model of Parkinson 
disease. Sleep 32, 984-992. 

[136] Haywood, A.F., and Staveley, B.E. (2004). Parkin counteracts symptoms in a Drosophila 
model of Parkinson's disease. BMC Neurosci 5, 14. 

[137] Haywood, A.F., and Staveley, B.E. (2006). Mutant alpha-synuclein-induced degeneration is 
reduced by parkin in a fly model of Parkinson's disease. Genome 49, 505-510. 

[138] Klucken, J., Shin, Y., Masliah, E., Hyman, B.T., and McLean, P.J. (2004). Hsp70 Reduces 
alpha-Synuclein Aggregation and Toxicity. J Biol Chem 279, 25497-25502. 

[139] Auluck, P.K., Meulener, M.C., and Bonini, N.M. (2005). Mechanisms of Suppression of 
{alpha}-Synuclein Neurotoxicity by Geldanamycin in Drosophila. J Biol Chem 280, 2873-
2878. 

[140] Wu, Y.R., Wang, C.K., Chen, C.M., Hsu, Y., Lin, S.J., Lin, Y.Y., Fung, H.C., Chang, K.H., 
and Lee-Chen, G.J. (2004). Analysis of heat-shock protein 70 gene polymorphisms and the 
risk of Parkinson's disease. Hum Genet 114, 236-241. 



The Greatness of the Smallest Ones Young Perspectives for Old Diseases   81 

[141] Auluck, P.K., and Bonini, N.M. (2002). Pharmacological prevention of Parkinson disease 
in Drosophila. Nat Med 8, 1185-1186. 

[142] Botella, J.A., Bayersdorfer, F., and Schneuwly, S. (2008). Superoxide dismutase 
overexpression protects dopaminergic neurons in a Drosophila model of Parkinson's 
disease. Neurobiol Dis 30, 65-73. 

[143] Kontopoulos, E., Parvin, J.D., and Feany, M.B. (2006). Alpha-synuclein acts in the nucleus 
to inhibit histone acetylation and promote neurotoxicity. Hum Mol Genet 15, 3012-3023. 

[144] Chen, L., and Feany, M.B. (2005). Alpha-synuclein phosphorylation controls neurotoxicity 
and inclusion formation in a Drosophila model of Parkinson disease. Nat Neurosci 8, 657-
663. 

[145] Karpinar, D.P., Balija, M.B., Kugler, S., Opazo, F., Rezaei-Ghaleh, N., Wender, N., Kim, 
H.Y., Taschenberger, G., Falkenburger, B.H., Heise, H., et al. (2009). Pre-fibrillar alpha-
synuclein variants with impaired beta-structure increase neurotoxicity in Parkinson's 
disease models. EMBO J 28, 3256-3268. 

[146] Chen, L., Periquet, M., Wang, X., Negro, A., McLean, P.J., Hyman, B.T., and Feany, M.B. 
(2009). Tyrosine and serine phosphorylation of alpha-synuclein have opposing effects on 
neurotoxicity and soluble oligomer formation. J Clin Invest 119, 3257-3265. 

[147] Periquet, M., Fulga, T., Myllykangas, L., Schlossmacher, M.G., and Feany, M.B. (2007). 
Aggregated alpha-synuclein mediates dopaminergic neurotoxicity in vivo. J Neurosci 27, 
3338-3346. 

[148] Bueler, H. (2010). Mitochondrial dynamics, cell death and the pathogenesis of Parkinson's 
disease. Apoptosis 15, 1336-1353. 

[149] Greene, J.C., Whitworth, A.J., Kuo, I., Andrews, L.A., Feany, M.B., and Pallanck, L.J. 
(2003). Mitochondrial pathology and apoptotic muscle degeneration in Drosophila parkin 
mutants. Proc Natl Acad Sci U S A 100, 4078-4083. 

[150] Pesah, Y., Pham, T., Burgess, H., Middlebrooks, B., Verstreken, P., Zhou, Y., Harding, M., 
Bellen, H., and Mardon, G. (2004). Drosophila parkin mutants have decreased mass and 
cell size and increased sensitivity to oxygen radical stress. Development 131, 2183-2194. 

[151] Whitworth, A.J., Theodore, D.A., Greene, J.C., Benes, H., Wes, P.D., and Pallanck, L.J. 
(2005). Increased glutathione S-transferase activity rescues dopaminergic neuron loss in a 
Drosophila model of Parkinson's disease. Proc Natl Acad Sci U S A 102, 8024-8029. 

[152] Park, J., Kim, Y., and Chung, J. (2009). Mitochondrial dysfunction and Parkinson's disease 
genes: insights from Drosophila. Dis Model Mech 2, 336-340. 

[153] Van Laar, V.S., and Berman, S.B. (2009). Mitochondrial dynamics in Parkinson's disease. 
Exp Neurol 218, 247-256. 

