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A B S T R A C T

Due to many advantages Caenorhabditis elegans (C. elegans) has become a preferred model of choice in many
fields, including neurodevelopmental toxicity studies. This review discusses the benefits of using C. elegans as an
alternative to mammalian systems and gives examples of the uses of the nematode in evaluating the effects of
major known neurodevelopmental toxins, including manganese, mercury, lead, fluoride, arsenic and organo-
phosphorus pesticides. Reviewed data indicates numerous similarities with mammals in response to these toxins.
Thus, C. elegans studies have the potential to predict possible effects of developmental neurotoxicants in higher
animals, and may be used to identify new molecular pathways behind neurodevelopmental disruptions, as well
as new toxicants.

1. Neurodevelopmental toxicity studies – a need for alternative
models

The developing brain is exceptionally sensitive to toxic chemicals –
the levels which lead to adverse effects are often lower than those ef-
fective in adults, and even minimal exposures, generally considered as
safe, might be harmful. Moreover, only a few chemicals have been
studied and identified as toxic to developing brain, and safe dosages
have only been estimated. With over 1000 chemicals currently identi-
fied as toxic to animals, and>200 recognized as neurotoxic to the
adult human, only 12 are characterized as toxic to the developing
human brain (Grandjean and Landrigan, 2014). This is mostly due to
the fact that neurotoxicity is usually discovered during incidents of
acute poisoning in adults, specifically from occupational exposure or
suicide attempts, which provides clear association between exposure
and adverse effects. In contrast, in developmental neurotoxicity the
exposure occurs sometimes years before any neurological defects might
be identified, and therefore the identification of new hazards is often
much slower.

As proposed by Grandjean & Landrigan, the current list of develop-
mental neurotoxins includes arsenic (As), lead (Pb), methylmercury
(MeHg), manganese (Mn), fluoride (F), ethanol (EtOH), toluene (PhMe),
tetrachloroethylene (PERC), polybrominated diphenyl ethers (PBDEs),
organophosphate pesticides (chlorpyrifos) and dichlorodiphenyltri-
chloroethane (DDT)/dichlorodiphenyldichloro-ethylene (DDE) (Grandjean

and Landrigan, 2014). These compounds have been shown to disrupt
neurogenesis, brain cell proliferation, migration, synapse formation and
myelination during development (Hu et al., 2014), leading to physiolo-
gical and behavioral deficits which are often permanent and untreatable.
Impaired central nervous system (CNS) function might comprise cognitive,
motor, language and affective disabilities, which might require constant
psychosocial and medical care, thus significantly reducing the quality of
life. Some toxicants were identified as contributing factors in neurodeve-
lopmental disorders (NDDs), such as autism spectrum disorder (ASD),
intellectual disability (ID), attention deficit/hyperactivity disorder
(ADHD), social communication disorders, as well as motor disorders
(Hansen and Rogers, 2013). Currently approximately (approx.) 10–15% of
all births are affected by one or a combination of some NDDs and this
trend seems to be growing (Bloom et al., 2013). With the contribution of
genetic predispositions estimated on maximum 40% of all cases, en-
vironmental exposures to toxins (alone or by interaction with genetic
factors) are considered as a main cause of NNDs (Grandjean and
Landrigan, 2014). Therefore, there is an urgent need to identify and fur-
ther study these substances.

In developmental neurotoxicity research, the use of mammalian
models is still a primary choice. However, the time and expense in-
volved in analyzing a growing number of compounds have recently led
to the adaptation of an alternative in vivo and in vitro models, which
provide high-throughput screens much faster and at lower cost
(Peterson et al., 2008). This review discusses the benefits of using
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Caenorhabditis elegans (C. elegans) as an alternative and complementary
model to mammalian systems and gives examples of the uses of C.
elegans in neurodevelopmental toxicology research.

2. C. elegans in neuroscience

2.1. General remarks on C. elegans as model organism

The small non-parasitic nematode C. elegans is one of the best-es-
tablished animal models that has contributed greatly to the under-
standing of many human diseases. It is a very attractive experimental
model due to many advantages: small size – adults are approx. 1mm in
length, short life cycle (approx. 3 days at 20 °C), ability to self-fertilize
and high reproductive rate (> 300 offspring per hermaphrodite), which
makes its maintenance in the lab relatively easy and inexpensive. C.
elegans lab assays are usually rapid, of low cost, and amenable to high-
throughput analysis. Additionally, the worms' transparency and the
ease of making reporter gene fusions (e.g. with green fluorescent pro-
tein, GFP) enable visualization of cell morphology and protein expres-
sion patterns in vivo. The worm is also a powerful genetic tool. Their
genome is easy to manipulate - gene knockdowns (KD) can be generated
with RNAi and knockouts (KO) can be easily generated by directed
mutagenesis. Moreover, the self-fertilizing hermaphrodite allows for
homozygosity of mutations and mating with males can produce strains
with multiple mutations. The nematode was the first multicellular or-
ganism to have its genome fully sequenced (Consortium and T.C.e.S,
1998), revealing a high degree of evolutionary conservation with
higher eukaryotes and mammals. Worms express homologues to ap-
prox. 80% of human genes, many of which share great sequence
identity (Culetto and Sattelle, 2000; Kennedy, 2008). In addition, the
basic biological functions and many biochemical pathways are highly
conserved with higher organisms, such as apoptosis (Malin and
Shaham, 2015), stress response (Rodriguez et al., 2013) and various cell
signaling pathways (Blaxter, 2011; Lapierre and Hansen, 2012; Sato
et al., 2014), allowing for findings from C. elegans to be extrapolated
and further confirmed in vertebrate systems.

C. elegans, however, poses several limitations as a model organism,
which should not be omitted, when discussing its utility. This simple
organism lacks many specific organs, such as kidneys, liver, lung, skin
and a circulatory system. The evolutionary distance from humans might
be a limitation, especially when studying complex conditions. Self-fer-
tilization and the scarcity of males in wild type (WT) population make it
difficult to study sex-specific differences, an approach currently pro-
moted in neuroscience, including developmental neurotoxicology, and
in other fields (Brooks and Clayton, 2017).

Nevertheless, the numerous advantages highly outrank these lim-
itations, and the worms have been successfully utilized as model or-
ganism in many studies.

