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Summary Ongoing investigations into causes and cures for
human movement disorders are important toward the elucida-
tion of diseases such as Parkinson’s disease (PD) and dystonia.
The use of animal model systems can provide links to suscep-
tibility factors, as well as therapeutic interventions. In this
regard, the nematode roundworm, Caenorhabditis elegans, is
ideal for examining age-dependent neurodegenerative disease
studies. It is genetically tractable, has a short lifespan, and a
well-defined nervous system. Green fluorescent protein is
readily visualized in C. elegans because it is a transparent
organism, thus the nervous system and factors that alter the
viability of neurons can be directly examined in vivo. Through
expression of the human PD-associated protein (α-synuclein in
the worm dopamine neurons), neurodegeneration is observed
in an age-dependent manner. Furthermore, expression of the
early-onset dystonia-related protein torsinA increases vulnera-
bility to endoplasmic reticulum (ER) stress in C. elegans,
because torsinA is located in the ER. Here we provide an
overview of collaborative studies we have conducted that
collectively demonstrate the usefulness of the nematode model
to discern functional effectors of dopaminergic neurodegener-
ation and ER stress that translate to mammalian data in the
fields of PD and dystonia. Taken together, the application ofC.

elegans toward the evaluation of genetic modifiers for move-
ment disorders research has predictive value and serves to
accelerate the path forward for therapeutic interventions.
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Attributes of Caenorhabditis elegans as a Model System

Many characteristics and physical attributes of the nematode
Caenorhabditis elegans are advantageous for use in bio-
medical research. Reaching a length of only 1.5 mm in
adulthood, this microscopic, free-living roundworm is a
convenient model organism that is inexpensive and easy to
maintain in the laboratory. Unlike larger, more complex
mammalian or cell culture models of disease, worms do
not require expensive or bulky facilities for the propagation
and upkeep of large numbers of animals, as thousands of
worms may be cultivated on a single Petri dish of agar
seeded with Escherichia coli. C. elegans has an average
lifespan of 2 weeks and undergoes a rapid life cycle with
hermaphrodites producing eggs continuously from day 3,
resulting in the production of approximately 300 progeny
per hermaphrodite. This constant replenishment represents a
practically infinite source of animals for experimentation
and enables researchers to rapidly conduct large genetic
and pharmacological screens, processes that would require
significantly more time, labor, and resources in a mamma-
lian system. In addition, hundreds of animals may be ana-
lyzed for each data point, a clear statistical advantage in
comparison with other models in which such sample sizes
are impossible.

The complete cell lineage of C. elegans has been known
for more than 2 decades. The adult hermaphrodite possesses
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959 somatic cells, precisely 302 of which are neurons. The
relatively small number of neurons in the worm represents a
conveniently quantifiable population of cells that may be
used to discern the effects of genetic and environmental
factors on neuron health and function. The fate and synaptic
connections of the neurons of C. elegans are well character-
ized [1]. Readily available references for the lineage and
connectivity of each of the neurons provide a valuable
resource for investigating the phenotypic effects associated
with genes of interest [2]. In addition, the transparent anat-
omy of this nematode body facilitates the use of fluorescent
markers, such as green fluorescent protein (GFP) to visual-
ize the localization and function of select gene products, as
well as the consequences of genetic and environmental
manipulation in vivo [3]. The use of such markers enables
researchers to quickly determine the effects of genetic modi-
fiers and pharmacological targets of interest on cell death as
a result of neurodegeneration.

The genetic tractability of the nematode system is one of its
most useful traits. C. elegans researchers use a broad and
growing tool kit for genetic manipulation of the organism.
Worms are particularly amenable to genetic crosses, as well as
RNA interference (RNAi) and microinjection, techniques used
in gene knockdown and overexpression, respectively. Due to
the relative ease with which this organism may be genetically
altered, many genes can be screened using the organism in a
relatively short amount of time to identify key genes of interest.
Similar experiments in mammalian models present logistical
challenges pertaining to the use of far more costly, time-
consuming, and labor-intensive techniques, hindering the prog-
ress of genetic screens and unavoidably narrowing the scope of
such investigations. Likewise, complementary experiments per-
formed in neuronal cell culture lack some of the advantages
displayed by the whole animal approach, such as behavioral
phenotypes and an intact nervous system, whereby the physio-
logical responses will reflect normal neuronal connectivity. If
primary cell culture is used in an approach, added time and
technical difficulty must also be considered. Taken together, C.
elegans can serve either as an intermediate level of validation
for genetic or chemical analyses or as an initial discovery
model.

At least 50% of worm genes have human homologs, andC.
elegans orthologs exist for ~70% of known human disease-
related genes [4]. The genetic overlap between C. elegans and
Homo sapiens, although not as significant as the overlap
between humans and more complex model organisms, ena-
bles researchers to use this simple model system to study the
functions and interactions of genes contributing to basic cel-
lular pathways relevant to human disease. Due to its long
history as a model system, a wealth of bioinformatic and
functional genomic data from nearly 4 decades of research
are available forC. elegans, providing a substantive base from
which future studies may be launched.

