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BACKGROUND: A common link has been exposed, namely, that metal exposure plays a role in obesity
and in Parkinson’s disease (PD). This link may help to elucidate mechanisms of neurotoxicity.

OBJECTIVE: We reviewed the utility of the nematode, Caenorhabditis elegans, as a model organism to
study neurodegeneration in obesity and Parkinson’s disease (PD), with an emphasis on the neuro-
transmitter, dopamine (DA).

DATA SOURCES: A PubMed literature search was performed using the terms “obesity” and any of the
following: “C. elegans,” “central nervous system,” “neurodegeneration,” “heavy metals,” “dopamine”
or “Parkinson’s disease.” We reviewed the identified studies, including others cited therein, to sum-
marize the current evidence of neurodegeneration in obesity and PD, with an emphasis on studies
carried out in C. elegans and environmental toxins in the etiology of both diseases.

DATA EXTRACTION AND DATA SYNTHESIS: Heavy metals and DA have both been linked to diet-
induced obesity, which has led to the notion that the mechanism of environmentally induced
neurodegeneration in PD may also apply to obesity. C. elegans has been instrumental in expanding
our mechanism-based knowledge of PD, and this species is emerging as a good model of obesity.
With well-established toxicity and neurogenetic assays, it is now feasible to explore the putative link
between metal- and chemical-induced neurodegeneration.

CONCLUSIONS: One side effect of an aging population is an increase in the prevalence of obesity,
metabolic disorders, and neurodegenerative orders, diseases that are likely to co-occur. Environmental
toxins, especially heavy metals, may prove to be a previously neglected part of the puzzle.
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Obesity is defined as the abnormal or excessive
accumulation of fat that presents a risk to
health. Globally there are more than 300
million adults who are obese [World Health
Organization (WHO) 2010] and 42 million
children who are overweight (WHO 2010).
Obesity is caused by a complex interplay of
multiple factors (environmental and genetic)
that can be ascribed to an imbalance in energy
homeostasis under the control of the central
nervous system. Although evidence for a role
of the hypothalamus in obesity was derived
from lesion experiments conducted > 50 years
ago (Kennedy 1953), many gaps still remain
in our knowledge of hypothalamic fat regu-
lation. Recent evidence has implicated obe-
sity in conferring a greater susceptibility to
the adverse effects of environmental exposure
(Chung and Yoon 2008). Conversely, there
is evidence to suggest that the neuronal dam-
age caused by environmental exposure can
induce obesity (Edwards and Myers 2008). In
the past, obesity as a result of environmental
exposure was largely overlooked because of
the commonly held belief that increases in
obesity after the industrial revolution were due
solely to changes in eating habits. However,
concurrent with the industrial revolution was
the mobilization of and increased exposure
to heavy metals such as lead and mercury
(Hg). To our knowledge, no epidemiological
studies have provided a direct link between
heavy metal exposure and obesity in humans.

20

However, circumstantial evidence was offered
by Turunen et al. (2008) who identified a
correlation between high fish consumption,
increased concentrations of environmental
toxins in serum, and increased obesity.
Furthermore, epidemiological evidence has
suggested that obesity increases the suscepti-
bility of fine metal particulate—induced cardio-
vascular effects (Chen et al. 2007). Because the
intricate dissection of the underlying mecha-
nisms within complex mammalian systems
can be challenging, scientists have found that
using simple eukaryotic invertebrate models,
such as the nematode Caenorhabditis elegans,
have proved to be tangible alternatives (Lant
and Storey 2010).

C. elegans—general concepts. C. elegans
is a small, free-living, soil-dwelling nematode
that requires a humid environment, atmo-
spheric oxygen, and bacteria as a food source
(Byerly et al. 1976). C. elegans is predomi-
nantly a self-fertilizing hermaphrodite (and
thus in essence clonal), has a short life span of
approximately 18-20 days, a rapid generation
time (3 days at 22°C), and a large brood size
(around 300 progeny per hermaphrodite). Its
transparency allows the noninvasive visualiza-
tion of cellular structures and green fluorescent
protein (GFP)-tagged transcripts and proteins,
even within single neurons. All neurons and
synapses develop stereotypically and have been
mapped by 3-dimensional reconstruction of
transmission electron microscopy (TEM) serial

sections (White et al. 1986). Furthermore, the
genome of C. elegans has been fully sequenced
and is highly conserved with that of mammals
(60-80% homology) (C. elegans Sequencing
Consortium 1998). Because of the detailed
knowledge of its genomic architecture and the
ease of genetic manipulation, scientists have
generated thousands of knockout alleles and
transgenic strains that has permitted detailed
analyses of mechanistic neurotoxicology.

The nervous system is the most complex
organ in C. elegans. The hermaphrodite com-
prises 302 nerve cells and 56 epithelioglial
cells, which together equate to 37% of all
somatic cells (Bargmann 1998). Nerve cells
are concentrated in the circum-pharyngeal
nerve ring in the ventral nerve cord and in
the tail, with most of the sensory neurons
located in the head region. A male C. elegans
(a rare sex, with a frequency of 0.5%) has
89 additional neurons, most of which are
posterior sensory and motor neurons (Sulston
and Horvitz 1977; Sulston et al. 1980) that
are implicated in male mating behavior
(Whittaker and Sternberg 2009). The worm
contains neurotransmitters inherent in the
mammalian nervous system, including sero-
tonin, dopamine (DA), y-aminobutyric acid
(GABA), glutamate, and acetylcholine, as
well as numerous neuropeptides (Bargmann
1998). Neurotransmitter-specific transport-
ers (membrane and vesicular) and receptors
(including G-protein coupled) are also highly
conserved with their mammalian counterparts
(Bargmann 1998). The C. elegans nervous sys-
tem is responsible for the control of all basic
functions in the worm, and it regulates devel-
opment, feeding, movement, metabolism, and
reproduction (Chatterjee and Sinha 2008;
Rankin 2002). Accordingly, alterations in any
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neurotransmitter system cause disturbances
in specific functions commensurate with the
affected type of neuron. Consequently, C. ele-
gans is well recognized for its utility as an
animal model for deciphering mechanisms of
neurodegeneration.

This review aims to provide an authorita-
tive overview demonstrating how C. elegans
can be exploited as a model to study obe-
sity and neurodegeneration, with a particular
focus on environmental toxins and their role
within the dopaminergic system. First, we
describe the use of C. elegans as a model of
obesity and the parallels to mammalian feed-
ing and fat regulation. Next, we highlight
the evidence of neurodegeneration in obesity
and the impact of obesity on neurodegenera-
tion. We then examine how the nematode has
been used to study neurodegeneration in the
Parkinson’s disease (PD) model using DA as
the main neurotransmitter. Finally, we inves-
tigate the effects of heavy metals and chemi-
cals on neuronal degeneration.

C. elegans—the plus-size model. Although
the nematode has long served as a model
organism for a range of diseases, only recently
has this species been considered relevant
to obesity research. In 2003, Ashrafi et al.
(2003) and McKay et al. (2003) indepen-
dently described C. elegans as a useful model
for gaining insights into the genetics of fat
regulation. The advantage of having the fully
sequenced C. elegans genome has permitted
the identification of numerous genes encod-
ing regulators of fat storage and transport
as well as neuroendocrine regulators of fat
and food-related behaviors, many of which
have mammalian homologs (Mullaney and
Ashrafi 2009). The core metabolic processes
governing fat regulation are highly conserved,
as is the lipid content of nematodes, which
occurs primarily in the form of triglycerides,
the major form of fat in foods (Ashrafi 2007;
Burnell et al. 2005; Holt and Riddle 2003;
McKay et al. 2003; Van Gilst et al. 2005;
Wang and Kim 2003). As in mammals, fat
levels in the nematode increase as a result of
excess calories from sugars such as fructose
and glucose, and the mechanism of this fat
accumulation and utilization is regulated by
a variety of well-preserved, albeit complex,
transcriptional, translational, and posttrans-
lational regulatory systems (Nomura et al.
2009) (Figure 1).

Despite these overwhelming analogies,
there are some differences in worm fat regula-
tion that arguably could be considered dis-
advantages. However, when treated correctly,
these differences can be powerful tools in
unraveling unique aspects of fat metabolism.
For example, C. elegans are able to synthesize
polyunsaturated fatty acids (PUFAs), whereas
mammals must obtain these fats from their
diet as essential fatty acids. This difference
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renders it possible to easily examine the roles
of PUFAs through the use of genetic deletion
techniques and separately from the complex
signaling pathways activated by eicosanoids
(derivatives of 20-carbon PUFAs involved in
many processes, particularly the inflammatory
response) in pathways not conserved in the
nematode (Marza and Lesa 2006). Another
striking difference between C. elegans and
mammals is that the intestinal cells of worms
serve as sites both of fat storage and metabo-
lism, whereas mammals have dedicated adi-
pocytes that store fat. In mammals, leptin
secretion by adipocytes increases in response
to excessive energy intake and acts on both
appetite and peripheral tissues (Halaas et al.
1995; Shimabukuro et al. 1997). The lack of
adipocytes and leptin in worms removes one
of the complex layers involved in the central-
ized control of fat metabolism, thus making it
easier to reveal the other conserved and under-
lying mechanisms of control. In addition, it
has recently been demonstrated that Nile red
staining of fat, a technique used to stain live
worms and to ascribe a fat regulation role to
> 400 genes, does not stain the major lipid
stores in the worm (Ashrafi 2007; O’Rourke
et al. 2009). Rather, the Nile red technique

stains fats stored in lysosomal vesicles. It is
therefore not representative of fixative stain-
ing techniques such as Sudan black and Oil
Red O, which better represent results from
biochemical analysis methods such as gas
chromatography-mass spectrometry or visuali-
zation using coherent anti-stokes Raman
scattering (Hellerer et al. 2007; O’Rourke
et al. 2009). Although lipid accumulation
in lysosomes is an important part of lipid
metabolism and has a role in the pathology of
diseases such as Tay Sachs and Niemann Pick,
the data can be misleading if used incorrectly,
that is, assuming that lipid accumulation is
a measure of major fat storage, which can
easily lead to numerous misinterpretations.
Nonetheless, such lipid storage may be more
important in worms because of the lack of
adipocytes; hence, lysosomal staining should
not be overlooked.