2.2. The nervous system of C. elegans

One of the biggest advantages of the model is its nervous system,
which is well characterized and considered as structurally and func-
tionally similar to mammals. The nematode nervous system contains
302 neurons in adult hermaphrodites (383 in males), divided into 118
morphologically distinct classes and 56 glia cells, which together form
over 7600 synapses (White et al., 1986). C. elegans is the only organism
whose neuronal wiring diagram has been determined – all neurons and
the major interactions between them are well characterized and
mapped. The biochemistry of the C. elegans nervous system is also
highly conserved with mammals – as the worms express similar ion
channels, receptors, vesicular transporters, and other synaptic compo-
nents (Bargmann, 1998). Furthermore, formation, trafficking and re-
lease of synaptic vesicles are analogous to mammals (Barclay et al.,
2012). The nematode uses classical neurotransmitters such as gluta-
mate (Glu), γ-aminobutyric acid (GABA), dopamine (DA), serotonin (5-

hydroxytryptamine, 5-HT) and acetylcholine (ACh) (Brownlee and
Fairweather, 1999). However, they seem to lack epinephrine, nor-
epinephrine and histamine signaling, and some other significant dif-
ferences have been described in sodium-dependent channels
(Bargmann, 1998; Goodman et al., 1998). Apart from the cellular and
molecular similarity to higher organism, C. elegans exhibit variety of
behaviors, including social interaction, which might contribute to the
understanding of the nervous system function. Because of its simplicity,
investigating worms' behavior may be free from confounding factors,
present in higher animals (Williams and Dusenbery, 1990).

2.3. C. elegans in neurotoxicology

Structural and functional similarities to the human nervous system,
together with other advantages, strengthen the worms' choice as a
model in neuroscience. Worms' transparency allows the visualization of
neurons and synapses in vivo by fluorescent markers (Chalfie et al.,
1994), and neuronal excitability can be followed by live calcium ima-
ging (Nguyen et al., 2016), which allows inference on neuronal activity
with behavioral phenotypes. Moreover, its ease of genetic manipula-
tions allows the identification of genes significant for neuronal forma-
tion, migration, activity, or other functions. Since Sydney Brenner's
Nobel Prize-winning studies, using C. elegans to investigate develop-
ment and function of nervous system (Brenner, 1973), the nematode
contributed greatly to understanding brain physiology. For instance,
worms played a great role in determining the role of synaptic proteins
such as neuroligin and neurexin in ASD (Schmeisser and Parker, 2018)
and used in studies of neurodegenerative diseases, like Alzheimer's
disease (AD) and Parkinson's disease (PD), shedding light on their
causes and progression (Calahorro and Ruiz-Rubio, 2011).

The field of neurotoxicology has also taken advantage of the model.
The use of C. elegans in toxicological studies has recently escalated,
mostly due to the ease of high-throughput chemical-genetic screens,
and the ability to analyze the effect of toxic mixtures. Chronic and
delayed effects of environmental toxicants are often difficult to monitor
in mammalian models due to their long life cycles, therefore the short
lifespan of C. elegans affords a convenient alternative in assessing this
impact (Tejeda-Benitez and Olivero-Verbel, 2016; Honnen, 2017; Hunt,
2017). To date, almost every type of known toxicant has been tested in
this animal model (Tejeda-Benitez and Olivero-Verbel, 2016; Hunt,
2017). Many toxicants, including metals and pesticides, have been ex-
amined with respect to their effects on the C. elegans nervous system
and very frequently results from these studies have closely emulated
those observed in mammalian systems.

This review focuses specifically on neurodevelopment and aims to
highlight the contribution and utility of C. elegans to the field of neu-
rodevelopmental toxicology. This review gives examples of the uses of
C. elegans in neurodevelopmental toxicology research, summarized in
Table 1, and discusses relevance to mammalian studies.

3. Neurodevelopmental toxicity studies in C. elegans

3.1. Manganese

Manganese (Mn) is one of the most plentiful naturally occurring
trace elements. In organisms it exists in all tissues, where at physiolo-
gical levels it regulates various cellular processes including metabolism
of proteins, lipids and carbohydrates, immune system, growth and de-
velopment. However, at high concentrations, Mn can be toxic, parti-
cularly to the brain (Sidoryk-Wegrzynowicz and Aschner, 2013; Chen
et al., 2015a; Peres et al., 2016). Excessive exposure to Mn may lead to
its deposition and accumulation within the brain as it readily crosses
the blood brain barrier (BBB). Particularly, dopaminergic (DAergic)
neurons of the nigrostriatal region are compromised leading to a par-
kinsonian syndrome referred to manganism. The syndrome presents
clinical indicators that are similar to PD (Chen et al., 2015a). Mn
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Table 1
C.elegans as a model organism in neurodevelopmental toxicity studies.

Compound Experimental design Effect Similar effects in
mammals

Reference

Manganese (Mn) L1
0.5 h
50mM in dH2O

Increased DAergic degeneration, partially dependent on expression of
SMF-1.

Yes Settivari et al. (2009)

L1
0.5 h
0.001–100mM in 85mM NaCl

Increased DAergic, but not cholinergic, GABAergic degeneration;
effect dependent on DAT-1, DOPs and SMF-1 and inhibited by SKN-1
overexpression.

Yes Benedetto et al. (2010)

L1
0.5 h
50mM in dH2O

Increased DAergic degeneration; dependent on GST-1 and SKN-1, but
not DAT-1 expression; the effect inhibited by KD of jnk-1, ced-3 and
csp-1.

Yes Settivari et al. (2013)

L1
1 h
10, 25mM in 85mM NaCl

Increased DAergic degeneration and reduced basal slowing response.
SLC30A10 overexpression attenuated DAergic injury, while KO
worsened the effects of Mn.

Yes Leyva-Illades et al.
(2014)

L1
0.5 h
50mM in 85mM NaCl

Increased dauer movement due to djr-1.2-dependent disruption of
DAergic signaling.

ND Chen et al. (2015c)

L1
1 h
5, 10mM in 85mM NaCl

Increased DAergic degeneration and reduced basal slowing response;
mutation in trt-1 resisted compromised DAergic systems.

Yes Ijomone et al. (2016)

L1
0.5 h
10, 50mM in 85mM NaCl

Increased DAergic degeneration; effect aggravated by loss of hsp-1. Yes Avila et al. (2016)

Mercury (Hg) L1, L4
0.5, 6, 15 h
0.1–10mM MeHgCl in M9

Unchanged DA and GABA neurons morphology. No Helmcke et al. (2009)

L1
0,5 h
20 μM MeHgCl in M9

Degeneration of DAergic neurons later in life (96 h), increased ROS
levels, upregulation of SKN-1.