Although the nervous system of C. elegans is relatively
simple, worms share cellular and molecular pathways with
higher organisms. In the context of the nervous system, worms
use many of the same neurotransmitters as humans, including
dopamine (DA), serotonin, and gamma-aminobutyric acid, as
well as ion channels, receptors, and vesicular transporters [5,
6]. Moreover, C. elegans is susceptible to many of the toxins
used to model neurodegeneration in mammals, including 6-
hydroxydopamine and 1-methyl 4-phenyl 1,2,3,6-tetrahydro-
pyridine [7, 8]. This susceptibility enables researchers to use
the worm model in evaluating genetic and chemical factors
that modulate response to such toxins.

Taken together, these characteristics of C. elegans lend
themselves well to rapidly and efficiently conducting large-
scale screens of multiple genes that may be involved in the
health of the nervous system, the results of which may be
further pursued in higher organisms. As a model organism,
C. elegans is already being used as a valuable tool for the
initial identification of genes linked to evolutionarily con-
served cellular pathways, such as cell death and synaptic
transmission [9, 10]. Directed investigation into genetic
components of such pathways in worm models of human
disease may aid in the effort to understand the complex
molecular underpinnings of diseases of neurodegeneration.

Parkinson’s Disease

Application of C. elegans toward Investigation
of Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease affecting approximately 1 million
Americans, with an estimated 7 to 10 million people affected
worldwide. Symptomatically, PD is characterized by the pres-
ence of tremors, impaired balance, and bradykinesia with se-
verity that progresses in time. Although there are rare cases of
early onset PD, it is primarily a disease of aging, typically
affecting people age 60 and older. It is estimated that 1 to 2%
of the population age 65 years and older is affected by this
disease. Pathologically, PD results from the progressive loss of
dopamine neurons selectively from the substantia nigra region
of the midbrain. The cellular hallmarks of PD are intracellular
proteinaceous inclusions termed Lewy bodies, which can be
detected (postmortem) in the brains of PD patients.

Multiple genes have been linked to PD, including PARK1 or
α-synuclein (α-syn), which were discovered as a cause for
familial PD in 1997 [11]. The α-syn aggregates, normally
found primarily in the presynaptic termini, form the majority
of the insoluble, intracellular protein fibrils that comprise Lewy
bodies. Both overexpression of wild-type (WT) α-syn and
mutations in α-syn have been linked to rare, early onset forms
of PD, but inclusions containingα-syn are also observed in the
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more common sporadic cases of PD. Although the precise
cellular function of α-syn is not yet known, recent work has
suggested that it normally serves as a molecular chaperone in
the formation of SNARE complexes at the synapse, suggesting
a role in synaptic transmission [12].

In C. elegans, genetic analyses of PD-related genes are
facilitated by the presence of worm orthologs for 6 known
familial PD genes, such as PARK8/LRRK2, PARK6/PINK1,
and a homolog for the Gaucher disease-linked glucocerebro-
sidase gene product [13]. These 7 gene products are listed in
Table 1. C. elegans does not possess an ortholog for α-syn,
thus overexpression of both wild-type and mutant human
α-syn may be carried out in the worm without concern for
functional interference by endogenous α-syn. Expression of
human α-syn under the DA transporter (dat-1) promoter
results in age- and dose-dependent neurodegeneration of DA
neurons (Fig. 1);α-syn-induced degeneration of neurons inC.
elegans has been reported by several laboratories [14–17]. For
example, when α-syn mRNA levels are expressed at lower
levels in 1 transgenic line (Fig. 2a), DA neurodegeneration is
reduced in comparison to another line in which α-syn is
expressed at higher levels (Fig. 2b, c).

Dopamine Neurons in C. elegans

There are precisely 8 dopaminergic neurons in C. elegans
hermaphrodites, identified by their lineage names; they can

be visualized using a GFP reporter driven from a DA
neuron-specific promoter [18] (Fig. 2a, b, d). Among the 6
DA neurons located in the anterior region of the worm, there
are 2 anterior deirid (ADE) neurons and 4 cephalic (CEP)
neurons, whereas in the posterior region of the worm there
are 2 posterior deirid neurons. Although the 2 ventral CEPs
do not have synaptic connections to the ADEs, the 2 dorsal
CEPs form synapses with the ADEs (Fig. 2d).

The biosynthesis, processing, packaging, and transport of
DA in the worm involve evolutionarily conserved pathways
(Table 1). In addition, DA signaling has been linked to
several behavioral phenotypes in C. elegans, including a
decrease in locomotion, defecation, and egg laying with
exposure to exogenous DA. Another DA signaling related
phenotype is the basal slowing response, a decrease in
locomotion that occurs when a worm enters a bacterial lawn.
The basal slowing response is inhibited by disrupting the
function of cat-2, the gene encoding worm tyrosine hydrox-
ylase [19]. The small number of DA neurons in C. elegans,
their functional similarity to those of humans, and the pres-
ence of quantifiable behavioral phenotypes related to DA
signaling facilitate the use of the worm as a model system
for studying DA neuron biology [20].