Neuronal regulation of feeding. The nema-
tode feeds continuously, but the feeding rate
is not passive. Rather, it is modulated by food
availability that is detected by the central ner-
vous system. Similar to mammalian regulation
of feeding, serotonin signaling in the worm
plays an integral, albeit paradoxical, role. In
mammals, both the rates of feeding and fat
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o Serotonin and tyramine signaling regulates feeding and fat.
g Insulin signaling regulates metabolism.
o Germline signals regulate insulin signaling.

@ Tub-1and BBS expressed in ciliated neurons regulate metabolism and are associated with serotonin signaling.

G Dopamine modulates locomotion and feeding proposed to signal a state of hunger.

Figure 1. Neuronal control of feeding behavior and fat regulation in the nematode. Some of the neurons in
the head region are exposed to the environment and integrate nutritional signals (olfactory, gustatory, and
chemosensory) to coordinate numerous peripheral responses such as fat metabolism and reproduction.
Peripheral sites of fat regulation are also able to feed back to the neurons to promote or inhibit neuro-
endocrine signals in neurons and peripheral sites. Colors of neurons in the nematode are matched to the
key neurons annotated in the colored boxes. The question mark (1) indicates an unconfirmed hypothetical
link. ADE indicates the anterior deirid; ADF, ADL, ASE, ASG, ASH, ASI, ASJ, and ASK are chemosensory neu-
rons; AWA, AWB, and AWC are odorsensory neurons; BBS is a neuronally expressed gene associated with
both adult and childhood obesity; PDE indicates the posterior deirid; and tub-1 is isoform 1 of Tubby protein
homolog. Adapted from Inglis et al. (2006) and Mak et al. (2006).
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accumulation increase when serotonin levels
are elevated. However, in C. elegans, increased
serotonin signaling results in the reduction
of fat accumulation while counterintuitively
augmenting the feeding rate (Srinivasan et al.
2008). Although the ability of serotonin to
control satiety and fat accumulation by two
independent pathways is presented as a dis-
tinct feature of nematodes, evidence suggests
that similar mechanisms also exist in mamma-
lian systems. For example, tubby mutants in
mice and nematodes (tubby and tub-1, respec-
tively) display adult-onset obesity without
exhibiting hyperphagia (Coyle et al. 2008;
Mukhopadhyay et al. 2005). Because there
is evidence that the Tubby protein can inter-
act with G-coupled receptors, including the
5-HT2c (serotonin) receptor (Santagata et al.
2001), it is conceivable that there is a similar
mechanism of independent fat and feeding
regulation by serotonin that has yet to be fully
revealed in mammals. This tubby model of
obesity is different from that of 06/0b or db/db
mice, mutant strains that follow the increased
feeding and increased fat accumulation pat-
tern (Campfield et al. 1995; Trayhurn and
Fuller 1980). If such distinct mechanisms
were found to occur in mammals, potential
therapies that were independent of feeding
habits could be targeted for further research.
These therapeutic techniques, if effective,
could prove to be particularly valuable in the
treatment of obesity, especially considering
the poor reputation of appetite-suppressing
drugs (Williams 2010).

Satiety and hunger play important roles
and together constitute the cornerstone for
the prevention and treatment of obesity.
Behavior reminiscent of satiety and hunger
has also been identified in C. elegans. Under
certain conditions, the nematode stops feed-
ing and moving, a behavior termed “quies-
cence.” Because quiescence is dependent on
food quality, nutritional signals from the
intestine, and prior feeding history, quies-
cence is thought to indicate a state of satiety
regulated by cyclic guanosine monophosphate
and transforming growth factor B (TGF-f)
(You et al. 2008), pathways whose functions
in appetite control and metabolism have not
yet been elucidated in mammals. However,
TGE-B has also been shown to be elevated
in the obese mouse models, 06/0b and db/db,
which display increased feeding and obese
phenotypes (Samad et al. 1997), thus suggest-
ing a similar role for TGF- in the appetite
regulation of mammals.

In C. elegans, serotonin and tyramine
are believed to act as signals for hunger; the
latter modulates feeding and is a functional
counterpart of norepinephrine (Roeder
2005). Tyramine signaling elicits increased
food intake in the worm, a behavior normally
caused by food deprivation. In the worm, as
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well as in mammals, the role of the neuro-
transmitters serotonin and norepinephrine has
been explored, and targets for therapy have
been attempted. However, the role of DA has
only recently emerged in mammals, and few
studies describe its role in obesity pathways.
In C. elegans, DA is best known for medi-
ating the slowing of movement that occurs
when the animal encounters food, a behavior
termed the “basal slowing response” (Sawin
et al. 2000). DA is hypothesized to be released
in response to food, and it acts on motor
neurons to modulate the movement of the
nematode (Chase and Koelle 2007). A recent
study has shown that increasing DA signal-
ing stimulated movement in daf2 dauers and
dauerlike adults, but not in nondauer animals,
thus suggesting that the reduction in insulin/
insulin-like growth factor (IGF)-1 signaling
is able to modulate the response of the ani-
mals to DA (Gaglia and Kenyon 2009). This
altered response to DA is mediated in part
by increased DAF-16/FOXO transcriptional
activity in the nervous system. The notion that
the insulin/IGF-1 signaling pathway can alter
the activity of the DA pathway in C. elegans
is compatible with the emerging idea that,
in the mammalian brain, hormonal signals
involved in energy balance, including insulin,
can affect the DA reward pathway to modu-
late feeding behavior (Figlewicz et al. 2007).
Food-restricted animals, which have lower
circulating insulin levels, behave as though
they have elevated DA signaling. This is analo-
gous to norepinephrine in mammals, which,
at levels of excess, mimics the perception of
hunger (Figlewicz et al. 2007; Palmiter 2007).
However, the mechanism by which insulin
signaling acts at the cellular level to influence
DA signaling remains unclear.
Neurodegeneration and obesity—the
chicken or the egg? Because neuronal control
is the central component of fat regulation,
it is logical to assume that the integrity of
this system (i.e., the functional components
such as neurons) is of equal importance in
maintaining energy homeostasis. In higher
vertebrates, gross abnormalities in the brain
structure and architecture, particularly in the
frontal lobe, have been associated with obesity
(Pannacciulli et al. 2006; Taki et al. 2008;
Ward et al. 2005). Although it is unlikely
that obesity is directly responsible for brain
atrophy, there are several lines of evidence
in mammals that demonstrate an association
between increased adiposity and exacerbated
neurodegeneration resulting from chemical
induction as well as from Alzheimer’s dis-
ease (Chen and Lipton 2006; Moroz et al.
2008; Sriram et al. 2002). For example,
Moroz et al. (2008) found that feeding a
high-fat diet to mice for 16 weeks caused
an increase in body weight in conjunction
with type 2 diabetes (a common comorbidity

of obesity) and a marginally reduced brain
weight. Interestingly, however, these find-
ings were associated with significantly
increased levels of several substrates including
tau, which is part of the pathology of many
neurodegenerative diseases (Moroz et al.
2008). Another study by Sriram et al. (2002)
used the neurotoxicant methamphetamine
(METH), a well-characterized dopaminergic
neurotoxicant that causes a marked decrease
in striatal DA, tyrosine hydroxylase (TH),
and DA transporter binding sites (Deng and
Cadet 1999; Kogan et al. 1976; Sonsalla et al.
1989) to mimic some key features associated
with the pathogenesis of PD. Their data indi-
cated that the neurotoxic effects of METH
in lean mice (decreased striatal DA and TH
protein as well as an increase in glial fibrillary
acidic protein) were exaggerated in the obese
mice, thus implicating obesity as a risk factor
for susceptibility to neurotoxic insult (Sriram
et al. 2002). Furthermore, the administration
of METH resulted in mortality in 06/0b mice
but not in their lean littermates. In addition,
the administration of METH resulted in the
upregulation of the mitochondrial uncoupling
protein-2 to a greater extent in the 06/06 mice
than in the lean mice. This effect is known to
reduce adenosine-5’-triphosphate (ATP) yield
and to facilitate oxidative stress and mitochon-
drial dysfunction. In summary, the results
implicate obesity as a risk factor associated
with chemical- and possibly disease-induced
neurodegeneration (Sriram et al. 2002).
Although neurodegeneration can easily
be visualized in C. elegans by labeling neu-
rons with fluorescent markers such as
FITC (fluorescein isothiocyanate), Dil
(1,1’-dioctadecyl-3,3,3",3",-tetramethylindo-
carbocyanine perchlorate), DiO (3,3 -diocta-
decyloxa carbocyanine perchlorate), and DiD
(1,1"-dioctadecyl-3,3,3",3"-tetramethyl-
indodicarbocyanine perchlorate) (Tong and
Burglin 2010), the direct role of adiposity on
neurodegeneration has not been explored to
date. Nevertheless, many conserved pathways
relevant to obesity as well as neuronal cell
death are present in the nematode, such as the
p38 mitogen-activated protein kinase (Heida
et al. 2010) and AKT signaling cascades, the
ubiquitin-proteasome pathway (Doherty
et al. 2008), and the oxidative stress response
(Uttara et al. 2009), all of which have been
found to cause neuronal injuries in the worm
(Ayyadevara et al. 2008; Gami et al. 2006;
Grad and Lemire 2004; Inoue et al. 2005;
Tullet et al. 2008). In addition, it has been
reported that obese humans and rodents dis-
play increased adipocyte apoptosis; further,
apoptosis has been implicated in many neuro-
degenerative diseases including PD (Bharathi
et al. 2006; Hirata 2002; Koh 2001; Ong and
Farooqui 2005). The PD model for obesity in
worms exhibits polyQ aggregation, which has
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been found to be toxic to neurons in worms, an
effect similar to that in mammals. Additionally,
in worms as in mammals, polyQ aggregation
has been shown to be mediated by daf"16 and
the insulin-signaling pathway (another impor-
tant pathway in obesity) (Voisine et al. 2007).