[154] Poole, A.C., Thomas, R.E., Andrews, L.A., McBride, H.M., Whitworth, A.J., and Pallanck, 
L.J. (2008). The PINK1/Parkin pathway regulates mitochondrial morphology. Proc Natl 
Acad Sci U S A 105, 1638-1643. 

[155] Deng, H., Dodson, M.W., Huang, H., and Guo, M. (2008). The Parkinson's disease genes 
pink1 and parkin promote mitochondrial fission and/or inhibit fusion in Drosophila. Proc 
Natl Acad Sci U S A 105, 14503-14508. 

[156] Dodson, M.W., and Guo, M. (2007). Pink1, Parkin, DJ-1 and mitochondrial dysfunction in 
Parkinson's disease. Curr Opin Neurobiol 17, 331-337. 

[157] Humphrey, D.M., Parsons, R.B., Ludlow, Z.N., Riemensperger, T., Esposito, G., 
Verstreken, P., Jacobs, H.T., Birman, S., and Hirth, F. (2012). Alternative oxidase rescues 



82   Young Perspectives for Old Diseases Carolina Rezával 

mitochondria-mediated dopaminergic cell loss in Drosophila. Hum Mol Genet 21, 2698-
2712. 

[158] Greene, J.C., Whitworth, A.J., Andrews, L.A., Parker, T.J., and Pallanck, L.J. (2005). 
Genetic and genomic studies of Drosophila parkin mutants implicate oxidative stress and 
innate immune responses in pathogenesis. Hum Mol Genet 14, 799-811. 

[159] Trinh, K., Moore, K., Wes, P.D., Muchowski, P.J., Dey, J., Andrews, L., and Pallanck, L.J. 
(2008). Induction of the phase II detoxification pathway suppresses neuron loss in 
Drosophila models of Parkinson's disease. J Neurosci 28, 465-472. 

[160] Kim, K., Kim, S.H., Kim, J., Kim, H., and Yim, J. (2012). Glutathione s-transferase omega 
1 activity is sufficient to suppress neurodegeneration in a Drosophila model of Parkinson 
disease. J Biol Chem 287, 6628-6641. 

[161] Coulom, H., and Birman, S. (2004). Chronic exposure to rotenone models sporadic 
Parkinson's disease in Drosophila melanogaster. J Neurosci 24, 10993-10998. 

[162] Chaudhuri, A., Bowling, K., Funderburk, C., Lawal, H., Inamdar, A., Wang, Z., and 
O'Donnell, J.M. (2007). Interaction of genetic and environmental factors in a Drosophila 
parkinsonism model. J Neurosci 27, 2457-2467. 

[163] Lakso, M., Vartiainen, S., Moilanen, A.M., Sirvio, J., Thomas, J.H., Nass, R., Blakely, 
R.D., and Wong, G. (2003). Dopaminergic neuronal loss and motor deficits in 
Caenorhabditis elegans overexpressing human alpha-synuclein. J Neurochem 86, 165-172. 

[164] Kuwahara, T., Koyama, A., Gengyo-Ando, K., Masuda, M., Kowa, H., Tsunoda, M., 
Mitani, S., and Iwatsubo, T. (2006). Familial Parkinson mutant alpha-synuclein causes 
dopamine neuron dysfunction in transgenic Caenorhabditis elegans. J Biol Chem 281, 334-
340. 

[165] Vartiainen, S., Pehkonen, P., Lakso, M., Nass, R., and Wong, G. (2006). Identification of 
gene expression changes in transgenic C. elegans overexpressing human alpha-synuclein. 
Neurobiol Dis 22, 477-486. 

[166] van Ham, T.J., Thijssen, K.L., Breitling, R., Hofstra, R.M., Plasterk, R.H., and Nollen, E.A. 
(2008). C. elegans model identifies genetic modifiers of alpha-synuclein inclusion 
formation during aging. PLoS Genet 4, e1000027. 

[167] Cao, S., Gelwix, C.C., Caldwell, K.A., and Caldwell, G.A. (2005). Torsin-mediated 
protection from cellular stress in the dopaminergic neurons of Caenorhabditis elegans. J 
Neurosci 25, 3801-3812. 

[168] Cooper, A.A., Gitler, A.D., Cashikar, A., Haynes, C.M., Hill, K.J., Bhullar, B., Liu, K., Xu, 
K., Strathearn, K.E., Liu, F., et al. (2006). Alpha-synuclein blocks ER-Golgi traffic and 
Rab1 rescues neuron loss in Parkinson's models. Science 313, 324-328. 

[169] Kuwahara, T., Koyama, A., Koyama, S., Yoshina, S., Ren, C.H., Kato, T., Mitani, S., and 
Iwatsubo, T. (2008). A systematic RNAi screen reveals involvement of endocytic pathway 
in neuronal dysfunction in alpha-synuclein transgenic C. elegans. Hum Mol Genet 17, 
2997-3009. 