Usefulness of C. elegans α-Synuclein Model for Analysis
of Neuroprotective Gene Products

Our laboratory has used the reproducible and readily quantifi-
able DA neurodegeneration following co-expression of α-syn
and GFP in nematode DA neurons to examine the effect of
modifiers of α-syn toxicity in an in vivo model of α-syn
neurodegeneration (Fig. 2c). In a screen for gene products
contributing to α-syn toxicity, altered levels of 14-3-3 proteins
were identified in the substantia nigra of mice overexpressing
human WT α-syn [21]. 14-3-3 s are highly conserved proteins
that negatively regulate diverse cell death pathways [22] and
have been found to co-localize with α-syn in PD patient Lewy
bodies. This time it has been demonstrated that transfection of
some 14-3-3 isoforms reduces the formation of α-syn inclu-
sions and protects against rotenone and MPP+toxicity in hu-
man neuronal cell culture [23]. To evaluate the protective
effects of 14-3-3 s against α-syn neurodegeneration in vivo,
our laboratory created double transgenic worms expressing 3
specific 14-3-3 isoforms (ε, γ, and θ) andα-syn under the dat-
1 promoter. We determined that expression of both 14-3-3θ
and ftt-2, the worm homologue to 14-3-3θ, significantly pro-
tected worm DA neurons from α-syn neurodegeneration in
this model, thus validating the effect of 14-3-3 s on α-syn
toxicity in a more biologically relevant context. Moreover, by
crossing α-syn expressing worms into an ftt-2 mutant back-
ground, we observed that resulting progeny no longer
exhibited neuroprotection in the absence of 14-3-3θ [23]

Table 1 Human gene products implicated in familial forms of Parkin-
son’s disease and dopamine biosynthesis*

Human Protein C. elegans Protein E-Value

Familial PD proteins

PRKN/parkin PDR-1 3.4e-38

UCHL-1 UBH-1 1.2e-33

PINK1 PINK-1 7.8e-53

DJ-1 DJR-1.1; DJR-1.2 1.6e-45; 8.9e-36

LRRK2 LRK-1 5.5e-66

ATP13A2 CATP-6 2.5e-180

GBA C33C12.8 2.1e-87

Dopamine synthesis
proteins

GTP cyclohydrolase I CAT-4 6.4e-70

Tyrosine hydroxylase CAT-2 2.3e-97

Aromatic L-amino-acid
decarboxylase

BAS-1 7.19e-112

Vesicular monoamine
transporter

CAT-1 1.2e-128

Dopamine transport DAT-1 3.2e-155

*Comparative proteins encoded in C. elegans and approximate homol-
ogy value are listed.

PD0Parkinson’s disease; GBA0glucocerebrosidase; GTP0guanine
triphosphate
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(Fig. 3a). Such traditional genetic analysis augments overex-
pression data and is easily performed within C. elegans.

The ease of producing multiple transgenic lines of C. ele-
gans has also allowed us to examine the impact of an array of
genes on α-syn-induced dopaminergic neurodegeneration. For
example, 2 Rab gene products involved in regulating vesicular
trafficking in an α-syn-dependent manner were implicated as
modifiers of α-syn toxicity in a yeast model for PD. RAB1, a
Rab guanosine triphosphatase involved in endoplasmic reticu-
lum (ER)-to-Golgi vesicle trafficking, and RAB8A, a close
paralog to Rab1 that is localized to post-Golgi vesicles and
functions in targeting secretory vesicles to the plasma mem-
brane, both co-localized with α-syn clusters in an in vitro
model of α-syn-induced trafficking defects. Though expres-
sion of RAB1 in yeast suppressed α-syn cytotoxicity, expres-
sion of RAB8A did not. The combined use of multiple animal
models supported the roles of these proteins in α-syn toxicity.
Suppression of cytotoxicity was identified in Drosophila
(Rab1), rat neuronal cell cultures (Rab1 and Rab8A), and in
C. elegans (Rab1 and Rab8A), where we showed that elevated
expression of these specific Rab GTPases rescues DA degen-
eration induced by human α-syn overexpression [24, 25]
(Fig. 3b). New molecules that impact this cellular mechanism
have been discovered in yeast and validated across multiple
organisms, including C. elegans [26].

Likewise, multiple α-syn toxicity modifiers have been
identified through yeast screens using the propensity of this
single-celled eukaryote toward ER stress and cell death with
the expression of α-syn [27]. Yeast YPK9 (a lysosomal
ATPase) was identified in such a screen as a suppressor of
α-syn toxicity. Our laboratory has investigated the role of
this protein in the DA neurons of the multicellular worm.
We have shown that expression of the worm YPK9 ortho-
log, W08D2.5 (catp-6), suppressed α-syn-induced DA neu-
rodegeneration in the worm. The human YPK9 ortholog
(ATP13A2) has been shown to suppress α-syn-induced cell
death in rat primary neuronal culture [28] (Fig. 3b). Notably,
mutations in ATP13A2 (PARK9) have been shown to cause
Kufor-Rakeb syndrome, an autosomal recessive form of
early onset parkinsonism and dementia [29]. Mutations in
this gene cause a loss of function of the gene product,
whereas expression of the normal gene is elevated in the
substantia nigra of sporadic PD patients [30].