These findings support the notion that
an environment of obesity aggravates neuro-
degeneration. However, there is evidence to
suggest that the reverse is also true, that is,
that neurodegeneration may lead to obesity.
Examples of this include genes such as Ubb
and tubby, which are both expressed in cili-
ated neurons. Noben-Trauth et al. (1996)
and Ryu et al. (2008) found that defects in
each of these genes lead to adult-onset obe-
sity in mammals. Benzinou et al. (2006)
found that another neuronally expressed gene,
BBS, is associated with both adult and child-
hood obesity. Because the neurodegenera-
tion occurs prior to the obese phenotype, it is
likely that neuronal control of fat regulation is
disrupted and leads to energy imbalance, thus
resulting in adult-onset obesity, as opposed to
the early-onset obesity exhibited by models
such as ob and db. The worm has homologs
of these three genes expressed in the ciliated
neurons. These homologs show altered fat
accumulation and altered longevity under cer-
tain conditions (Aitlhadj and Stiirzenbaum
20105 Ashrafi et al. 2003; Mukhopadhyay
et al. 2005; Pan et al. 2005). A partial list of
neuronally expressed genes associated with
increased fat accumulation when mutated
is presented in Table 1. Regardless of the
direction or initiation of obesity and neuro-
degeneration (cause or consequence), both
conditions result in altered levels of neuro-
transmitters such as serotonin, DA, and nor-
epinephrine which can cause neurotoxicity
(e.g., serotonin syndrome), a vicious cycle
that extends beyond both conditions and has
far-reaching knock-on effects. The alteration
of neurotransmitter levels results in disease
phenotypes in both worms and mammals
(Donohoe et al. 2006; Hapiak et al. 2009;
Holson et al. 1994). In addition, the chronic
elevation of serotonin signaling in the hypo-
thalamus induces peripheral insulin resistance,
consequently causing obesity in mammals
(Belsare et al. 2010).

Despite evidence linking obesity to neuro-
degeneration, the relationship between these
two conditions has become the focus of explor-
ative research only recently; therefore, the
underlying mechanisms remain unidentified.
However, the role of the neurotransmitter
DA is beginning to emerge. The next section
aims to review our current knowledge regard-
ing neurodegeneration in the PD nematode
model and to demonstrate how this informa-
tion can be used to help unravel the mecha-
nisms underlying the neurodegeneration
observed in obesity.
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C. elegans in Parkinson’s disease. PD is
characterized by the progressive loss of dop-
aminergic neurons and manifests as muscle
rigidity, tremors, and bradykinesia. PD affects
DA-producing neurons in the brain, and the
central tenet regarding the pathology of this
disease holds that the loss of these neurons
induces the symptoms of PD. DA is associated
with motor activity and feelings of reward.
However, recent evidence has highlighted
that norepinephrine neurons also play a role
in the etiology of PD. Norepinephrine is a
neurotransmitter that controls attentiveness,
emotions, sleeping, dreaming, and learning,
but also acts as a hormone to increase heart
rate and blood pressure, trigger the release of
glucose and fatty acids from energy stores,
and open up the air passages to the lungs.
Although the precise etiology of the vast
majority of PD cases remains elusive, it has
been hypothesized that genetic and environ-
mental factors are the causative denomina-
tors of the observed neurodegeneration. The
C. elegans nervous system is limited to a mere
302 neurons. However, the diversity of classi-
cal neurotransmitters and neuropeptides is
comparable to that of a vertebrate nervous
system. The worm synthesizes DA and octo-
pamine, the latter of which is a neurotrans-
mitter considered to be an invertebrate
counterpart to norepinephrine (Roeder 2005).
Exogenous octopamine inhibits egg laying
and pharyngeal pumping and acts antagonis-
tically to serotonin, which stimulates pharyn-
geal pumping and egg laying (Horvitz et al.
1982; Niacaris and Avery 2003). The field of
research exploring octopamine-driven neuro-
toxicity in C. elegans is still in its infancy, but
a significant volume of work has focused on
DA in PD.

Parkinson’s disease genes. Studies with
C. elegans orthologs of human genes linked
to familial PD have led to novel insights
into DAergic neurodegeneration. The worm
genome encodes genes for Parkin, PARK 9,
UCHL-1 (ubiquitin carboxy-terminal hydro-
lase L1), DJ-1, NURRI (NUR-related fac-
tor 1), PINKI (PTEN-induced kinase 1),
and LRRK2 (leucine-rich repeat kinase 2),
but notably lacks o-synuclein (Benedetto
et al. 2009; Gitler et al. 2009; Hamamichi

et al. 2008; Sakaguchi-Nakashima et al.
2007; Samann et al. 2009; Ved et al. 2005).
o-synuclein is a polypeptide with a propensity
toward intracellular accumulation into inclu-
sions referred to as Lewy bodies, which have
been invoked as initiators of PD (Singleton
et al. 2003). In C. elegans, overexpression of
human o-synuclein causes significant loss of
DAergic neurons (Hamamichi et al. 2008;
Lakso et al. 2003). High-throughput RNAi-
based screening in C. elegans revealed five
neuroprotective genes that affect o-synuclein
aggregation. The gene products include an
ubiquitin-activating E1 enzymelike protein
and a protein involved in lysosomal trafficking,
VPS41. Notably, overexpression of VPS41 was
shown to cause decreased Oi-synuclein aggrega-
tion and protection from DAergic degener-
ation induced by o-synuclein (Hamamichi
et al. 2008). Further studies investigating
the neuroprotective effect of VPS41 against
o-synuclein—induced DAergic degeneration
demonstrated that the protein acts by reducing
cell death, attenuating the apoptotic cascade,
and reducing the accumulation of detergent-
insoluble, high-molecular-weight forms of
o-synuclein (Ruan et al. 2010). Interestingly,
the levels of a-synuclein are also relevant to
obesity, as increased O-synuclein is reportedly
consistent with increased leptin and obesity
(Oort et al. 2008).

Several scientists have demonstrated that
the genetic modulation of parkin (pdr-1),
dj-1, pink-1, and Irk-1 (the gene that encodes
LRRK2) disrupts mitochondrial function
in C. elegans (Samann et al. 2009; Ved et al.
2005). This mitochondrial dysfunction is
believed to play a role in triggering DAergic
degeneration. For example, Ved et al. (2005)
showed that the loss of function of dj-1
caused a decrease in oxygen consumption and
survival after exposure to rotenone—effects
that were reverted by antioxidants. Similarly,
pink-1 knockout resulted in reduced mito-
chondrial cristae length in muscle and neu-
ronal cells and defects in axonal outgrowth
of a pair of canal-associated neurons, whereas
lrk-1 (trm1898) mutants displayed an aber-
rant axon pathfinding (Samann et al. 2009).
Of particular importance, this same study
demonstrated an antagonistic role of PINK-1

Table 1. Partial list of neuronally expressed mutant alleles that exhibit increased fat accumulation.

Gene Human ortholog Neuronal expression
rpy-1 Isoform 1 of 43 kDa receptor-associated protein of the synapse DA, VD, AS, VB, DB
glr-7 Glutamate receptor, ionotropic, kainate 3, isoform CRA_a 13,12, 16, MI, NSM, 11
try-10 Chymotrypsin-like elastase family member 1 Amphids and phasmids
nhr-178 Isoform 2 of Nuclear receptor subfamily 2 group C member 1 Amphids and phasmids
acs-2 Long-chain fatty acid acyl-CoA ligase Several neurons
uvt-6 Somatostatin receptor type 4 Head and tail neurons
104C9.1 Rho GTPase-activating protein 10 Head and tail neurons
tub-1 Isoform 1 of Tubby protein homolog ASI, ADL, ASK, AWB, ASH,
ASJ, PHA and PHB and PDE
bbs-1 Isoform 2 of Bardet-Bied| syndrome 1 protein Head and tail neurons and

mid-body PDE
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and LRRK-2 in cellular functions. Samann
et al. (2009) demonstrated that mutations in
both genes suppress the phenotypic effects
observed in the respective single mutants.
Furthermore, parkin (pdr-1) deletion caused
reduced levels of high-molecular-weight
ubiquitin conjugates. This represents the first
in vivo evidence that loss of a parkin homolog
affects the ubiquitin proteasome system
(UPS), effects that could not be observed in
the mouse and Drosophila models (Ved et al.
2005). The UPS is the major route through
which intracellular proteolysis is regulated.
Reduced levels of ubiquitin have also been
observed in obese patients (Chang et al.
2009), thus lending support to the notion
that features of neurodegeneration are appar-
ent in the obese. Taken together, these studies
demonstrate that neurotoxicity studies at the
genetic level in C. elegans are tremendously
valuable in deciphering mechanisms that
underlie mammalian DAergic degeneration.
The dopaminergic system. DA and nor-
epinephrine are monoamine neurotransmitters
and are derived from tyrosine. In mammals,
DA is produced by the conversion of the
amino acid, tyrosine, to 1-dihydroxyphenyl-
alanine (I-DOPA), a reaction mediated by
TH, followed by I-DOPA metabolism to DA
by the aromatic amino acid decarboxylase
(AADC). Cytosolic DA is rapidly packaged
into synaptic vesicles by a vesicular mono-
amine transporter (VMAT), where DA is
stored and secreted upon neuronal depolariza-
tion. After exocytosis to the synaptic cleft, DA
binds to its pre- and postsynaptic receptors
(D1-D5). The DAergic signal is terminated by
presynaptic reuptake, which is mediated by the
dopamine transporter (DAT), followed by its
inactivation by monoamine oxidase (MAO) or
the catechol-O-methyl transferase. In a parallel
pathway, DA can also be converted to nor-
epinephrine by DOPA B-hydroxylase, which

binds to the adrenergic receptors a1, B1, and
B2. The norepinephrine signal is terminated
by presynaptic reuptake, which is mediated by
the norepinephrine transporter, followed by
inactivation by MAO.