Yes Martinez-Finley et al.
(2013a)

L1
0,5 h
10, 20 μM MeHgCl in M9

Decreased DA-mediated locomotor activity. Yes Martinez-Finley et al.
(2013b)

L4
48, 72, 96 h
0.5–125 μM MeHgCl in NGM
plates

Degeneration of DA neurons, increased ROS levels and GST mRNA,
developmental defects, protective role of SKN-1.

Yes Vanduyn et al. (2010)

L1, L4
5, 48 h
0.3–200 μM HgCl2
0.03–50 μM MeHgCl
in K medium

MeHgCl-induced neurotoxic effects at concentrations lower than for
HgCl2.

Yes McElwee and
Freedman (2011)

L2, L4
12 h
50, 100, 200 μM MeHgCl in K
medium

Neurobehavioral defects partially prevented by preconditioning with
mild heat shock.

ND Ye et al. (2010)

L4
6 h
2.5–50 μM HgCl2

Decreased associative learning behavior, thermotaxis and locomotion
behavior.

Yes Zhang et al. (2010)

L1–L4
6 h
2.5–50 μM HgCl2 in K medium

Degeneration of GABAergic neurons. Yes Xing et al. (2009)

Arsenic (As) L4
24 h
100 μM As (III) in K-medium

Deficits in AFD sensory neurons, decrease in isothermal tracking
behavior, altered locomotor behaviors.

Yes Yu and Liao (2014)

Egg to adult chronic exposure
1mM As (III) in NGM plates

Increased sensitivity in paralysis assays suggesting alterations in
cholinergic system; the role of abts-1 in this process.

Yes Liao et al. (2010)

Lead (Pb) L1 worms pre-treated with
0.01 μM Se(IV) 40 h
L4
24 h
100 μM Pb(NO3)2 in K-medium

Decreased locomotor behaviors: body bends, head thrashing, and
reversal frequency; deficits in AFD sensory neurons; effects mitigated
by Se pre-treatment.

Yes Li et al. (2013)

L1–young adult
2.5 days
1.45mg/l Pb in K-medium

Decreased locomotor behaviors: body bends and head thrashes. Yes Sun et al. (2016)

L4
6 h
2.5, 10 μM Pb(NO3)2 in K-
medium

Impaired association learning behavior. Yes Zhang et al. (2010)

L1–L4
6 h
2.5, 50, 100 μM Pb(NO3)2 in K-
medium

Dose-dependent increase in dorsal and ventral cord gaps and
increased loss of neuronal cell bodies in L1-L3 worms; deficits in
cholinergic transmission in L1-L4 worms.

Yes Xing et al. (2009)

Sodium fluoride (NaF) L4
24 h
0.038, 0.38, 3.8mM in M9

Defects in locomotion behavior, increased ROS levels and
upregulation of oxidative stress-related genes.

Yes Li et al. (2012)

(continued on next page)
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exposure may also present a risk factor for the development of PD
(Guilarte, 2013).

Several studies have reported toxic effects of Mn exposure on chil-
dren in relation to neurodevelopment (Coetzee et al., 2016; Bjorklund
et al., 2017). For example, a study of 7–9-year-old children residing
near a ferromanganese industry showed that both high and low con-
centrations of Mn in blood and hair are associated with lower in-
telligence quotient (IQ) scores (Haynes et al., 2015). Increased prenatal
and early childhood exposure to Mn in drinking water has been shown
to elevate the risk of neurobehavioral problems of children at 10 years
of age (Rahman et al., 2017). Animal studies have also demonstrated
developmental neurotoxicity associated with Mn exposure (Kikuchihara
et al., 2015; Peres et al., 2015), however the molecular mechanisms by
which Mn imparts neurodevelopment remains unresolved, and in these
regards, the use of C. elegans in Mn neurotoxicity is applied (Chen et al.,
2015b).

Several studies from our lab and others have shown that C. elegans
treatment with Mn at early life (Larva-1 stage, L1) induces DAergic
neurodegeneration in L1, L4 and young adults (Settivari et al., 2009;
Benedetto et al., 2010; Settivari et al., 2013; Leyva-Illades et al., 2014;
Avila et al., 2016; Ijomone et al., 2016). Additionally, treatment of L1
worms with Mn altered neurobehavioral parameters at a later stage. Mn
treatment at L1 increased dauer movement of WT worms at dauer stage
(Chen et al., 2015c) and reduced basal slowing response at L4 and
young adult stage (Leyva-Illades et al., 2014; Ijomone et al., 2016).
Increased dauer movement and reduced basal slowing response are
indicative of compromised DAergic neurotransmitter systems.
Benedetto et al. (2010) suggested that Mn developmental neurotoxicity
is specific to DAergic neurons in C. elegans. The authors did not observe
any degeneration in cholinergic, GABAergic and chemosensory neu-
rons, at doses that induced DAergic degeneration (Benedetto et al.,
2010). However, it is possible that DAergic neurons are most sensitive
to Mn developmental neurotoxicity, and higher exposure concentra-
tions and duration may produce analogous degenerating effects in other
neurotransmitter systems in C. elegans.

Similarly to higher organisms, in worms Mn has been reported to
trigger reactive oxygen species (ROS) generation and induced oxidative
stress (Settivari et al., 2009; Benedetto et al., 2010; Settivari et al.,
2013; Avila et al., 2016), as well as alter activities of apoptotic proteins
(Settivari et al., 2013) and PD-associated genes (Chen et al., 2015b).
Expression of GST-1 (glutathione transferase 1) and SKN-1, a homo-
logue of human nuclear factor (erythroid-derived 2)-like 2, NRF-2 – a
transcription factor regulating antioxidant response involved in anti-
oxidant and detoxification enzymes regulation, has been shown to

inhibit Mn-induced developmental neurotoxicity in C. elegans (Settivari
et al., 2009; Benedetto et al., 2010; Settivari et al., 2013).

Involvement of apoptotic proteins has also been implicated in Mn-
induced developmental neurotoxicity. Genetic KD mutations of jnk-1,
ced-3, and csp-1, all inhibited DAergic neurodegeneration in young
adult following exposure of L1 worms to Mn. JNKs belong to a class of
MAPKs that are triggered by internal or external stressors, and are in-
volved in proapoptotic signaling. CED-3 is homologous to vertebrate
proapoptotic caspase-3, while CSP-1 is among three caspase-like pro-
teins (the other two being CSP-2, CSP-3) that show some homology to
vertebrate caspase-1-3, and may act as an initiator of apoptosis by
upregulating CED-3 (Settivari et al., 2013).