Lysosomal dysfunction is also associated with α-syn
aggregation via a defect in another gene product. In a mouse
model of Cathepsin D (CD) deficiency, α-syn accumulates
intracellularly without increased α-syn mRNA, suggesting
that deficiencies in α-syn protein clearance and not in-
creased expression of α-syn may play a role in the pathol-
ogy of synucleinopathies. We used the genetic tractability of

Fig. 1 α-synuclein (α-syn) expression causes age- and dose-dependent
neurodegeneration. (a) Semi-quantitative reverse transcription
polymerase chain reaction (RT-PCR) of 2 integrated transgenic lines
containing both Pdat-1::α-syn and Pdat-1::green fluorescent protein
(GFP). “α-syn low” exhibits lower α-syn expression than “α-syn high.”
(b) The increased α-syn expression in the “α-syn high” transgenic line
correlates with greater neurodegeneration compared to that of the “α-syn
low” transgenic line, indicating a dose-dependent effect of α-syn on

dopamine (DA) neuron survival. (c) Age-dependent DA neurodegenera-
tion resulting from high α-syn dose. Parts (a) and (c) reprinted with
permission (Hamamichi S, Rivas RN, Knight AL, Caldwell KA, Cald-
well GA. Hypothesis-based RNAi screening identifies neuroprotective
genes in a Parkinson’s disease model. Proc Natl Acad Sci USA
2008;105:728-733). (Copyright 2008, National Academy of Sciences,
Washington, DC, USA). GFP0green fluorescent protein
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C. elegans to investigate the effect of human CD on α-syn-
induced neurodegeneration. First, we co-expressed human
CD within the DA neurons of α-syn-expressing worms and
found significant neuroprotection against α-syn-induced neu-
rodegeneration, demonstrating that human CD has a protec-
tive effect against α-syn toxicity in vivo. In addition, multiple
transgenic lines were generated to further characterize the role
of other cathepsin family members in neuroprotection. We
found that overexpression of Cathepsin B or Cathepsin L, as
well as 2 enzymatic CD mutants, failed to protect worm DA
neurons against α-syn neurodegenedration, demonstrating
that this effect is both specific to CD and contingent based
on its enzymatic function [31] (Fig. 3a).

C. elegans α-Synuclein Model Provides Both a Rapid
and Predictive Means for Screening Modifiers

An advantage of the nematode system is the rapidity by
which bioassay development can be expedited. Using trans-
genic C. elegans, we established a strategy for investigating
genetic and environmental susceptibility factors contributing
to the α-syn-induced DA neurodegeneration. We first

overexpressed anα-syn::GFP fusion in the body wall muscles
of the worm, whereby visible cytoplasmic aggregation of α-
syn was observed. Co-expression of a worm chaperone-like
protein (TOR-2) attenuated this effect, leading to a diffuse
presence of α-syn in the cytoplasm [14]. Using this genetic
background, our laboratory performed a hypothesis-based
RNAi screen of ~900 potential α-syn interactors, ultimately
identifying 20 genes that enhance misfolding of α-syn in the
body wall muscles of the worm. Seven positive hits were
further characterized through functional analyses, whereby 5
genes were found to protect against α-syn neurodegeneration
when co-expressed with α-syn in the worm DA neurons.
Candidates identified through this RNAi screen included DJ-
1 and PINK-1, worm orthologs of known recessive PD genes,
as well as C. elegans homologs of the human genes encoding
VPS41, ULK2, and ATG7 [14] (Fig. 3c).

Although the isolation of DJ-1 and PINK1 served as inter-
nal controls for our screening strategy, other research has
bolstered the identification of VPS41, ULK2, and ATG7 as
modifiers of neurotoxicity. For example, VPS41 has been
previously implicated in Golgi to lysosome trafficking in yeast
[32] and is strongly expressed in human DA neurons in the
substantia nigra. Because of its identification in our screen,
the protective capacity of VPS41 has been further analyzed in
both the worm and human cell culture. We found that over-
expression of human VPS41 protects worm DA neurons from
α-syn neurodegeneration, demonstrating that the protective
functions of this protein are evolutionarily conserved. VPS41
has also been shown to protect SH-SY5Y cells against both
6-hydroxydopamine (6-OHDA) and rotenone treatment, and
to reduce the aggregation of insoluble α-syn in SH-SY5Y
cells following rotenone treatment [33] (Fig. 3c).

Furthermore, a novel susceptibility locus for PD (called
PARK16) has been identified by a genome-wide association
study (GWAS) of multiple PD populations. Included in this
locus is the gene encoding RAB7L1, another Ras-related
GTP-binding protein. RAB7L1 contains an single nucleo-
tide polymorphism (SNP) within a noncoding region that
has recently been associated with the disease through PD
patient GWAS [34]. Notably, Rab7 interacts with VPS41
and VPS39, components of the homotypic fusion and vac-
uole protein sorting (HOPS) complex that promote the for-
mation and fusion of the t-SNARE complex [35]. This
connection between VPS41, which was identified from our
screen as a modifier of α-syn toxicity and RAB7, a novel
PD-related locus identified via GWAS, which opens new
directions for future experimental design.

A single nucleotide polymorphism in ULK2, a conserved
serine-threonine kinase, identified in our RNAi screen, was
also identified as 1 of only 6 significant genes in a GWAS of
PD patients that were linked to the disease [36] (Fig. 3c).
Another gene product that was positive in our screen (ATG7),
which is a lysosomal protein essential for autophagy, displayed