DA modulates movement, defecation,
egg laying, and food sensation in the worm
(Schafer and Kenyon 1995; Weinshenker
etal. 1995). It was initially detected by means
of formaldehyde-induced fluorescence in eight
sensory neurons of the hermaphrodite adult:
four cephalic (CEP) neurons, two anterior
deirid (ADE), and two posterior deirid (PDE)
neurons (Sulston et al. 1975) (Figure 2).
Additional neurons were noted in the male
nematode, specifically in six rays of the male
tail, referred to as the R5A, R7A, and R9A
pairs of neurons. All of these neurons are
believed to be mechanosensory, and the abla-
tion of these cells causes defects in the ability
of the animal to sense or respond to environ-
mental changes (Duerr et al. 1999; Hills et al.
2004; Sawin et al. 2000). The presence of
DA, including its precursors and metabolites,
has been confirmed in C. elegans extracts by
chromatography and spectroscopy (Wintle
and Van Tol 2001), demonstrating that DA
levels in synaptic vesicles are remarkably simi-
lar to those in mammalian neurons (Rand
et al. 1998). Furthermore, the full requisite
machinery for DA synthesis, storage, release,
transport, and binding in C. elegans has been
uncovered and systematically characterized
(McDonald et al. 2006; Weinshenker et al.
1995; Wintle and Van Tol 2001). Given the
parallels in DAergic homeostasis between
C. elegans and mammals, the nematode has
proved an invaluable model system for under-
standing human diseases that implicate abnor-
malities in DAergic function.

C. elegans forward genetics have high-
lighted several genes that encode proteins
associated with DAergic function. The first

Figure 2. Pdat-1: GFP (green fluorescent protein) expression in the DAergic head neurons in C. elegans.
Bar scale represents 50 pM.
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DA-related loss-of-function mutation identi-
fied affected cat-1, a gene with 47% and 49%
homology to human VMAT-1 and VMAT-2,
respectively (Duerr et al. 1999). Car-2 is the
C. elegans homolog of mammalian TH, and
it is expressed in all DAergic neurons, as
demonstrated by a GFP construct fused to the
cat-2 promoter (Lints and Emmons 1999).
An aromatic AADC homolog (bas-1) has also
been reported as an ortholog of the human
guanine triphosphate (GTP) cyclohydrolase I
gene, which, in mammalian systems, expresses
a protein involved in the regulation of TH
activity, namely C. elegans car-4 (Loer and
Kenyon 1993). Furthermore, DA receptor
genes have been identified as four mammalian
homologs, dop-1, dop-2, dop-3, and dop-4
(Chase and Koelle 2007). Finally, the DAT-1
transporter has been characterized using both
genetic and pharmacological approaches
(Jayanthi et al. 1998).

Neurodegeneration by toxic chemicals.
Most animal models for DAergic neuro-
degeneration are based on exposure to the
neurotoxins 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) and 6-hydroxy-
dopamine (6-OHDA), which chemically
ablate DAergic neurons (Gerlach and Riederer
1996; Glinka et al. 1997). 6-OHDA and
the reactive metabolite of MPTP, MPP*
(1-methyl-4-phenylpyridinium), selectively
accumulate in DAergic neurons, causing
increased reactive oxygen species (ROS)
generation and/or mitochondrial dysfunction,
thereby inducing neuronal damage and cell
death (Glinka et al. 1997; Javitch et al. 1985).

As in mammals, exposure to 6-OHDA
causes specific degeneration of DAergic neu-
rons in C. elegans, as revealed by the dose-
dependent decrease in the fluorescence
signal in the Py, 1::GFP strain and also by
the observation of pathological changes in
TEM worm sections (Nass et al. 2002). The
C. elegans platform has been highly instru-
mental in establishing that the presence of
DAT-1 expression is essential for 6-OHDA—
induced DAergic toxicity, as loss of dar-1
(0k157) function renders the DAergic neu-
rons insensitive to 6-OHDA (Nass et al.
2002). Interestingly, the 6-OHDA model has
been successfully used in screens to identify
not only genetic but also pharmacological
suppressors of DAergic toxicity. The human
DAT-1 antagonists imipramine, nisoxetine,
and amphetamine, as well as the DA receptor
antagonists bromocriptine, quinpirole, ran-
clopride, and SCH23390, have been shown
to effectively protect against 6-OHDA neuro-
toxicity in C. elegans. These findings have
established a valid rationale for future studies
with these compounds to further elucidate
their potential therapeutic modalities for the
treatment of PD in humans (Marvanova and
Nichols 2007; Nass et al. 2002). Hyperphagia
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and obesity can be induced experimentally in
rodents by the microinjection of 6-OHDA
into the ventral noradrenergic bundle to
interrupt efferent catecholaminergic path-
ways to the hypothalamus. This interruption
is thought to be due to decreased leptin and
increased neuropeptide Y signaling (Kalra
etal. 1998).

MPTP is highly lipophilic and read-
ily crosses the mammalian blood—brain bar-
rier and cell membranes. Intracellularly, it
is metabolized to the active toxic metabolite
MPP*. This polar molecule is secreted via the
extraneural monoamine transporter (Russ
et al. 1996) and actively taken up by DAergic
cells via DA transporters (Javitch et al. 1985).
In the mitochondria of DAergic neurons,
MPP* inactivates complex I of the respiratory
chain (Mizuno et al. 1988), decreasing ATP
levels and increasing free radical production,
thus leading to DAergic neurodegeneration.
Likewise, C. elegans treated with MPTP/
MPP* respond by significantly reducing
mobility, which is associated with the specific
degeneration of DAergic neurons (Braungart
et al. 2004). Analogous to the findings with
6-OHDA (Nass et al. 2002), MPP*-induced
DAergic neurodegeneration in C. elegans
appears to be a caspase-independent cell death
pathway, suggesting that caspase inhibitors
may not be effective in rescuing DA neurons
from cell death (Pu and Le 2008). It has also
been reported that the loss of function of
vha-12, a gene involved in necrosis-mediated
neurodegeneration that is also expressed in
DAergic neurons, leads to a hyposensitivity of
C. elegans to MPP*, suggesting that this neuro-
toxin also triggers the activation of necrotic
cell death pathways (Pu and Le 2008). Vha-12
is predicted to bind ATP; therefore, the conse-
quences of MPP* hyposensitivity could result
in an altered energy homeostasis, an effect that
would have implications for obesity.

In addition to chemical exposure, heavy
metal exposure can cause neurodegeneration.
Using a specific fluorescent marker to label the
AFD sensory neuron (Pgcy-8::GFP) revealed
that Hg, copper (Cu), silver, and chromium
cause a reduction in the relative intensities of
cell bodies in AFD neurons, which regulate
feeding via serotonin and tyramine signaling
(Figure 1). Metals such as manganese (Mn)
(Aschner et al. 2007; Benedetto et al. 2009;
Guilarte 2010), vanadium (Afeseh Ngwa et al.
2009; Avila-Costa et al. 2004), and Cu (Wang
et al. 2009; Wimalasena et al. 2007; Yu et al.
2008), as well as pesticides such as paraquat
(Andersen 2003) and rotenone (Ishiguro et al.
2001) and bacterial toxins such as epoxomi-
cin and lactacystin (McNaught et al. 2004;
Schapira et al. 2006; Zeng et al. 2006) are
all able to alter optimal DAergic function in
mammals. The mechanism(s) that underlie
the neurotoxicity of these toxicants involve
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mitochondrial dysfunction in DA-producing
neurons, associated with energy depletion,
increased ROS production, and cell death by
apoptotic and/or necrotic pathways (Benedetto
etal. 2009; Ishiguro et al. 2001; Lotharius et al.
1999). These are the same pathways thought to
play a role in the neurodegeneration observed
in obesity.

Mn is an essential trace metal necessary for
normal brain development and for the optimal
functioning of multiple enzymes, including
Mn-superoxide dismutase and glutamine
synthase (Brock and Walker 1980; Takeda
and Avila 1986; Wedler and Denman 1984).
Nevertheless, high levels of exposure to Mn in
human occupational cohorts (mining, smelting,
etc.) and in patients with cirrhosis undergoing
total parenteral nutrition, have been shown to
cause extrapyramidal symptoms that include
rigidity, tremor, dystonic movements, and
bradykinesia (Aschner et al. 2007; Dobson et al.
2004; Erikson et al. 2007). Researchers have
demonstrated that Mn targets DA-rich areas
in the brain, particularly in the basal ganglia
(Aschner et al. 2007; Au et al. 2008). Mn can
readily oxidize DA, thus generating the reactive
metabolite leukoaminochrome o-semiquinone,
which is highly toxic to DAergic neurons
(Diaz-Véliz et al. 2004; Graumann et al.
2002). Nevertheless, despite the plethora of
studies in mammalian models (Aschner et al.
2007; Burton and Guilarte 2009; Dobson
et al. 2004), much of the insight on its prefer-
ential uptake and targeting of DAergic neurons
has been derived from studies in C. elegans.
For example, it has been shown only recently
that the presence of DA is a requisite for the
Mn-induced neurodegeneration of DAergic
neurons iz vivo. Making use of various genetic
strains of C. elegans in conjunction with the
fluorescent tagging of different classes of
neuron types, Benedetto et al. (2010) demon-
strated that Mn causes a dose-dependent
degeneration of DAergic neurons. This effect
was specific to DAergic and absent from
GABAergic, serotononergic, or glutamatergic
neurons. Furthermore, Mn was shown to cause
the significant shortening or disappearance of
DAergic neuronal extensions at low levels of
exposure and eventually neuronal death, which
was characterized by shrinkage of the cell body
and the complete loss of GFP in Pdat-1::GFP
worms at higher levels of Mn exposure. A novel
finding in the C. elegans model was that the
Mn-induced DAergic degeneration required
the presence of the reuptake transporter
DAT-1, as dat-1 loss of function abolished the
Mn-induced DAergic GFP-fluorescence loss in
the dat-1; Pdat-1::GFP worms (Benedetto et al.
2010). Conversely, animals lacking DAT-1
showed higher susceptibility to Mn toxicity
than any other homozygous mutant tested,
as observed with MPP* exposure (Pu and Le
2008), suggesting that tissues other than those
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of the DAergic system were affected. This is
consistent with a recent finding in mammals,
which indicates that norepinephrine plays an
important role in PD (Rommelfanger and
Weinshenker 2007). Interestingly, Mn toxicity
was shown to be prevented by the loss of TH/
CAT-2 function in the double knockout strain,
cat-2(el112); dat-1(ok157), establishing that
DA synthesis is required for DAT-1-dependent
Mn-induced toxicity. It was further demon-
strated that the absence of VMAT2/CAT-1 in
cat-1(el111) mutants, where DAergic neurons
are unable to release DA at the synaptic cleft,
resulted in an increased tolerance to Mn expo-
sure, indicating that extracellular DA, but not
intracellular DA, is involved in Mn toxicity.
Corroborating this finding, the loss of func-
tion of the three DA receptors led to increased
extracellular DA, which exacerbated Mn toxic-
ity (Benedetto et al. 2010). These results were
consistent with the extracellular Mn-induced
oxidation of synaptic DA-generating ROS,
as indicated by the increased fluorescence of
the 2’7 -dichlorodihydrofluorescein diacetate
probe and the increased cellular lipid oxidation
inferred from variations in isoprostane levels
(Benedetto et al. 2010).