Several transporters have been implicated in Mn-induced develop-
mental neurotoxicity in mammals (Erikson et al., 2005; Au et al., 2008;
Tuschl et al., 2012) and studies in worms have helped to understand
their role. DAergic degeneration following Mn exposure in early stage
of C. elegans development has been shown to be dependent on dopa-
mine transporter DAT-1, as deletion mutations of dat-1 protect against
DAergic degeneration following Mn treatment. Nevertheless, dat-1
mutants as well as mutants with KO of all DA receptors (dop-1, dop-2,
dop-3) show overall hypersensitivity to Mn toxicity (decreased survival
rate compared to WT controls). In addition, C. elegans with tyrosine
hydroxylase (cat-2) and vesicular monoamine transporter (cat-1) loss of
function mutations exhibit hyper-resistant to Mn treatment. DAT-1 and
DOPs are associated with removal of DA from synapses, while internal
DA generation and packaging for release at synapses depends on CAT-2
and CAT-1 respectively. Hence these results suggest extracellular, but
not intracellular, DA exacerbates Mn neurotoxicity (Benedetto et al.,
2010; Chen et al., 2015b). Contrastingly, Settivari et al. (2013) showed
that Mn-induced DAergic degeneration is not dependent on DAT-1.
These authors suggest that differences in the genetic background of the
dat-1 KO strain and WT strain used in the previous study (Benedetto
et al., 2010) may have been the likely reason for this contrasting result.
Developmental DAergic degeneration has been shown to be partially
dependent on divalent metal transporter DMT-1 homologues SMF-1 in
DAergic neurons, because smf-1 deletion mutations partially protected
against DAergic degeneration in worms (Benedetto et al., 2010;
Settivari et al., 2013). Additionally, SLC30A10, an Mn efflux trans-
porter has been shown to be involved in developmental neurotoxicity
on DAergic system. Overexpression of SLC30A10 in worms reduced
cellular Mn levels, thereby attenuating against Mn toxicity. Moreover, it
significantly attenuated Mn-induced DAergic degeneration in L1
worms, while L89P mutation of SLC30A10 significantly worsened
DAergic degeneration upon Mn exposure (Leyva-Illades et al., 2014).

Table 1 (continued)

Compound Experimental design Effect Similar effects in
mammals

Reference

Dichlorvos L4
2, 8, 26 h
6, 15 μM
in M9

Altered gene expression of several neuronal growth/repair-related
genes.

Yes Lewis et al. (2013)

Monocrotophos L4
24 h
0.5, 0.75, 1.5mM in K medium

Decreased AChE, enhancing effects for a high glucose diet. Yes Salim and Rajini
(2014)

TouchDown/mancozed L2
0.5 h
0.22–12.5% in M9

Neurodegeneration of DA and GABA systems. ND Negga et al. (2011),
Negga et al., (2012)

EPTC/molinate/
MeDETC

L1
1 h
0.2, 0.4, 0.1mM in M9

Changed DAergic cell morphology, decreased DA content and
impaired DA-related behavior.

ND Caito et al. (2013a)

Abbreviations: abts-1: bicarbonate transporter; ACh: acetylcholine; AChE: acetylcholinesterase; ced-3: cell death protein 3 subunit 2; csp-1: caspase A subunit p16; DA: dopamine; DAT-1:
sodium-dependent dopamine transporter; dH2O: distilled water, djr-1.2: glutathione-independent glyoxalase; DMT-1 divalent metal transporter 1; DOPs: dopamine receptors; EPTC: S-
ethyl N,N-dipropylthiocarbamate; ERM: medaka embryo-rearing medium; GABA: γ-aminobutyric acid; GST: glutathione transferase; Hg: mercury; hsp-1: heat shock protein A; jnk-1:
stress-activated protein kinase; M9: M9 minimal medium; MeDETC: S-methyl-N,N-diethylthiocarbamate; MeHgCl: methylmercury chloride; Mn: manganese; mRNA: messenger ribo-
nucleic acid; ND: no data; NGM: nematode growth medium; NPs: nanoparticles; ROS: reactive oxygen species; Se: selenium; SKN-1: homologue of nuclear factor (erythroid-derived 2)-like
2; SLC30A10: solute carrier family 30 member 10; SMF-1: NRAMP-like transporter; trt-1: telomerase reverse transcriptase.
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Recent studies identified protein targets that may be involved in
developmental neurotoxicity following Mn exposure. They include li-
pocalin-related protein LPR-5 (Rudgalvyte et al., 2016), telomerase
reverse transcriptase TRT-1 (Ijomone et al., 2016), and heat shock
proteins HSP-70, HSP-3 and CHN-1 (Avila et al., 2016). lpr-5 KD re-
sulted in increased animal death in both controls and Mn exposed L1
worms. Although the function of LPR-5 is not clear, it is suggested that
it may be involved in Mn induced toxicity via endoplasmic reticulum-
lipocalin-related pathways (Rudgalvyte et al., 2016). Mutation in TRT-1
(the catalytic subunit of telomerase) in C. elegans inhibited DAergic
degeneration in L1 worms upon Mn exposure. However, it may be due
to the ability of C. elegans to survive without functional telomerase
(Ijomone et al., 2016). Loss of hsp-70, hsp-3 and chn-1 reduced survival
rate as well as increased protein oxidation following Mn exposure to L1
worms. Particularly, loss of hsp-70 worsened Mn-induced DAergic de-
generation. This effect may involve the blocking of transcriptional up-
regulation of pink-1, a gene linked to PD (Avila et al., 2016).

PD-associated genes, like parkin, dj-1 and α-synuclein, have been
implicated in Mn-induced DAergic degeneration (Chen et al., 2015a).
Overexpression of α-synuclein in worms rescued DAergic degeneration
in the background of parkin deletion mutation, but not dj-1 mutation
(Chakraborty et al., 2013). However, it should be noted that worms
expressing human WT α-synuclein showed increased DAergic degen-
eration following Mn treatment reinforcing the exacerbating role ex-
erted by α-synuclein in PD (Settivari et al., 2009). djr-1.2 deletion in-
creased dauer movement following Mn exposure, suggesting djr-1.2
deletion disrupts DAergic signaling; this effect was exacerbated upon
Mn exposure during C. elegans development (Chen et al., 2015c).