Fig. 2 Dopamine (DA) neurons of Caenorhabditis elegans hermaph-
rodites. (a) The cell bodies and processes are highlighted using green
fluorescent protein (GFP) driven from the DA transporter promoter
(Pdat-1::GFP). The 6 anterior DA neurons include 2 pairs of cephalic
neurons (CEPs) (arrows) and 1 pair of anterior deirid neurons (ADEs)
(large arrowheads). One pair of posterior deirid (PDE) neurons (small
arrowheads) is also shown. (b) Magnification of the anterior region of
C. elegans shows only the 6 anterior-most DA neurons highlighted by
GFP (Pdat-1::GFP) with the 4 CEPs (arrows) and 2 ADE neurons
(arrowheads) highlighted. (c) A 7-day-old worm co-expressing both
GFP and α-syn in DA neurons display neurodegeneration. Most
worms within a population expressing α-syn in the DA neurons are
missing anterior DA neurons by day 7. In this example, 3 CEP neurons
(arrows) are intact while there are no ADE neurons. (d) Schematic
representation of C. elegans anterior DA neurons. The 6 anterior DA
neurons of the worm are subclassified in pairs as 2 dorsal CEPs, 2
ventral CEPs, and 2 ADEs. Note the connectivity between dorsal CEPs
and ADEs. The dorsal CEPs are postsynaptic to the ADEs, whereas
there is no connection between the ventral CEPs and the ADEs
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correlative results in mammals. Specifically, knockout of
ATG7 results in a strong neurodegenerative phenotype in mice
[37] (Fig. 3c). Taken together, these collective data demonstrate
the predictive power of C. elegans as a model for studying the
dopamine neurodegeneration associated with a complex
mammalian disease. Furthermore, these data provide evi-
dence for the usefulness of screening in nematodes for
rapid identification of gene products potentially involved
in disease pathology.

Chemical Modifiers are Readily Analyzed in C. elegans
α-Synuclein Dopamine Neurodegeneration Models

In addition to its value for screening for genetic contributors
to disease, C. elegans is a useful model for investigating the
effects of pharmacological compounds on cellular aspects of
disease. For example, we have used our worm model for DA
neurodegeneration to evaluate the protective effects of the
plecomacrolide antibiotic bafilomycin against α-syn toxici-
ty. Bafilomycin A1 and B1 have been previously shown to
protect cerebellar granule neurons against the disruption of
lysosome function and subsequent cell death resulting from
treatment with the anti-malarial drug chloroquine [38]. Fur-
ther work has shown that treatment with bafilomycin A1
attenuates chloroquine-induced cell death in both naïve and

undifferentiated SH-SY5Y human neuroblastoma cells. To
determine the effect of this antibiotic on the toxicity of
α-syn aggregation, our laboratory exposed worms express-
ing human WT α-syn in the DA neurons to bafilomycin
during larval development. We found significant protection
against α-syn DA neurodegeneration, confirming the func-
tional effect of bafilomycin in a cellular context and
strengthening the case for lysosomal dysfunction as a mech-
anism involved in neurodegeneration [39].

Another pharmacological use for C. elegans is in testing
medications already on the market for potential repurposing.
As an example, we exposed C. elegans DA neurodegenera-
tion models to the common analgesic acetaminophen to
determine if protective effects could result from treatment.
Exposure to acetaminophen did not protect DA neurons
from degeneration in our worm model for α-syn-induced
neurodegeneration. Notably, however, exposure to acet-
aminophen did protect C. elegans DA neurons from degen-
eration induced by 2 other mechanisms.

DA neuron death can be induced in C. elegans via acute
exposure to 6-OHDA, which results in the production of reac-
tive oxygen species (ROS) and DA neuron death following
short-term exposure [7]. Only low concentrations of acetamin-
ophen protected C. elegans DA neurons. However, 6-OHDA
induces DA neurodegeneration, which is both rapid and acute,

Fig. 3 The Caenorhabditis elegans α-synuclein model is predictive
for gene analysis in dopamine (DA) neuroprotection assays (a). Gene
products identified in mammalian systems can be further evaluated for
efficacy in protecting DA neurons from α-synuclein-induced DA neu-
rodegeneration by overexpression in C. elegans DA neurons [23, 31].
(b) Yeast screens for suppressors of α-synuclein toxicity have yielded
gene candidates that were subsequently examined in C. elegans and
drosophila for the ability to reduce the neurodegeneration associated
with α-synuclein overexpression. Candidates that reduce toxicity in

both yeast and invertebrate neuronal systems also protected rat primary
neurons from degeneration following transfection with A53T α-
synuclein [24, 28]. (c) A C. elegans hypothesis-based RNA interfer-
ence (RNAi) screen for effectors of α-synuclein protein misfolding
[14] identified candidates that were reported to cause neurodegenera-
tion in a mouse knockout model (ATG7 [37]), as a risk factor for PD
(ULK2 [36]), or neuroprotective in human cells when overexpressed
(VPS41 [33]). MPP01-methyl-4-phenylpyridine
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and this effect may be too strong to accurately evaluate the
neuroprotective influence of acetaminophen. Therefore, as a
supplemental strategy to examine the efficacy of acetamin-
ophen in an ROS model, we also evaluated animals that
overexpress tyrosine hydroxylase (TH), the rate-limiting
enzyme in the production of DA. Overexpression of the
C. elegans CAT-2 gene product (the worm homolog for
TH) leads to neurodegeneration that progresses with time
as animals age [40], presumably leading to slower ROS
formation. Using the TH overexpression model, we treated
worms with varying concentrations of acetaminophen and
found that all concentrations tested significantly suppressed
TH-induced DA neurodegeneration [41].

Although a majority of studies conducted inC. elegans have
focused on α-syn models, recently LRRK2 neurodegenerative
worm models have also emerged [42, 43]. Significantly, data
on small molecule inhibitors of LRRK2 kinase activity and DA
neuron loss in C. eleganswere confirmed as attenuating neuro-
degeneration and PD-associated phenotypes in drosophila, as
well as both in vitro and in vivomammalianmodels of LRRK2-
induced neurodegeneration [43, 44].