Finally, additional experiments uncov-
ered two more antagonistic mediators of the
Mn-induced DA and DAT-1-dependent
toxicity, namely, the dual oxidase BLI-3, an
extracellular enzyme involved in the dityrosine
cross-linking of collagen for cuticle formation
in the worm, and SKN-1, the ortholog of the
mammalian NRF-2 (nuclear factor-2 erythroid
2-related factor-2) responsible for the regu-
lation of the expression of antioxidants (An and
Blackwell 2003). The b/i-3(¢767) mutant strain
exhibited hyperresistance to Mn exposure and
failed to show any increase in ROS levels upon
increasing levels of Mn exposure, and the com-
bined exposure to Mn and exogenous DA did
not affect the sensitivity of the worms to Mn,
all results that have not been shown to occur
in wild-type worms. These observations sug-
gest that this dual oxidase mediates, at least
partially, the Mn-induced and DA-dependent
DAergic neurodegeneration. Conversely, skn-1
mutants displayed increased sensitivity, while
SKN-1 overexpressing worms were found to
be hyperresistant to Mn exposure; further,
SKN-1::GFP revealed an Mn-induced change
in the nuclear localization of SKN-1 in the
ASI pair of neurons (Benedetto et al. 2010),
which are involved in the regulation of aging
in C. elegans (An and Blackwell 2003; Tullet
etal. 2008).

The sensitivity of DAergic neurons in
C. elegans to Mn exposure is also reflected by
the presence of Mn-specific homologs to the
mammalian NRAMP/divalent metal trans-
porter (DMT), referred to in the nematode
as SMEF. Translational GFP fusions for the
three transporter isoforms, SMF-1, SMEF-2,
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and SMF-3, revealed tissue-specific localiza-
tions of these transporters in the worm. SME-1
and SMF-3 localize in the intestinal epithe-
lium, whereas SMF-2 localizes in the pharyn-
geal epithelium, suggesting different roles for
these transporters in relation to Mn uptake
(Au et al. 2009). Furthermore, SMF-1 and
SME-2 were found to be expressed ex vivo in
C. elegans DAT-1-expressing neurons, and
the deletion of the smf-1 gene attenuated the
DAergic neurodegeneration caused by Mn
(Settivari et al. 2009). Moreover, the loss of
function of smf-1 and smf-3 caused a signifi-
cant decrease in Mn accumulation and conse-
quent increased survival after exposure to the
metal, establishing that Mn uptake and toxicity
via DMTs are conserved from nematodes to
humans (Au et al. 2009). Taken together, Mn
studies in C. elegans demonstrate that a single
acute treatment at the first larval stage led to
both developmental and aging defects, provid-
ing a link between early acute metal exposure,
neurodegeneration, and longevity.

It has been proposed that environmental
exposure during initial periods of the neural
development may increase the susceptibil-
ity of the central nervous system to further
exposures or increase the risk of developing
neurodegenerative disorders, such as PD
(Cory-Slechta et al. 2005). The short life span
of C. elegans makes it a valuable model for
exerting toxic insults early on during develop-
ment and allowing the observation of effects
within a short time span.

Conclusions

The abundance of chemicals and heavy metals
in the environment has led to human expo-
sure via water, food, and air. Many of these
substances are able to cross the blood-brain
barrier, thus presenting a neurotoxic threat.
Several neurodegenerative diseases have become
more prevalent because of the increasing aging
population. Therefore, neurotoxic poisoning is
likely to co-occur with age-associated neuro-
degenerative diseases, with each condition
potentially exacerbating the other. We have
used the example of PD as an age-associated
neurodegenerative disease because the inci-
dence for PD increases rapidly in the popula-
tion cohort exceeding 50 years of age. Although
the precise etiology of the vast majority of PD
cases remains elusive, there is evidence to show
that heavy metals and toxic chemicals such
as cadmium and paraquat can induce both
the dopaminergic and noradrenergic neuronal
degeneration characteristic of PD. However,
environmental toxins have also been implicated
in a wide range of other diseases, including obe-
sity. As obesity is an epidemic that is ultimately
regulated by the central nervous system, it is
conceivable that environmental toxins act via
mechanisms similar or identical to those in PD.
For example, neurons affected by neurotoxins
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in PD contain DA and norepinephrine, both
of which also play a role in the regulation of
obesity. In addition, mitochondria are cen-
tral to metabolism and represent a target to
several environmental toxins that appear to
contribute to the development of PD and obe-
sity in response to environmental toxins by
inducing apoptosis. The mitochondrial struc-
ture and function in C. elegans are similar to
their mammalian counterparts, with many of
the nuclear and mitochondrial encoded genes
being highly conserved. A plethora of literature
exists describing the role of serotonin in the
regulation of both feeding and fat. However,
relatively few studies have been carried out
regarding the other neurotransmitters, largely
because their role has emerged only recently.
Deciphering the intricate interplay of neu-
ronal control and degenerative diseases and
obesity is a complex and multifaceted process.
Genes do not work in isolation to generate par-
ticular phenotypes; rather, they interact with
other genes and are influenced by the environ-
ment; therefore, using whole-animal inverte-
brate models such as C. elegans have proved
to be particularly useful in these ongoing and
important endeavors. One caveat of using an
evolutionary distant soil invertebrate to model
human disease is the notion that nematodes,
like earthworms, are soil-dwelling organisms
and thus it is conceivable that selection pressure
(due to direct exposure to soil pollution) may
have resulted in the rapid evolution of (dis-
tinct) toxicological response pathways (Hughes
et al. 2009; Stiirzenbaum et al. 2001, 2009;
Zeitoun-Ghandour et al. 2010). However,
even though some obstacles remain, the asso-
ciation between neurodegeneration in both PD
and obesity, with a potential link to environ-
mental toxins, is evident and highly relevant.
‘The power of this simple worm to be predic-
tive of mammalian systems has already resulted
in the identification of many genes shown to
be important in the etiology of various disease
models and shows promise as an invaluable
tool for medium and high-throughput toxico-
logical screening. If forthcoming information
is extrapolated correctly, the humble worm can
teach us valuable lessons.

REFERENCES

Afeseh Ngwa H, Kanthasamy A, Anantharam V, Song C,
Witte T, Houk R, et al. 2009. Vanadium induces dopamin-
ergic neurotoxicity via protein kinase Cdelta dependent
oxidative signaling mechanisms: relevance to etiopatho-
genesis of Parkinson's disease. Toxicol Appl Pharmacol
240(2):273-285.

Aitlhadj L, Stiirzenbaum SR. 2010. The use of FUdR can cause
prolonged longevity in mutant nematodes. Mech Ageing
Dev 131(5):364-365.

An JH, Blackwell TK. 2003. SKN-1 links C. elegans mesendo-
dermal specification to a conserved oxidative stress
response. Genes Dev 17(15):1882-1893.

Andersen JK. 2003. Paraquat and iron exposure as possible
synergistic environmental risk factors in Parkinson’s
disease. Neurotox Res 5(5):307-313.

Aschner M, Guilarte TR, Schneider JS, Zheng W. 2007.

Manganese: recent advances in understanding its
transport and neurotoxicity. Toxicol Appl Pharmacol
221(2):131-147.

Ashrafi K. 2007. Obesity and the regulation of fat metabolism Mar
9:1; doi:10.1895/wormbook.1.130.1 [Online 9 March 2007].
Ashrafi K, Chang FY, Watts JL, Fraser AG, Kamath RS, Ahringer J,
et al. 2003. Genome-wide RNAI analysis of Caenorhabditis

elegans fat regulatory genes. Nature 421(6920):268-272.

Au C, Benedetto A, Anderson J, Labrousse A, Erikson K,
Ewbank JJ, et al. 2009. SMF-1, SMF-2 and SMF-3 DMT1
orthologues regulate and are regulated differentially by
manganese levels in C. elegans. PLoS One 4(11):e7792;
doi:10.1371/journal.pone.0007792 [Online 18 November
2009].

Au C, Benedetto A, Aschner M. 2008. Manganese transport in
eukaryotes: the role of DMT1. Neurotoxicology 29(4):569-576.