In summary, C. elegans' unique properties contributed greatly to
better understanding of mechanism of Mn-induced developmental
neurotoxicity. Worms' transparency and ability to visualize neurons
allowed to identify DAergic system as a key target for neurodegenera-
tion upon early life Mn exposure (Settivari et al., 2009; Benedetto et al.,
2010; Settivari et al., 2013; Leyva-Illades et al., 2014; Avila et al., 2016;
Ijomone et al., 2016), which was further confirmed by numerous be-
havioral tests (Chen et al., 2015c; Leyva-Illades et al., 2014; Ijomone
et al., 2016). Moreover, ease of genetic manipulation allowed deeper
insight into the mechanism, revealing the important role of extra-
cellular DA and DA transporters in DAergic neurodegeneration
(Benedetto et al., 2010; Chen et al., 2015b). Furthermore, genetic
modifications allowed to reveal the significance of several antioxidant
and detoxification genes (Settivari et al., 2009; Benedetto et al., 2010;
Settivari et al., 2013; Avila et al., 2016) and heat-shock proteins (Avila
et al., 2016) in Mn resistance, as well as the role of apoptotic proteins
(Settivari et al., 2013), metal transporters (Benedetto et al., 2010;
Settivari et al., 2013), or PD-associated genes (Chakraborty et al., 2013;
Chen et al., 2015c) in the mechanism of Mn-induced neurotoxicity and
neurodegeneration during early development.

3.2. Mercury

Mercury (Hg), especially its organic form – methylmercury (MeHg)
is one of the most poisonous neurotoxicants found in the environment.
Humans are exposed to MeHg mainly through consumption of con-
taminated fish and plants, but also through occupational exposure and
anthropogenic mercury emissions (Clarkson and Magos, 2006; Rice
et al., 2014). Acute exposure to MeHg has historically been seen by
incidents in Minamata Bay (Japan) and in Barsa (Iraq). Even though
over the past few years MeHg exposure has been substantially curbed,
one is still affected because it is so persistent in the environment, posing
a risk related to low-levels chronic exposures (Grandjean et al., 2010).

MeHg crosses the blood-brain and placental barriers, causing a
serious threat to developing brains in fetuses and infants. The neuro-
developmental toxicity of MeHg is well established -numerous studies
addressed MeHg developmental neurotoxicity in animals and humans,
and linked it to ROS accumulation, oxidative stress, disruption in

neurotransmitters or metallothioneins homeostasis (Sanfeliu et al.,
2003; Bose-O'Reilly et al., 2010; Llop et al., 2013; Antonelli et al.,
2017). However, the mechanism of toxicity is still not fully understood
(Llop et al., 2015), and a lack of efficient treatment stimulate further
research, in which C.elegans has already played a significant role.

To date, several initial studies aimed to characterize the effect of Hg
and MeHg on the nematode in general, as well as on its developing
nervous system, revealing numerous similarities with mammalian
models. MeHg has been shown to be transported in the worm by a
conserved mechanism, dependent on amino acid transporters LAT1
(Caito et al., 2013b). MeHg was more toxic to L1 and L4 stage C. elegans
than HgCl2, when assessing feeding, movement, and reproduction, all of
which require neuromuscular activity (McElwee and Freedman, 2011),
and these results are consistent with studies in other species. When L4
larval were exposed a to low (2.5 μM) HgCl2 levels for 6 h, it caused
significant decrease of associative learning behavior, whereas 50 μM
caused significant reduction of body bend frequency and thermotaxis to
cultivation temperature (Zhang et al., 2010). One of the first studies
showed that L1 worms are significantly more sensitive than L4 to acute
MeHgCl treatment, likely due to undeveloped detoxification system
(Helmcke et al., 2009). Moreover, MeHg treatment inhibited worms'
development and pharyngeal pumping, however DAergic and GA-
BAergic neurons morphology was not impaired in animals that survived
MeHgCl exposure (up to 72 h post-treatment), suggesting that C. elegans
neurons may be less sensitive than mammalian, even though Hg levels
found in C. elegans were similar to those causing deleterious alterations
in mammalian systems (Helmcke et al., 2009). Degeneration of GA-
BAergic neurons has been observed after treatment with HgCl2 (up to
100 μM, 6 h); of importance, younger larvae (L1−L3) showed greater
sensitivity to neurotoxicity (assessed by changes in neuronal survival
and synaptic function) than L4 larvae and young adult nematodes (Xing
et al., 2009). Martinez-Finley et al. has reported a loss of DAergic
neurons later in life (96 h) following early-life (L1) MeHg exposure
(0,5 h, 20 μM). Moreover, loss-of-function of DAergic neurons (basal
slowing response) was observed later in life (72 h) (Martinez-Finley
et al., 2013a). The role of SKN-1 was investigated in this context,
showing that DA levels were decreased in skn-1 KOs compared to WT
worms, following early life exposure to MeHg. ROS levels were elevated
in skn-1 KOs and in WT worms following MeHg exposure. SKN-1 ex-
pression in the gut has been seen 24 h following exposure to 20 μM
MeHg (Martinez-Finley et al., 2013a). The upregulation of NRF-2 and
genes under its control has been shown in many mammalian models
upon exposure to MeHg (Ni et al., 2010; Kumagai et al., 2013; Culbreth
et al., 2017) and other developmental neurotoxicants (Lau et al., 2013).
A previous study has also shown that reduction in SKN-1 gene expres-
sion increases L4 worms vulnerability to MeHg, affects expression of
GST, and prevents DAergic degeneration.

The role of mammalian parkin/PARK2 protein was also studied in
MeHg neurotoxicity using C. elegans model. The pdr-1 KO exacerbated
MeHg toxicity and damage to the DAergic system, however a change in
DA-mediated locomotor activity (basal slowing response) was observed
in WT worms, but not in pdr-1 KOs (Martinez-Finley et al., 2013b). The
role of metallothioneins in adaptation response to Hg has been also
investigated in C. elegans. Pre-treatment with mild heat-shock (1 h at
36 °C) at L2 larva stage prevented neurobehavioral defects and the
activation of stress response in nematodes exposed (L4, 12 h) to mer-
cury at lower concentrations (50 and 100 μM), but not at higher levels
(200 μM) (Ye et al., 2010).