C. elegans is also being used to investigate several poten-
tial environmental toxicants for their contribution to DA neu-
rodegeneration. Included in these studies is the evaluation of
exposures to manganese, uranium, methylmercury (MeHgCl),
select botanicals, and bacterially produced secondary metab-
olites [45–49]. Given the unmet need in understanding envi-
ronmental contributors to neurodegenerative diseases, the
mechanistic capacity, experimental accessibility, and limited
regulatory requirements surrounding invertebrate research
render C. elegans an attractive system for continued expan-
sion of molecular toxicological analyses.

These combined studies exemplify the manner by which C.
elegans can be exploited for mechanistic evaluation and vali-
dation of chemical modifiers of neurodegeneration. It is be-
lieved that chemical uptake occurs primarily through the
intestine, but absorption via the cuticle is speculated to occur
as well. In this regard, we examined the data gathered from a
few researchers who have calculated external versus internal
chemical concentrations in worms following chemical expo-
sures. Their data revealed vastly differing results for the fold
difference of chemical concentration between the external
environment and uptake in animals, whereby the external
concentration of different molecules ranged from 8× to 66×
more concentrated (Table 2) [50–52]. Amore in-depth analysis

was performed following MeHgCl exposure in C. elegans,
where it was demonstrated that the internal accumulation of
this chemical was dose-, developmental stage-, and time-
dependent [47]. Thus, the initial exposure parameters for a
given substance should be determined empirically. Often, if a
phenotypic effect is elicited, than it is assumed that the chem-
ical has been internalized. There are 2 common procedures for
exposing worms to chemicals. These include the addition of
compounds to the surface of solid agar media on a Petri dish,
whereby the animals are exposed by crawling on the surface of
the agar, or soaking worms directly in liquid media with
chemicals. Furthermore, the dosage of the chemical and the
time of administration will vary according to phenotypic re-
sponse. Importantly, C. elegans are also viable in low concen-
trations of several different solvents (ethyl acetate, ethanol,
methanol, and dimethyl sulfoxide), thus providing experimen-
tal flexibility. Therefore, variables, such as mode and time of
exposure, as well as solvent, make it difficult to form general-
ized guidelines for determining the amount of chemical re-
quired to be absorbed into nematodes and/or yield a response.

Although drug screening in C. elegans is an efficient start-
ing point for identification of drug targets, it does not supplant
mammalian translational studies. Chemicals must be validated
in cell culture and animal models, whereby these assays reca-
pitulate some aspects of the disease state under investigation.
As previously described, the external/internal concentration of
chemical exposure in worms is variable. A recent C. elegans
study, in which thousands of chemicals were screened, derived
a model for identifying chemical substructures with both in-
creased and decreased likelihood for bioaccumulation and
bioactivity in worms [53]. These guidelines are an important
resource for designing chemical libraries specifically suited for
screening in C. elegans.

However, if the chemical of interest does not possess the
optimal molecular scaffold for promoting bioavailability in C.
elegans, it still might result in a phenotypic response, albeit at
high concentrations. In these cases, the chemical concentra-
tions used in worm assays may not necessarily reflect an
accurate measure of efficacy in translational studies and
should be used as loose guidelines to initiate mammalian
studies. Additional problems related to translational dose re-
sponse analyses include differences in cell permeability, the
experimental time course (important for diseases of aging),
and sensitivity to solvents. A survey of a few worm-to-cell
culture translational studies reveals wide ranging fold

Table 2 Caenorhabditis ele-
gans displays variable internali-
zation of chemicals following
exposure

Chemical External concentration
used for exposure worm

Internal worm
concentration

Fold difference used in
worm experiments

Reference

LiCl2 10 mM 1.25 mM 8X [50]

Ethanol 400 mM 22 mM 18X [51]

Ethosuximide 2 mg/ml 30 μg/ml 66X [52]
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differences between these experimental systems, wherein 0.5×
to 160× chemical was used in the C. elegans studies (Table 3).
It should be noted, however, that in most of these studies, only
a single concentration of chemical was examined in either the
worm or cell culture experiments [26, 45, 54]. Thus, it is likely
that the minimum fold difference required for a biological
response is not accurately represented in these studies, nor
was it the goal for the cited literature. However, in the case of 1
such study [39], comparative dose response curves were per-
formed for both C. elegans and SH-SY5Y cells, and the study
revealed a 160-fold difference in the drug required for a
similar phenotypic response (Table 3).

Nevertheless, the limitations and caveats of the C. elegans
assays previously described are countered by savings in both
time and expense. Furthermore, conservedmetabolic pathways
and mechanisms can be further examined quickly using a host
of mutant strains (or RNAi) in combination with chemical
exposures, and these can be combined with microarray or
proteomic studies as well. In this regard, inclusion of C.
elegans models as in vivo assay systems in the drug discovery
process can provide an intermediate level of screening for lead
identification or optimization and functional analysis.