Avila-Costa MR, Montiel Flores E, Colin-Barenque L, Ordofiez JL,
Gutiérrez AL, Nifo-Cabrera HG, et al. 2004. Nigrostriatal
modifications after vanadium inhalation: an immuno-
cytochemical and cytological approach. Neurochem Res
29(7):1365-1369.

Ayyadevara S, Alla R, Thaden JJ, Shmookler Reis RJ. 2008.
Remarkable longevity and stress resistance of nematode
PI3K-null mutants. Aging Cell 7(1):13-22.

Bargmann Cl. 1998. Neurobiology of the Caenorhabditis elegans
genome. Science 282(5396):2028—2033.

Belsare PV, Watve MG, Ghaskadbi SS, Bhat DS, Yajnik CS, Jog
M. 2010. Metabolic syndrome: aggression control mecha-
nisms gone out of control. Med Hypotheses 74(3):578-589.

Benedetto A, Au C, Aschner M. 2009. Manganese-induced dop-
aminergic neurodegeneration: insights into mechanisms
and genetics shared with Parkinson’s disease. Chem Rev
109(10):4862-4884.

Benedetto A, Au C, Avila DS, Milatovic D, Aschner M. 2010.
Extracellular dopamine potentiates Mn-induced oxida-
tive stress, lifespan reduction and dopaminergic neuro-
degeneration in a BLI-3-dependent manner in C. elegans.
Plos Genet 6(8):e1001084; doi:10.1371/journal.pgen.1001084
[Online 26 August 2010].

Benzinou M, Walley A, Lobbens S, Charles MA, Jouret B,
Fumeron F, et al. 2006. Bardet-Bied| syndrome gene vari-
ants are associated with both childhood and adult common
obesity in French Caucasians. Diabetes 55(10):2876-2882.

Bharathi, Ravid R, Rao KS. 2006. Role of metals in neuronal
apoptosis: challenges associated with neurodegeneration.
Curr Alzheimer Res 3(4):311-326.

Braungart E, Gerlach M, Riederer P, Baumeister R, Hoener MC.
2004. Caenorhabditis elegans MPP+ model of Parkinson’s
disease for high-throughput drug screenings. Neurodegener
Dis 1(4-5):175-183.

Brock CJ, Walker JE. 1980. Superoxide dismutase from Bacillus
stearothermophilus. Complete amino acid sequence of a
manganese enzyme. Biochemistry 19(13):2873-2882.

Burnell AM, Houthoofd K, 0'Hanlon K, Vanfleteren JR. 2005.
Alternate metabolism during the dauer stage of the nema-
tode Caenorhabditis elegans. Exp Gerontol 40(11):850-856.

Burton NC, Guilarte TR. 2009. Manganese neurotoxicity:
lessons learned from longitudinal studies in nonhuman
primates. Environ Health Perspect 117:325-332.

Byerly L, Cassada RC, Russell RL. 1976. The life cycle of the
nematode Caenorhabditis elegans. |. Wild-type growth
and reproduction. Dev Biol 51(1):23-33.

C. elegans Sequencing Consortium. 1998. Genome sequence of
the nematode C. elegans: a platform for investigating biology.
Science 282(5396):2012-2018.

Campfield LA, Smith FJ, Guisez Y, Devos R, Burn P. 1995.
Recombinant mouse OB protein: evidence for a peripheral
signal linking adiposity and central neural networks. Science
269(5223):546-549.

Chang TL, Chang CJ, Lee WY, Lin MN, Huang YW, Fan K. 2009.
The roles of ubiquitin and 26S proteasome in human obe-
sity. Metabolism 58(11):1643-1648.

Chase DL, Koelle MR. 2007. Biogenic amine neurotransmitters
in C. elegans. WormBook Feb 20:1; doi:10.1895/wormbook.
1.132.1 [Online 20 February 2007].

Chatterjee N, Sinha S. 2008. Understanding the mind of a worm:
hierarchical network structure underlying nervous system
function in C. elegans. Prog Brain Res 168:145-153.

Chen JC, Cavallari JM, Stone PH, Christiani DC. 2007. Obesity
is a modifier of autonomic cardiac responses to fine metal
particulates. Environ Health Perspect 115:1002—-1006.

Chen HS, Lipton SA. 2006. The chemical biology of clinically
tolerated NMDA receptor antagonists. J Neurochem
97(6):1611-1626.

voLume 119 I Nnumeer 1|January 2011 « Environmental Health Perspectives



Chung EY, Yoon JR. 2008. Ketamine potentiates neurotoxicity in
obese mice. Korean J Anesthesiol 55(4):473-478.

Cory-Slechta DA, Thiruchelvam M, Barlow BK, Richfield EK.
2005. Developmental pesticide models of the Parkinson dis-
ease phenotype. Environ Health Perspect 113:1263-1270.

Coyle CA, Strand SC, Good DJ. 2008. Reduced activity without
hyperphagia contributes to obesity in Tubby mutant mice.
Physiol Behav 95(1-2):168-175.

Deng X, Cadet JL. 1999. Methamphetamine administration
causes overexpression of nNOS in the mouse striatum.
Brain Res 851(1-2):254-257.

Diaz-Véliz G, Mora S, Gomez P, Dossi MT, Montiel J,
Arriagada C, et al. 2004. Behavioral effects of manganese
injected in the rat substantia nigra are potentiated by
dicumarol, a DT-diaphorase inhibitor. Pharmacol Biochem
Behav 77(2):245-251.

Dobson AW, Erikson KM, Aschner M. 2004. Manganese neuro-
toxicity. Ann NY Acad Sci 1012:115-128.

Doherty GH, Oldreive C, Harvey J. 2008. Neuroprotective
actions of leptin on central and peripheral neurons in vitro.
Neuroscience 154(4):1297-1307.

Donohoe DR, Aamodt EJ, Oshorn E, Dwyer DS. 2006.
Antipsychotic drugs disrupt normal development
in Caenorhabditis elegans via additional mechanisms
besides dopamine and serotonin receptors. Pharmacol
Res 54(5):361-372.

Duerr JS, Frisby DL, Gaskin J, Duke A, Asermely K, Huddleston D,
et al. 1999. The cat-1 gene of Caenorhabditis elegans
encodes a vesicular monoamine transporter required for
specific monoamine-dependent behaviors. J Neurosci
19(1):72-84.

Edwards TM, Myers JP. 2008. Environmental exposures and
gene regulation in disease etiology. Cien Saude Colet
13(1):269-281.

Erikson KM, Thompson K, Aschner J, Aschner M. 2007.
Manganese neurotoxicity: a focus on the neonate.
Pharmacol Ther 113(2):369-377.

Figlewicz DP, MacDonald Naleid A, Sipols AJ. 2007. Modulation
of food reward by adiposity signals. Physiol Behav
91(5):473-478.

Gaglia MM, Kenyon C. 2009. Stimulation of movement in a qui-
escent, hibernation-like form of Caenorhabditis elegans by
dopamine signaling. J Neurosci 29(22):7302-7314.

Gami MS, Iser WB, Hanselman KB, Wolkow CA. 2006. Activated
AKT/PKB signaling in C. elegans uncouples temporally dis-
tinct outputs of DAF-2/insulin-like signaling. BMC Dev Biol
6:45; doi:10.1186/1471-213X-6-45 [Online 4 October 2006].

Gerlach M, Riederer P. 1996. Animal models of Parkinson’s dis-
ease: an empirical comparison with the phenomenology of
the disease in man. J Neural Transm 103(8-9):987—1041.

Gitler AD, Chesi A, Geddie ML, Strathearn KE, Hamamichi S,
Hill KJ, et al. 2009. Alpha-synuclein is part of a diverse and
highly conserved interaction network that includes PARK9
and manganese toxicity. Nat Genet 41(3):308-315.

Glinka Y, Gassen M, Youdim MB. 1997. Mechanism of
6-hydroxydopamine neurotoxicity. J Neural Transm Suppl
50:55-66.

Grad LI, Lemire BD. 2004. Mitochondrial complex | mutations
in Caenorhabditis elegans produce cytochrome ¢ oxidase
deficiency, oxidative stress and vitamin-responsive lactic
acidosis. Hum Mol Genet 13(3):303-314.

Graumann R, Paris |, Martinez-Alvarado P, Rumanque P, Perez-
Pastene C, Cardenas SP, et al. 2002. Oxidation of dopamine
to aminochrome as a mechanism for neurodegeneration
of dopaminergic systems in Parkinson’s disease. Possible
neuroprotective role of DT-diaphorase. Pol J Pharmacol
54(6):573-579.

Guilarte TR. 2010. Manganese and Parkinson’s disease: a
critical review and new findings. Environ Health Perspect
118:1071-1080.

Halaas JL, Gajiwala KS, Maffei M, Cohen SL, Chait BT,
Rabinowitz D, et al. 1995. Weight-reducing effects of the
plasma protein encoded by the obese gene. Science
269(5223):543-546.

Hamamichi S, Rivas RN, Knight AL, Cao S, Caldwell KA,
Caldwell GA. 2008. Hypothesis-based RNAi screening
identifies neuroprotective genes in a Parkinson's disease
model. Proc Natl Acad Sci USA 105(2):728-733.

Hapiak VM, Hobson RJ, Hughes L, Smith K, Harris G, Condon C,
et al. 2009. Dual excitatory and inhibitory serotonergic
inputs modulate egg laying in Caenorhabditis elegans.
Genetics 181(1):153-163.

Heida NM, Miiller JP, Cheng IF, Leifheit-Nestler M, Faustin V,
Riggert J, et al. 2010. Effects of obesity and weight loss on

An invertebrate model for obesity and Parkinson’s disease

the functional properties of early outgrowth endothelial
progenitor cells. J Am Coll Cardiol 55(4):357-367.

Hellerer T, Axéng C, Brackmann C, Hillertz P, Pilon M, Enejder A.
2007. Monitoring of lipid storage in Caenorhabditis elegans
using coherent anti-Stokes Raman scattering (CARS)
microscopy. Proc Natl Acad Sci USA 104(37):14658-14663.