To date, numerous neurobehavioral studies have confirmed MeHg-
induced neurodevelopmental toxicity in young C. elegans (Helmcke
et al., 2009; Martinez-Finley et al., 2013a; McElwee and Freedman,
2011; Zhang et al., 2010), while neuronal visualization revealed
DAergic and GABAergic neurodegeneration later in life (Helmcke et al.,
2009; Martinez-Finley et al., 2013a; Xing et al., 2009). Furthermore,
genetic engineering allowed better understanding of the protective role
of skn-1 (Martinez-Finley et al., 2013a) and metallothioneins (Ye et al.,
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2010) in MeHg resistance, as well as the contribution of pdr-1
(Martinez-Finley et al., 2013b) in the mechanisms of MeHg-induced
developmental neurotoxicity.

3.3. Arsenic

Arsenic (As) and arsenic compounds are known carcinogens that are
widely present in the environment and are particularly elevated in
groundwater in a variety of nations around the world due to both
natural and anthropogenic sources. The World Health Organization has
set 10–50 ppb as provisional permissible concentration limits for As in
groundwater, yet many areas around the world have populations that
are exposed to ten to hundreds of times those limits (Shankar et al.,
2014). General consequences of As exposure include, but are not lim-
ited to, arsenicosis, skin melanosis, cancers of various organs, and IQ
declines (O'Bryant et al., 2011; Hunt et al., 2014; Tsuji et al., 2015).
Though extensively studied in the context of cancers, much remains to
be understood in terms of the long-term effects of early life arsenic
exposure on neurodevelopment and how early life toxicant insults or
low level chronic exposures may contribute to neurological diseases.

The role of abts-1 (bicarbonate transporter) in As neurotoxicity was
evaluated in C. elegans. The experimental model utilized WT and abts-1
mutants grown on plates containing 1mM As from egg stage to adult
(approx. 2.5 days). The abts-1 expression was increased in neurons of
transgenic worms expressing Pabts-1::GFP growing on As-containing
plates. As-treated worms showed increased sensitivity in a paralysis
assay performed with exposure to levamisole and aldicarb - the finding
alludes to the involvement of abts-1 and arsenic toxicity in alterations of
the cholinergic system (Liao et al., 2010).

When L4 worms were treated with As (10–200 μM) for 24 h, it re-
sulted in robust changes in a variety of locomotor behaviors. Worms
tagged with GFP in AFD thermosensory neurons showed decreases in
cell body size and fluorescence intensity when comparing 100 μM As
treated worms to control (Yu and Liao, 2014). The AFD neurons are two
ciliated neurons responsible for a variety of functions related to ther-
motactic behaviors and interacts with the AIY interneuron (Clark et al.,
2006). These visible changes in the neurons also reflected functional
change as As-treated worms exhibited a significant decrease in iso-
thermal tracking (IT) behavior. Though the paper focuses on neurotoxic
effects in AFD neurons, the locomotor behavior deficits suggest im-
pairments of other neurons. Changes in the body bends and head
thrashing allude to possible direct changes to motor neurons; loss of the
AIZ interneuron has been found to lead to hyporeversal effects, similar
to what was observed in worms treated with As, suggesting another
neuron might be affected (Tsalik and Hobert, 2003). Reactive oxygen
species (ROS) levels were also increased in L4 worms treated with As,
and the As- induced toxicity effects were ameliorated in a variety of
neurobehavioral assays when worms were pretreated with curcumin, a
natural antioxidant, further highlighting that the mechanism of neu-
rotoxicity involves oxidative processes (Yu and Liao, 2014).

Other literature utilizing the C. elegans model for As research has
built on the observation of increased ROS levels post-As treatment at
various life stages of the worm and connected it to acceleration of aging
and mitochondrial dysfunction (Luz et al., 2016; Yu et al., 2016; Luz
et al., 2017). These findings were whole body effects and were not
evaluated specifically in neurons, and did not take advantage of po-
tentially exposing worms at earlier life stages in development that could
have given further insight into the effects of chronic arsenic exposure
on neurodevelopment. Sahu et al. (2013) treated early development L1
stage worms with As, and although they did not look directly at neu-
ronal changes, they did examine changes in gene expression - of par-
ticular interest were changes in ferroportin (responsible for iron export
out of the cell) and zinc ion binding gene classes after As treatment
(Sahu et al., 2013). Changes in iron and zinc homeostasis have been
linked to a variety of neurological diseases including, but not limited to,
AD, PD, ADHD, amyotrophic lateral sclerosis (ALS), and depression.

Thus, results from this paper suggest that early-life As exposure may
contribute to neurological disease development by affecting the
homeostasis of other biologically pertinent metals in the body (Hare
et al., 2013; Szewczyk, 2013).

To date, early life exposure to As in C. elegans has been linked to
increased ROS production and neurodegeneration, especially of AFD
neurons, followed by neurobehavioral changes, like impaired thermo-
sensory function (Yu and Liao, 2014). Moreover, the involvement of
abts-1 in As developmental neurotoxicity has been demonstrated (Liao
et al., 2010). These studies employed a key advantages of worm model
– ease of neuronal visualization, conduction of behavioral assays and
genetic manipulations.

3.4. Lead

Lead (Pb) is a naturally occurring heavy metal in the Earth's crust
and a non-essential metal in human biology. Human exposure to Pb is
mostly due to its industrial use in a variety of alloys and compounds.
Lead and Pb-alloys can be found in radiation shielding, pipes, weights,
ammunition and batteries, moreover, Pb compounds can be found in
dyes, paints, and gasoline, though the amounts have been greatly re-
duced or eliminated in recent years with increased awareness of the
detrimental effects of Pb poisoning and exposure. These effects include
kidney function impairment, thyroid function impairment, cardiovas-
cular disease, decreased reproductive health, encephalopathy, neuro-
developmental defects in children, preterm birth, and more. Delving
into neurodevelopmental effects of Pb exposure, the literature notes
changes and impairment in IQ, memory, attention, language compre-
hension, processing speed, motor function and affect (Abadin et al.,
2007; Mason et al., 2014). Molecular mechanism of Pb neurotoxicity is
complex and includes oxidative stress, membrane disruptions, dereg-
ulation of cell signaling and impaired neurotransmission (Sanders et al.,
2009).