Dystonia

Dystonia is an inclusive term used to define a series of
clinically related disorders characterized by involuntary
muscle contractions affecting different areas, often twisting
parts of the body into abnormal movements or postures [55].
Mechanistic in-roads toward understanding and treatment of
dystonia have been limited, but significant progress has
been made on specific forms of the disorder. Most research
in animal models has focused on DYT1 or early onset
generalized torsion dystonia (EOTD), the most common
and severe heritable form of the disease, which is linked to
a single codon deletion within the gene encoding torsinA
[56]. The pathology of EOTD is poorly understood. There is
a lack of apparent cellular degeneration associated with the
neurological dysfunction of EOTD that complicates the
effort to search for molecular mechanisms contributing to

this disease. To circumvent this limitation, efforts have
focused on uncovering functions for torsinA and its poten-
tial implications in disease.

The absence of the dystonia-associated glutamic acid
(ΔE302) residue in torsinA results in the formation of aberrant
membranous inclusions and redistribution of the protein to the
nuclear envelope in neurons [57–59], thereby resulting in a net
loss of native torsinA function at the ER. Other studies have
implicated interactions between torsinA and cytoskeletal pro-
teins termed nesprins that mediate connections between the
nuclear envelope and cytoskeleton [60].

Human torsinA is a member of the large, structurally and
functionally diverse ATPases Associated with cellular Activ-
ity (AAA+) family of ATPase proteins [61]. These proteins
use energy released by ATP hydrolysis to remodel their target
substrates and are involved in processes that can be broadly
subclassified as having roles in microtubule binding/severing,
nondestructive recycling of proteins, or protein quality control
[62]. Torsins are an evolutionarily conserved subfamily of the
AAA+proteins, with orthologs across all sequenced inverte-
brate and mammalian genomes, which appear to have arisen
uniquely in metazoans. Unlike any other AAA+protein, how-
ever, the subcellular location of all characterized torsin homo-
logs, to date, is the lumen of the ER [63–65]. Significantly,
human fibroblasts from DYT1 patients also display a deficit
for the processing of proteins through the secretory pathway
[66].

Application of C. elegans to Dystonia Research

The gap in functional understanding of torsinA led to the
development of C. elegans models to evaluate torsin activity
in vivo. Initial studies in C. elegans on torsin-related proteins
were focused on an embryonically expressed, ER-localized
ortholog termed, OOC-5. C. elegans ooc-5mutants are defec-
tive for nuclear rotation and spindle positioning in early worm
embryogenesis [63, 67]. Evidence from in vitro biochemical
studies and transgenic nematodes expressing variants of
OOC-5 revealed that redox changes associated with intrinsic
disulfide bond formation appear to affect the binding of ATP
and ADP, and that mutants exhibit a low embryo hatch rate

Table 3 The amount of chemical required to elicit phenotypic responses in caenorhabditis elegans versus mammalian cells in comparable
experiments

Chemical Concentration used in
worm experiments

Concentration used in translational
mammalian experiments; cell type

Fold difference used in
worm experiments

Reference

Environmental sample: S.
venezuelae supernatant

2.5% 5%; SH-SY5Y cells 0.5× 45

3 compounds identified from
a high throughput yeast screen

~15 μM ~0.3-1.5 μM; rat primary neurons 10-50× 26

Ampicillin 0.5 mg/ml 6 μg/ml; human fibroblasts 83× 54

Bafilomycin B1 161 μM 1 nM; SH-SY5Y cells 160× 39
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compared with control animals [68]. Studies on another tor-
sinA ortholog that is neuronally expressed (TOR-2), as well as
ectopically expressed human torsinA, showed that torsin pro-
teins function in a neuroprotective capacity to combat cellular
stressors that induce oxidative damage (6-OHDA, overpro-
duction of DA), as well protein misfolding [40]. Overexpres-
sion of human torsinA, TOR-2, or OOC-5 in C. elegans also
reduced the aggregation of polyglutamine-repeat containing
proteins [69]. Interestingly, a physical association between
torsinA and the α-syn aggregates of Lewy bodies in PD
patients further suggests a role for the gene in misfolded
protein management [70]. This is further supported by co-
expression of worm TOR-2 ameliorating α-syn::GFP mis-
folding in the body wall muscles of C. elegans [14].

The absence of neurodegeneration in dystonia suggests that
more subtle causes of cellular dysfunction underlie the disease
state. Moreover, the fact that only 30 to 40% of DYT1 carriers
display symptoms is further indication that disease penetrance
is potentially an outcome of unknown environmental influen-
ces and/or cellular processes that are more stochastic in nature

[71]. Taken together, functional studies in C. elegans imply a
cellular role for torsinA as a potential redox-regulated protein
with chaperone-like activity. These data correlate with a hy-
pothesis whereby dystonia is a manifestation of a failure in a
torsinA-mediated mechanism that normally acts to maintain
homeostatic conditions of protein function in neurons.