Hills T, Brockie PJ, Maricq AV. 2004. Dopamine and glutamate
control area-restricted search behavior in Caenorhabditis
elegans. J Neurosci 24(5):1217-1225.

Hirata Y. 2002. Manganese-induced apoptosis in PC12 cells.
Neurotoxicol Teratol 24(5):639-653.

Holson RR, Webb PJ, Grafton TF, Hansen DK. 1994. Prenatal
neuroleptic exposure and growth stunting in the rat: an
in vivo and in vitro examination of sensitive periods and
possible mechanisms. Teratology 50(2):125-136.

Holt SJ, Riddle DL. 2003. SAGE surveys C. elegans carbohy-
drate metabolism: evidence for an anaerobic shift in the
long-lived dauer larva. Mech Ageing Dev 124(7):779-800.

Horvitz HR, Chalfie M, Trent C, Sulston JE, Evans PD. 1982.
Serotonin and octopamine in the nematode Caenorhabditis
elegans. Science 216(4549):1012-1014.

Hughes SL, Bundy JG, Want EJ, Kille P, Stiirzenbaum SR. 2009.
The metabolomic responses of Caenorhabditis elegans
to cadmium are largely independent of metallothionein
status, but dominated by changes in cystathionine and
phytochelatins. J Proteome Res 8(7):3512-3519.

Inglis PN, Ou G, Leroux MR, Scholey JM. 2006. The sensory
cilia of Caenorhabditis elegans. WormBook Nov 27:1;
doi:10.1895/wormbook.1.126.1 [Online 27 November 2006].

Inoue H, Hisamoto N, An JH, Oliveira RP, Nishida E, Blackwell
TK, et al. 2005. The C. elegans p38 MAPK pathway regu-
lates nuclear localization of the transcription factor SKN-1
in oxidative stress response. Genes Dev 19(19):2278-2283.

Ishiguro H, Yasuda K, Ishii N, Ihara K, Ohkubo T, Hiyoshi M,
et al. 2001. Enhancement of oxidative damage to cultured
cells and Caenorhabditis elegans by mitochondrial elec-
tron transport inhibitors. IUBMB Life 51(4):263-268.

Javitch JA, D'Amato RJ, Strittmatter SM, Snyder SH. 1985.
Parkinsonism-inducing neurotoxin, N-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine: uptake of the metabolite
N-methyl-4-phenylpyridine by dopamine neurons explains
selective toxicity. Proc Natl Acad Sci USA 82(7):2173-2177.

Jayanthi LD, Apparsundaram S, Malone MD, Ward E, Miller DM,
Eppler M, et al. 1998. The Caenorhabditis elegans gene
T23G5.5 encodes an antidepressant- and cocaine-sensitive
dopamine transporter. Mol Pharmacol 54(4):601-609.

Kalra PS, Dube MG, Xu B, Farmerie WG, Kalra SP. 1998.
Evidence that dark-phase hyperphagia induced by neuro-
toxin 6-hydroxydopamine may be due to decreased leptin
and increased neuropeptide Y signaling. Physiol Behav
63(5):829-835.

Kennedy GC. 1953. The role of depot fat in the hypothalamic
control of food intake in the rat. Proc R Soc Lond B Biol
Sci 140(901):578-596.

Kogan FJ, Nichols WK, Gibb JW. 1976. Influence of meth-
amphetamine on nigral and striatal tyrosine hydroxylase
activity and on striatal dopamine levels. Eur J Pharmacol
36(2):363-371.

Koh JY. 2001. Zinc and disease of the brain. Mol Neurobiol
24(1-3):99-106.

Lant B, Storey KB. 2010. An overview of stress response and
hypometabolic strategies in Caenorhabditis elegans: con-
served and contrasting signals with the mammalian sys-
tem. Int J Biol Sci. 2010 Jan 7;6(1):9-50.

Lakso M, Vartiainen S, Moilanen AM, Sirvio J, Thomas JH,
Nass R, et al. 2003. Dopaminergic neuronal loss and motor
deficits in Caenorhabditis elegans overexpressing human
alpha-synuclein. J Neurochem 86(1):165-172.

Lints R, Emmons SW. 1999. Patterning of dopaminergic neu-
rotransmitter identity among Caenorhabditis elegans ray
sensory neurons by a TGFbeta family signaling pathway
and a Hox gene. Development 126(24):5819-5831.

Loer CM, Kenyon CJ. 1993. Serotonin-deficient mutants and
male mating behavior in the nematode Caenorhabditis
elegans. J Neurosci 13(12):5407-5417.

Lotharius J, Dugan LL, 0'Malley KL. 1999. Distinct mechanisms
underlie neurotoxin-mediated cell death in cultured dop-
aminergic neurons. J Neurosci 19(4):1284-1293.

Mak HY, Nelson LS, Basson M, Johnson CD, Ruvkun G. 2006.
Polygenic control of Caenorhabditis elegans fat storage.
Nat Genet 3(3):363-368.

Marvanova M, Nichols CD. 2007. Identification of neuroprotective
compounds of Caenorhabditis elegans dopaminergic neu-
rons against 6-OHDA. J Mol Neurosci 31(2):127-137.

Environmental Health Perspectives - voLume 119 | numBer 11 January 2011

Marza E, Lesa GM. 2006. Polyunsaturated fatty acids and
neurotransmission in Caenorhabditis elegans. Biochem
Soc Trans 34(Pt 1):77-80.

McDonald PW, Jessen T, Field JR, Blakely RD. 2006. Dopamine
signaling architecture in Caenorhabditis elegans. Cell Mol
Neurobiol 26(4-6):593-618.

McKay RM, McKay JP, Avery L, Graff JM. 2003. C elegans: a
model for exploring the genetics of fat storage. Dev Cell
4(1):131-142.

McNaught KS, Perl DP, Brownell AL, Olanow CW. 2004.
Systemic exposure to proteasome inhibitors causes a
progressive model of Parkinson’s disease. Ann Neurol
56(1):149-162.

Mizuno Y, Suzuki K, Sone N, Saitoh T. 1988. Inhibition of mito-
chondrial respiration by 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) in mouse brain in vivo. Neurosci
Lett 91(3):349-353.

Moroz N, Tong M, Longato L, Xu H, de la Monte SM. 2008.
Limited Alzheimer-type neurodegeneration in experi-
mental obesity and type 2 diabetes mellitus. J Alzheimers
Dis 15(1):29-44.

Mukhopadhyay A, Deplancke B, Walhout AJ, Tissenbaum HA.
2005. C. elegans tubby regulates life span and fat storage
by two independent mechanisms. Cell Metab 2(1):35-42.

Mullaney BC, Ashrafi K. 2009. C. elegans fat storage and meta-
bolic regulation. Biochim Biophys Acta 1791(6):474-478.

Nass R, Hall DH, Miller DM Ill, Blakely RD. 2002. Neurotoxin-
induced degeneration of dopamine neurons in Caenorhab-
ditis elegans. Proc Natl Acad Sci USA 99(5):3264-3269.

Niacaris T, Avery L. 2003. Serotonin regulates repolariza-
tion of the C. elegans pharyngeal muscle. J Exp Biol
206(Pt 2):223-231.

Noben-Trauth K, Naggert JK, North MA, Nishina PM. 1996.
A candidate gene for the mouse mutation tubby. Nature
380(6574):534-538.

Nomura T, Horikawa M, Shimamura S, Hashimoto T,
Sakamoto K. 2009. Fat accumulation in Caenorhabditis
elegans is mediated by SREBP homolog SBP-1. Genes Nutr
5(1):17-27.

Ong WY, Farooqui AA. 2005. Iron, neuroinflammation, and
Alzheimer's disease. J Alzheimers Dis 8(2):183-200.

Oort PJ, Knotts TA, Grino M, Naour N, Bastard JP, Clément K,
et al. 2008. Gamma-synuclein is an adipocyte-neuron
gene coordinately expressed with leptin and increased in
human obesity. J Nutr 138(5):841-848.

0'Rourke EJ, Soukas AA, Carr CE, Ruvkun G. 2009. C. elegans
major fats are stored in vesicles distinct from lysosome-
related organelles. Cell Metab 10(5):430-435.

Palmiter RD. 2007. Is dopamine a physiologically relevant medi-
ator of feeding behavior? Trends Neurosci 30(8):375-381.

Pan J, Wang Q, Snell WJ. 2005. Cilium-generated signaling and
cilia-related disorders. Lab Invest 85(4):452-463.

Pannacciulli N, Del Parigi A, Chen K, Le DS, Reiman EM,
Tataranni PA. 2006. Brain abnormalities in human obe-
sity: a voxel-based morphometric study. Neuroimage
31(4):1419-1425.

Pu P, Le W. 2008. Dopamine neuron degeneration induced by
MPP+ is independent of CED-4 pathway in Caenorhabditis
elegans. Cell Res 18(9):978-981.

Rand JB, Duerr JS, Frisby DL. 1998. Using Caenorhabditis
elegans to study vesicular transport. Methods Enzymol
296:529-547.

Rankin CH. 2002. From gene to identified neuron to behaviour in
Caenorhabditis elegans. Nat Rev Genet 3(8):622—630.

Roeder T. 2005. Tyramine and octopamine: ruling behavior and
metabolism. Annu Rev Entomol 50:447-477.

Rommelfanger KS, Weinshenker D. 2007. Norepinephrine: the
redheaded stepchild of Parkinson’s disease. Biochem
Pharmacol 74(2):177-190.

Ruan Q, Harrington AJ, Caldwell KA, Caldwell GA,
Standaert DG. 2010. VPS41, a protein involved in lyso-
somal trafficking, is protective in Caenorhabditis elegans
and mammalian cellular models of Parkinson's disease.
Neurobiol Dis 37(2):330-338.