The C. elegans model has been extensively used to examine Pb
toxicity in general, but has not been specifically taken advantage of in
the field of neurotoxicity and neurodevelopment, as noted by the
scarcity of literature in this subfield. In one study, worms were pre-
treated with selenium (0.01 μM Se(IV)) for 40 h starting from L1, and L4
worms were then exposed to 100 μM Pb(NO3)2 for 24 h. The study
showed decreased number of body bends, head thrashing, and reversal
frequency after Pb exposure, which might be mitigated by pretreatment
with Se (Li et al., 2013). Changes in locomotor assays could be attrib-
uted to changes in AFD neuron function, as stated before. Indeed,
morphological changes in AFD neurons were observed after Pb-treat-
ment, namely decreased cell body size. Moreover, a significant reduc-
tion in mRNA levels of tax-2, tax-4, and ceh-14 were also observed after
Pb exposure; these genes are required for proper AFD differentiation
and function (Li et al., 2013). Decreased locomotor activity (body bends
and head thrashes) was also shown when L1 worms were chronically
treated with 1.45mg/l Pb until young adult life stage (Sun et al., 2016).

When L4 worms were treated with 2.5 or 10 μM Pb(NO3)2 for 6 h,
they showed significant decrease in association learning behavior, as
compared to control in a thermotaxis assay paradigm (Zhang et al.,
2010). In another study, the same group utilized L1–L4 worms ex-
pressing GFP in GABAergic neurons and treated them with Pb(NO3)2
solutions (2.5, 50, or 100 μM) for 6 h. The study demonstrated that the
Pb exposures led to significant dose-dependent increases in dorsal and
ventral cord gaps and increases in loss of neuronal cell bodies for L1–L3
treated worms, reflecting axonal and cell body degeneration post-Pb
treatment (Xing et al., 2009). Worms were also treated with aldicarb
and levamisole with the same paradigm, to determine if Pb treatment
impacted cholinergic neurons. Normally, worms are paralyzed in these
assays and continued motility upon exposure to aldicarb or levamisole
suggest pre- or post-synaptic changes in cholinergic neurons, respec-
tively. Increased motility was observed for all three concentrations of
Pb for L1–L3 worms, as well as for 50 and 100 μM for L4 worms, and
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100 μM Pb treatment for young adult, suggesting deficits in cholinergic
transmission. Throughout the paper, there is a consistent theme of in-
creased maturity in life stage leading to greater resistance against the
impacts of lead exposure (Xing et al., 2009). Again, major advantages of
the model application in neuroscience – neuronal GFP labeling and
relative simplicity of behavioral testing, have been employed to reveal
the effects of Pb on C. elegans larvae, which were degeneration of AFD
neurons (Li et al., 2013) and GABAergic neurons (Xing et al., 2009), as
well as various neurobehavioral changes (Li et al., 2013; Sun et al.,
2016; Xing et al., 2009; Zhang et al., 2010).

3.5. Fluoride

Fluoride (F) is an essential trace element ubiquitous in the en-
vironment (Whitford, 1983). Additionally, due to its positive effect on
teeth and bones, one of fluoride compounds – sodium fluoride (NaF)- is
supplemented worldwide in public drinking water. In 2012, 74.6% of
people with access to public water systems, or nearly 211 million
people in the United States, drank artificially fluoridated water
(Chaudhary et al., 2010). Thus, human exposure to substantial amounts
of this element occurs on regular basis. Although consumption of
drinking water and usage of NaF-containing dental hygiene products is
considered the major source of human intake, potential for bioaccu-
mulation of fluoride ion in living organisms and environment results
from additional sources of exposure, like consumption of seafood or
plants grown in high-fluoride waters or soils (Ozsvath, 2009;
Chaudhary et al., 2010). Despite its positive effects, some studies sug-
gest that prolonged ingestion of fluoride produces deleterious effects,
especially on the CNS, which poses serious global health concern (Gui
et al., 2010). Sodium fluoride has been shown to induce neurological
impairment particularly in the hippocampus and cerebral cortex in
experimental animals (Bhatnagar et al., 2002; Sharma et al., 2014).
Several epidemiological and experimental studies have highlighted
closed relationship between fluoride ingestion and neurodevelopmental
delays (Chioca et al., 2008; Choi et al., 2012), alike decreased IQ of
children (Aravind et al., 2016). Previous studies have demonstrated
that the toxic effect of fluoride exposure on the CNS could be attributed
to their ability to cross the BBB and lead to oxidative stress, DNA da-
mage and decrease in nicotinic acetylcholine receptors (Ranpariya
et al., 2011; Sharma et al., 2014), however the mechanisms underlying
its developmental neurotoxicity are not fully understood.

Recently, Li et al. reported that NaF exposure can induce multiple
biological toxicities to C. elegans in a concentration-dependent manner
at physiological, biochemical, and molecular levels. In this study C.
elegans (L4 stage) were exposed to three concentrations of NaF (0.038,
0.38, 3.8mM) for 24 h. Furthermore, NaF induced behavioral deficits –
decreased head thrashes and body bend frequency, and increased ROS
levels and expression of some oxidative stress-related genes: hsp-16.1,
sod-3, ctl-2, dhs-28, gst-1, and cep-1 (Li et al., 2012). These results are
consistent with some observations in higher organisms (Dec et al.,
2017).

3.6. Pesticides

Dichlorvos, an organophosphorus (OP) pesticide, is widely used
globally due to its high potency and low price (Zhang et al., 2017). As
an OP, it inhibits acetylcholinesterase (AChE) – the enzyme which re-
moves acetylcholine (ACh) from the synapse – leading to an excess of
ACh in the synapse and impaired nerve function (Kobayashi et al.,
1986). Dichlorvos is classified by the World Health Organization
(WHO) as highly hazardous and its detrimental effects on humans are
likely related to continuous dietary uptake, including some nervous
system diseases at relatively low exposure levels (Mackenzie Ross et al.,
2010; Velmurugan et al., 2013; Du et al., 2014).

Lewis et al. studied the effects of developmental exposure to di-
chlorvos in the C. elegans model; following exposure of L4 worms to

dichlorvos, several neuronal growth/repair-related gene expressions
were altered: dlk-1 (MAPKKK) and pmk-3 (p38 MAPK), genes related to
axon regeneration, were upregulated; expression level of unc-14, unc-
129, eva-1, klc-2, and pak-1, all related to axonal guidance, was also
increased; finally, the components of the SMA TGF-β pathway – which
is related to sensory neuronal development – were also upregulated.
The suspected underlying mechanism for these findings is, according to
the authors, mitochondrial dysfunction, which stems from the changes
in metabolic processes found following dichlorvos exposure (Lewis
et al., 2013). Similar observations were true for rodents (Masoud et al.,
2009; Wani et al., 2011).