[170] Gitler, A.D., Bevis, B.J., Shorter, J., Strathearn, K.E., Hamamichi, S., Su, L.J., Caldwell, 
K.A., Caldwell, G.A., Rochet, J.C., McCaffery, J.M., et al. (2008). The Parkinson's disease 
protein alpha-synuclein disrupts cellular Rab homeostasis. Proc Natl Acad Sci U S A 105, 
145-150. 

[171] Gitler, A.D., Chesi, A., Geddie, M.L., Strathearn, K.E., Hamamichi, S., Hill, K.J., 
Caldwell, K.A., Caldwell, G.A., Cooper, A.A., Rochet, J.C., et al. (2009). Alpha-synuclein 



The Greatness of the Smallest Ones Young Perspectives for Old Diseases   83 

is part of a diverse and highly conserved interaction network that includes PARK9 and 
manganese toxicity. Nat Genet 41, 308-315. 

[172] Su, L.J., Auluck, P.K., Outeiro, T.F., Yeger-Lotem, E., Kritzer, J.A., Tardiff, D.F., 
Strathearn, K.E., Liu, F., Cao, S., Hamamichi, S., et al. (2010). Compounds from an 
unbiased chemical screen reverse both ER-to-Golgi trafficking defects and mitochondrial 
dysfunction in Parkinson's disease models. Dis Model Mech 3, 194-208. 

[173] Hamamichi, S., Rivas, R.N., Knight, A.L., Cao, S., Caldwell, K.A., and Caldwell, G.A. 
(2008). Hypothesis-based RNAi screening identifies neuroprotective genes in a Parkinson's 
disease model. Proc Natl Acad Sci U S A 105, 728-733. 

[174] Ruan, Q., Harrington, A.J., Caldwell, K.A., Caldwell, G.A., and Standaert, D.G. (2010). 
VPS41, a protein involved in lysosomal trafficking, is protective in Caenorhabditis elegans 
and mammalian cellular models of Parkinson's disease. Neurobiol Dis 37, 330-338. 

[175] Harrington, A.J., Yacoubian, T.A., Slone, S.R., Caldwell, K.A., and Caldwell, G.A. (2012). 
Functional analysis of VPS41-mediated neuroprotection in Caenorhabditis elegans and 
mammalian models of Parkinson's disease. J Neurosci 32, 2142-2153. 

[176] Carrington, J.C., and Ambros, V. (2003). Role of microRNAs in plant and animal 
development. Science 301, 336-338. 

[177] Asikainen, S., Rudgalvyte, M., Heikkinen, L., Louhiranta, K., Lakso, M., Wong, G., and 
Nass, R. (2010). Global microRNA expression profiling of Caenorhabditis elegans 
Parkinson's disease models. J Mol Neurosci 41, 210-218. 

[178] Ved, R., Saha, S., Westlund, B., Perier, C., Burnam, L., Sluder, A., Hoener, M., Rodrigues, 
C.M., Alfonso, A., Steer, C., et al. (2005). Similar patterns of mitochondrial vulnerability 
and rescue induced by genetic modification of alpha-synuclein, parkin, and DJ-1 in 
Caenorhabditis elegans. J Biol Chem 280, 42655-42668. 

[179] Samann, J., Hegermann, J., von Gromoff, E., Eimer, S., Baumeister, R., and Schmidt, E. 
(2009). Caenorhabditits elegans LRK-1 and PINK-1 act antagonistically in stress response 
and neurite outgrowth. J Biol Chem 284, 16482-16491. 

[180] Burns, R.S., Chiueh, C.C., Markey, S.P., Ebert, M.H., Jacobowitz, D.M., and Kopin, I.J. 
(1983). A primate model of parkinsonism: selective destruction of dopaminergic neurons in 
the pars compacta of the substantia nigra by N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. 
Proc Natl Acad Sci U S A 80, 4546-4550. 

[181] Nass, R., Hall, D.H., Miller, D.M., 3rd, and Blakely, R.D. (2002). Neurotoxin-induced 
degeneration of dopamine neurons in Caenorhabditis elegans. Proc Natl Acad Sci U S A 
99, 3264-3269. 

[182] Schmidt, E., Seifert, M., and Baumeister, R. (2007). Caenorhabditis elegans as a model 
system for Parkinson's disease. Neurodegener Dis 4, 199-217. 

[183] Kanthasamy, A., Jin, H., Mehrotra, S., Mishra, R., and Rana, A. (2010). Novel cell death 
signaling pathways in neurotoxicity models of dopaminergic degeneration: relevance to 
oxidative stress and neuroinflammation in Parkinson's disease. Neurotoxicology 31, 555-561. 