Russ H, Staust K, Martel F, Gliese M, Schomig E. 1996. The
extraneuronal transporter for monoamine transmitters
exists in cells derived from human central nervous system
glia. Eur J Neurosci 8(6):1256—-1264.

Ryu KY, Garza JC, Lu XY, Barsh GS, Kopito RR. 2008.
Hypothalamic neurodegeneration and adult-onset obesity
in mice lacking the Ubb polyubiquitin gene. Proc Natl
Acad Sci USA 105(10):4016-4021.

Sakaguchi-Nakashima A, Meir JY, Jin Y, Matsumoto K,
Hisamoto N. 2007. LRK-1, a C. elegans PARK8-related

27




Aitlhadj et al.

kinase, regulates axonal-dendritic polarity of SV proteins.
Curr Biol 17(7):592-598.

Samad F, Yamamoto K, Pandey M, Loskutoff DJ. 1997. Elevated
expression of transforming growth factor-beta in adipose
tissue from obese mice. Mol Med 3(1):37-48.

Samann J, Hegermann J, von Gromoff E, Eimer S, Baumeister R,
Schmidt E. 2009. Caenorhabditis elegans LRK-1 and PINK-1
act antagonistically in stress response and neurite out-
growth. J Biol Chem 284(24):16482—16491.

Santagata S, Boggon TJ, Baird CL, Gomez CA, Zhao J,
Shan WS, et al. 2001. G-protein signaling through tubby
proteins. Science 292(5524):2041-2050.

Sawin ER, Ranganathan R, Horvitz HR. 2000. C. elegans loco-
motory rate is modulated by the environment through a
dopaminergic pathway and by experience through a sero-
tonergic pathway. Neuron 26(3):619-631.

Schafer WR, Kenyon CJ. 1995. A calcium-channel homologue
required for adaptation to dopamine and serotonin in
Caenorhabditis elegans. Nature 375(6526):73-78.

Schapira AH, Cleeter MW, Muddle JR, Workman JM,
Cooper JM, King RH. 2006. Proteasomal inhibition causes
loss of nigral tyrosine hydroxylase neurons. Ann Neurol
60(2):253-255.

Settivari R, Levora J, Nass R. 2009. The divalent metal trans-
porter homologues SMF-1/2 mediate dopamine neuron
sensitivity in Caenorhabditis elegans models of manganism
and Parkinson disease. J Biol Chem 284(51):35758-35768.

Shimabukuro M, Koyama K, Lee Y, Unger RH. 1997. Leptin- or
troglitazone-induced lipopenia protects islets from inter-
leukin 1beta cytotoxicity. J Clin Invest 100(7):1750-1754.

Singleton AB, Farrer M, Johnson J, Singleton A, Hague S,
Kachergus J, et al. 2003. alpha-Synuclein locus triplication
causes Parkinson's disease. Science 302(5646):841.

Sonsalla PK, Nicklas WJ, Heikkila RE. 1989. Role for excitatory
amino acids in methamphetamine-induced nigrostriatal
dopaminergic toxicity. Science 243(4889):398—400.

Srinivasan S, Sadegh L, Elle IC, Christensen AG, Faergeman NJ,
Ashrafi K. 2008. Serotonin regulates C. elegans fat and
feeding through independent molecular mechanisms. Cell
Metab 7(6):533-544.

Sriram K, Benkovic SA, Miller DB, 0’Callaghan JP. 2002. Obesity
exacerbates chemically induced neurodegeneration.
Neuroscience 115(4):1335-1346.

Stiirzenbaum SR, Andre J, Kille P, Morgan AJ. 2009. Earthworm
genomes, genes and proteins: the (re)discovery of Darwin’s
worms. Proc Biol Sci 276(1658):789-797.

Stiirzenbaum SR, Winters C, Galay M, Morgan AJ, Kille P.
2001. Metal ion trafficking in earthworms. Identification
of a cadmium-specific metallothionein. J Biol Chem
276(36):34013-34018.

Sulston JE, Albertson DG, Thomson JN. 1980. The

Caenorhabditis elegans male: postembryonic development
of nongonadal structures. Dev Biol 78(2):542-576.

Sulston J, Dew M, Brenner S. 1975. Dopaminergic neurons in
the nematode Caenorhabditis elegans. J Comp Neurol
163(2):215-226.

Sulston JE, Horvitz HR. 1977. Post-embryonic cell lineages of the
nematode, Caenorhabditis elegans. Dev Biol 56(1):110-156.

Takeda Y, Avila H. 1986. Structure and gene expression of the
E. coliMn-superoxide dismutase gene. Nucleic Acids Res
14(11):4577-4589.

Taki Y, Kinomura S, Sato K, Inoue K, Goto R, Okada K, et al.
2008. Relationship between body mass index and gray
matter volume in 1,428 healthy individuals. Obesity (Silver
Spring) 16(1):119-124.

Tong YG, Burglin TR. 2010. Conditions for dye-filling of sensory
neurons in Caenorhabditis elegans. J Neurosci Methods
188(1):58-61.

Trayhurn P, Fuller L. 1980. The development of obesity in
genetically diabetic-obese (db/db) mice pair-fed with lean
siblings. The importance of thermoregulatory thermo-
genesis. Diabetologia 19(2):148-153.

Tullet JM, Hertweck M, An JH, Baker J, Hwang JY, Liu S,
et al. 2008. Direct inhibition of the longevity-promoting
factor SKN-1 by insulin-like signaling in C. elegans. Cell
132(6):1025-1038.

Turunen AW, Verkasalo PK, Kiviranta H, Pukkala E, Jula A,
Mannisto S, et al. 2008. Mortality in a cohort with high fish
consumption. Int J Epidemiol 37(5):1008-1017.

Uttara B, Singh AV, Zamboni P, Mahajan RT. 2009. Oxidative
stress and neurodegenerative diseases: a review of
upstream and downstream antioxidant therapeutic options.
Curr Neuropharmacol 7(1):65-74.

Van Gilst MR, Hadjivassiliou H, Yamamoto KR. 2005. A
Caenorhabditis elegans nutrient response system partially
dependent on nuclear receptor NHR-49. Proc Natl Acad
Sci USA 102(38):13496-13501.

Ved R, Saha S, Westlund B, Perier C, Burnam L, Sluder A,
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(52):42655-42668.

Voisine C, Varma H, Walker N, Bates EA, Stockwell BR, Hart
AC. 2007. Identification of potential therapeutic drugs for
Huntington's disease using Caenorhabditis elegans. PLoS
One 2(6):e504; doi:10.1371/journal.pone.0000504 [Online
6 June 2007].

Wang J, Kim SK. 2003. Global analysis of dauer gene expression
in Caenorhabditis elegans. Development 130(8):1621-1634.

Wang J, Rahman MF, Duhart HM, Newport GD, Patterson TA,
Murdock RC, et al. 2009. Expression changes of dop-
aminergic system-related genes in PC12 cells induced

by manganese, silver, or copper nanoparticles.
Neurotoxicology 30(6):926-933.

Ward MA, Carlsson CM, Trivedi MA, Sager MA, Johnson
SC. 2005. The effect of body mass index on global brain
volume in middle-aged adults: a cross sectional study.
BMC Neurol 5:23; doi:10.1186/1471-2377-5-23 [Online
2 December 2005].

Wedler FC, Denman RB. 1984. Glutamine synthetase: the major
Mn(l1) enzyme in mammalian brain. Curr Top Cell Regul
24:153-169.

Weinshenker D, Garriga G, Thomas JH. 1995. Genetic and
pharmacological analysis of neurotransmitters controlling
egg laying in C. elegans. J Neurosci 15(10):6975-6985.

White JG, Southgate E, Thomson JN, Brenner S. 1986.
The structure of the nervous system of the nematode
Caenorhabditis elegans. Philos Trans R Soc Lond B Biol
Sci 314(1165):1-340.

Whittaker AJ, Sternberg PW. 2009. Coordination of oppos-
ing sex-specific and core muscle groups regulates male
tail posture during Caenorhabditis elegans male mating
behavior. BMC Biol 7:33; doi:10.1186/1741-7007-7-33 [Online
22 June 2009].

WHO (World Health Organization). 2010. Obesity and over-
weight. Available: http://www.who.int/dietphysicalactivity/
media/en/gsfs_obesity.pdf [accessed 1 March 2010].

Williams G. 2010. Withdrawal of sibutramine in Europe
[Editorial]. BMJ 340:¢824; d0i:10.1136/bmj.c824 [Online
9 February 2010].

Wimalasena DS, Wiese TJ, Wimalasena K. 2007. Copper
ions disrupt dopamine metabolism via inhibition of
V-H+-ATPase: a possible contributing factor to neuro-
toxicity. J Neurochem 101(2):313-326.

Wintle RF, Van Tol HH. 2001. Dopamine signaling in
Caenorhabditis elegans—potential for parkinsonism
research. Parkinsonism Relat Disord 7(3):177-183.

You YJ, Kim J, Raizen DM, Avery L. 2008. Insulin, cGMP, and
TGF-beta signals regulate food intake and quiescence in
C. elegans: a model for satiety. Cell Metab 7(3):249-257.

Yu WR, Jiang H, Wang J, Xie JX. 2008. Copper (Cu?*) induces
degeneration of dopaminergic neurons in the nigrostriatal
system of rats. Neurosci Bull 24(2):73-78.

Zeitoun-Ghandour S, Charnock JM, Hodson ME, Leszczyszyn OI,
Blindauer CA, Stiirzenbaum SR. 2010. The two
Caenorhabditis elegans metallothioneins (CeMT-1 and
CeMT-2) discriminate between essential zinc and toxic
cadmium. FEBS J 277(11):2531-2542.

Zeng BY, Bukhatwa S, Hikima A, Rose S, Jenner P. 2006.
Reproducible nigral cell loss after systemic proteasomal
inhibitor administration to rats. Ann Neurol 60(2):248-252.

28

voLume 119 I Nnumeer 1|January 2011 « Environmental Health Perspectives