To address this hypothesis, Chen et al. [72] generated sev-
eral transgenic nematode lines that expressed different variants
of human torsinA to evaluate their differential impact on ER
homeostasis and the unfolded protein response. These experi-
ments demonstrated that unaltered WT torsinA dramatically
attenuated ER stress induced by tunicamycin, whereas mutant
torsinA (ΔE) lost this cytoprotective property (Fig. 4a-d). Co-
expression of both WT and ΔE together resulted in a level of
ER stress equal to that of mutant expressed in the absence of
WT, in congruence with dysfunction exhibited by a dominant
negative loss-of-function. A structure function analysis of tor-
sinA in C. elegans further delineated that the stress alleviating
activity of torsinAwas limited to isoforms predicted to localize
at the ER. Importantly, through the use of mouse embryonic

Fig. 4 TorsinA-mediated response to endoplasmic reticulum (ER)
stress. (a-c) Fluorescent micrographs depicting Caenorhabditis elegans
strains expressing the ER stress reporter hsp-4::green fluorescent pro-
tein (GFP) alone (a), with wild-type (WT) torsinA (b), or with mutant
torsinA (ΔE) (c). (d) Transgenic C. elegans expressing no torsinA
(hsp-4::GFP alone), or overexpressing torsinA (ΔE), or WT/ΔE tor-
sinA have a statistically enhanced ER stress response (based on GFP
pixel intensities) compared to C. elegans overexpressing WT torsinA,
in which the ER stress response is significantly reduced. These data
were validated in mouse embryonic fibroblasts (MEFs) isolated from
WT (+/+) or torsinA knockout animals (-/-) whereby the absence of
endogenous torsinA increases ER stress response ([from dithiothreitol
(DTT) or tunicamycin]) in torsinA -/- MEFs [72]. (e) WT torsinA also
reduces the ER stress response resulting from co-expression of mutant

cystic fibrosis transmembrane conductance regulator (CFTR Δ508).
Likewise, in a comparison of the ER stress response between DYT1
patient fibroblasts (WT/ΔE) and control fibroblasts (WT), the patient
cells are more sensitive to ER stress [73]. (f) Human genetic studies
have shown that individuals who carry the torsinA (ΔE) allele are far
more likely to be nonmanifesting carriers if they also have a polymor-
phism at position 216 that is protective in trans (216H) and individuals
with the D216 allele are far more likely to show the symptoms of
DYT1 dystonia [74]. In C. elegans, co-overexpression of the protective
216H and the mutant ΔE form of torsinA result in significantly
reduced ER stress response compared to ΔE alone is similar to WT
torsinA [72]. Conversely, significantly enhanced ER stress is observed
following co-expression of D216 and ΔE torsinA [72]
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fibroblasts (MEFs) isolated from torsinA knockout mice, it was
further demonstrated that the loss of endogenous torsinA leads
to increased sensitivity to ER stress (Fig. 4d). These data were
extended by a subsequent report showing that torsinA associ-
ates with components of the ER-associated degradation path-
way, facilitating processing and selective degradation of
improperly folded proteins, including the mutant cystic fibrosis
transmembrane conductance regulator (CFTR) protein
(Fig. 4d) [73].

C. elegans Bioassays for Genetic and Chemical Modifiers of
TorsinA Activity are Predictive

Human genetic analyses by Risch et al. [74] showed that that a
“protective” polymorphism in torsinA (D216H) was found at
a higher frequency in nonmanifesting DYT1 carriers, and was
decreased in affected DYT1 dystonia patients, when carried in
trans to the ΔE allele [74]. In this context, combinations of
transgenic C. elegans engineered to simulate these clinically
relevant genetic modifiers of disease susceptibility for EOTD
exhibited a direct functional concordance to changes in ER
stress response [72]. As the value of any animal model is the
means by which it recapitulates the human disease state at
either a phenotypic and/or functional level, these collective
results indicate that ER-associatedC. elegans assays function-
ally mirror the disease modifying impact of dystonia-related
mutations (Fig. 4d).

Key to such studies is the ability to generate multiple
lines of isogeneic nematodes carrying human transgene
variants that facilitate a comprehensive functional and quan-
titative evaluation of torsinA activity in significant numbers
of animals. This advantage of C. elegans research can also
facilitate systematic drug discovery efforts in distinct genet-
ic backgrounds. Cao et al. [54] reported results of a C.
elegans-based small molecule screen to identify compounds
that modulate the chaperone-like activity of torsinA. Using
multiple transgenic lines and thousands of animals, molecules
that selectively altered the activity of WT versus ΔE torsinA
with statistically substantial effect could be delineated; this
facilitated prioritization for downstream experimentation in
mammalian models. Strikingly, one compound, ampicillin,
was shown to restore functional capacity of torsinA to human
DYT1 dystonia patient fibroblasts defective in protein pro-
cessing. Administration of this drug also reversed behavioral
abnormalities in a DYT1 knock-in mouse model of EOTD
[54, 75]. Although an antibiotic is not ideal for chronic dosing
regimens in dystonia, the identification of a compound that
selectively modifies torsinA activity across multiple cellular
and organismal models represents a significant molecular lead
toward novel treatment alternatives. Beyond this example of
the predictive nature ofC. elegans, the wormmodel represents
both an expeditious and cost-effective bottleneck in the trans-
lational path.

Conclusion

Here we have outlined distinct facets of C. elegans models
that have provided significant insights into how specific
disease-related proteins contribute to the dysfunction associ-
ated with Parkinson’s disease and dystonia. Pioneering tech-
nical advances, such as RNAi and GFP, generated as an
outcome of basic science using C. elegans, have already
enhanced translational studies in various systems and repre-
sent the powerful promise of the nematode system. Screens
for genetic and chemical modifiers of disease-associated phe-
notypic readouts inC. elegansmay provide further insights or
therapeutic leads for movement disorders. Finally, as genomic
studies continue to expand the informational database of
human genetic variation, the integrated application of worm-
based assays to discern the functional significance of specific
genetic changes has the promise of substantially accelerating
our understanding of disease mechanism and susceptibility.
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