[184] Jadiya, P., Chatterjee, M., Sammi, S.R., Kaur, S., Palit, G., and Nazir, A. (2011). Sir-2.1 
modulates 'calorie-restriction-mediated' prevention of neurodegeneration in Caenorhabditis 
elegans: implications for Parkinson's disease. Biochem Biophys Res Commun 413, 306-310. 

[185] Cuervo, A.M., Wong, E.S., and Martinez-Vicente, M. (2010). Protein degradation, 
aggregation, and misfolding. Mov Disord 25 Suppl 1, S49-54. 

[186] Hotta, Y., and Benzer, S. (1972). Mapping of behaviour in Drosophila mosaics. Nature 240, 
527-535. 



84   Young Perspectives for Old Diseases Carolina Rezával 

[187] Kretzschmar, D., Hasan, G., Sharma, S., Heisenberg, M., and Benzer, S. (1997). The swiss 
cheese mutant causes glial hyperwrapping and brain degeneration in Drosophila. J Neurosci 
17, 7425-7432. 

[188] Rogina, B., Benzer, S., and Helfand, S.L. (1997). Drosophila drop-dead mutations 
accelerate the time course of age-related markers. Proc Natl Acad Sci U S A 94, 6303-
6306. 

[189] Min, K.T., and Benzer, S. (1999). Preventing neurodegeneration in the Drosophila mutant 
bubblegum. Science 284, 1985-1988. 

[190] Palladino, M.J., Hadley, T.J., and Ganetzky, B. (2002). Temperature-sensitive paralytic 
mutants are enriched for those causing neurodegeneration in Drosophila. Genetics 161, 
1197-1208. 

[191] Fergestad, T., Bostwick, B., and Ganetzky, B. (2006). Metabolic disruption in Drosophila 
bang-sensitive seizure mutants. Genetics 173, 1357-1364. 

[192] Rezával, C., Berni, J., Gorostiza, E.A., Werbajh, S., Fagilde, M.M., Fernandez, M.P., 
Beckwith, E.J., Aranovich, E.J., Sabio y Garcia, C.A., and Ceriani, M.F. (2008). A 
functional misexpression screen uncovers a role for enabled in progressive 
neurodegeneration. PLoS One 3, e3332. 

[193] Akassoglou, K., Malester, B., Xu, J., Tessarollo, L., Rosenbluth, J., and Chao, M.V. (2004). 
Brain-specific deletion of neuropathy target esterase/swisscheese results in 
neurodegeneration. Proc Natl Acad Sci U S A 101, 5075-5080. 

[194] Franco, D.L., Rezával, C., Caceres, A., Schinder, A.F., and Ceriani, M.F. (2010). 
ENA/VASP downregulation triggers cell death by impairing axonal maintenance in 
hippocampal neurons. Mol Cell Neurosci 44, 154-164. 

[195] Warrick, J.M., Chan, H.Y., Gray-Board, G.L., Chai, Y., Paulson, H.L., and Bonini, N.M. 
(1999). Suppression of polyglutamine-mediated neurodegeneration in Drosophila by the 
molecular chaperone HSP70. Nat Genet 23, 425-428. 

[196] Karsten, S.L., Sang, T.K., Gehman, L.T., Chatterjee, S., Liu, J., Lawless, G.M., Sengupta, 
S., Berry, R.W., Pomakian, J., Oh, H.S., et al. (2006). A genomic screen for modifiers of 
tauopathy identifies puromycin-sensitive aminopeptidase as an inhibitor of tau-induced 
neurodegeneration. Neuron 51, 549-560. 

[197] Nollen, E.A., Garcia, S.M., van Haaften, G., Kim, S., Chavez, A., Morimoto, R.I., and 
Plasterk, R.H. (2004). Genome-wide RNA interference screen identifies previously 
undescribed regulators of polyglutamine aggregation. Proc Natl Acad Sci U S A 101, 6403-
6408. 

[198] Behrends, C., Langer, C.A., Boteva, R., Bottcher, U.M., Stemp, M.J., Schaffar, G., Rao, 
B.V., Giese, A., Kretzschmar, H., Siegers, K., et al. (2006). Chaperonin TRiC promotes the 
assembly of polyQ expansion proteins into nontoxic oligomers. Mol Cell 23, 887-897. 

[199] Kitamura, A., Kubota, H., Pack, C.G., Matsumoto, G., Hirayama, S., Takahashi, Y., 
Kimura, H., Kinjo, M., Morimoto, R.I., and Nagata, K. (2006). Cytosolic chaperonin 
prevents polyglutamine toxicity with altering the aggregation state. Nat Cell Biol 8, 1163-
1170. 

[200] Tam, S., Geller, R., Spiess, C., and Frydman, J. (2006). The chaperonin TRiC controls 
polyglutamine aggregation and toxicity through subunit-specific interactions. Nat Cell Biol 
8, 1155-1162. 