Monocrotophos (MCP), an OP insecticide, also works by inhibiting
AChE; it is highly toxic, fast acting and non-organism specific, which is
why its use is banned in most developed countries (Kavitha and
Venkateswara Rao, 2007; Maniyar et al., 2011; Leelaja and Rajini,
2013). As a high glucose diet has already been associated with the
exacerbation of OP toxicity (Olivier et al., 2001; Liu et al., 2007), Salim
and Rajini (2014) used the C. elegans model to study the developmental
neurotoxicity of MCP and the effects of a high-glucose diet on such
toxicity. Following exposure of L4 worms to MCP, a dose-dependent
decrease in AChE was reported for both control and high-glucose worm
groups, with a lower mean activity in the high glucose group, sug-
gesting an increased nervous-system vulnerability under the high glu-
cose conditions.

Glyphosate, a glycine analogue, is the active ingredient in some of
the most common herbicides globally; its popularity led to the devel-
opment of genetically modified crops which are resistant to its effects
(Woodburn, 2000; Gardner and Nelson, 2008; Dewar, 2009). Recent
studies show that while glyphosate alone is relatively non-toxic, ex-
posure to glyphosate-containing products is related to mitochondrial
dysfunction (Bababunmi et al., 1979; Olorunsogo et al., 1979;
Olorunsogo and Bababunmi, 1980; Peixoto, 2005). Mancozeb, a man-
ganese (Mn) containing fungicide, acts by inhibiting enzymes and is
massively used worldwide – approximately 3.6 million kilograms an-
nually (University, 1987; Giannesse and Marcelli, 2000; Gianessi and
Reigner, 2006). Exposure to mancozeb-containing products has been
associated with apoptosis, neurodegeneration and inhibition of mi-
tochondrial respiration (Soleo et al., 1996; Calviello et al., 2006;
Domico et al., 2006; Domico et al., 2007; Zhang et al., 2017). In order
to study the potential developmental neurotoxicity of TouchDown (TD;
a glyphosate-containing herbicide) and Mancozed (MZ; a Mn-con-
taining fungicide), the C. elegans model was used, specifically the
NW1229 strain, which has all neurons tagged with GFP: L2 worms were
exposed, acutely or chronically, to either product or both. Fluorescent
microscopy analyses revealed dose-dependent neurodegeneration for
all parameters, and to the highest extent following MZ exposure (Negga
et al., 2011). In a follow-up study, using the same design, it was found
that exposure to TD and MZ is associated with neurodegeneration of
GABAergic and DAergic neurons, suggesting a more specific effect for
these compounds in the nervous system (Negga et al., 2012). Further,
impaired neuronal development and axon growth was observed in rat
primary cultures of hippocampal pyramidal cells exposed to this her-
bicide (Coullery et al., 2016).

Thiocarbamate and dithiocarbamate pesticides are among the most
commonly used pesticides in the US (Grube et al., 2011); their me-
chanism of action involves the metal-dependant and sulfhydryl enzyme
systems in fungi, bacteria, plants, insects and mammals (Miller, 1982).
A major concern regarding exposure to these compounds is their me-
tabolites, which can lead to protein modification and enzyme inhibition
associated with mammalian neurotoxicity (Savolainen and Hervonen,
1985; Pentyala and Chetty, 1993; Staub et al., 1995; Tonkin et al.,
2004; Viquez et al., 2012). Caito et al. (2013a) studied the effects of S-
ethyl N,N-dipropylthiocarbamate (EPTC), molinate, and S-methyl-N,N-
diethylthiocarbamate (MeDETC) – two thiocarbamate pesticides and
one reactive intermediate of their metabolism, respectively – on the
development and function of the nervous system in C. elegans.
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Following acute exposure during the L1 phase the following parameters
were studied in the worms: neuronal morphology, neurotransmitter
content and basal-slowing response behavior. Pesticide exposure was
associated with a DAergic deficit, including loss of cell morphology,
decreased DA content and impaired DA-related behavior. Similar
findings were not found in other neurotransmitter systems (cholinergic,
glutamatergic and GABAergic), suggesting a potential role these com-
pounds may have in the development of PD.

4. Conclusions and perspectives

C. elegans is a model organism which allows to combine the study of
neuronal development, connectivity, physiology and behavior, changed
by environmental and genetic factors in a simplified, in vivo context.
Numerous advantages favor its use in toxicology and make it a recent
model of choice in studying neurodevelopmental disorders. From the
reviewed data, it emerges that C. elegans can be a useful tool in eval-
uating the effects of toxins on developing nervous system, advancing
our understanding of the molecular mechanisms underlying toxicity.
With effects frequently analogous to those observed in mammals, there
is a strong premise, that C. elegans findings can be extrapolated to
higher organisms, including humans. Therefore, its experimental po-
pularity will probably continue to grow and hopefully result in identi-
fication of new hazardous chemicals, as well as better insight into pa-
thomechanisms of known neurotoxicants.

C. elegans has already been successfully implemented in general
toxicity studies of other developmental neurotoxins, like ethanol (Davis
et al., 2008) toluene (Davies et al., 2012), polychlorinated biphenyls
(Menzel et al., 2007; Schafer et al., 2009), various flame retardants
(Behl et al., 2016) and chlorpyrifos (Ruan et al., 2012), resulting in
characteristic, pathological phenotypes; however, their neurodevelop-
mental effects in worms have yet to be addressed.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgment

This work has been supported by the National Institutes of Health to
MA [grant numbers NIEHS R01ES07331, NIEHS R01ES10563 and
NIEHS R01ES020852. OMI acknowledges the support of IBRO-ISN re-
search fellowship.

References

Abadin, H., Ashizawa, A., Stevens, Y.W., Llados, F., Diamond, G., Sage, G., Citra, M.,
Quinones, A., Bosch, S.J., Swarts, S.G., 2007. Agency for Toxic Substances and
Disease Registry (ATSDR) Toxicological Profiles, Toxicological Profile for Lead.
Agency for Toxic Substances and Disease Registry (US), Atlanta (GA).

Antonelli, M.C., Pallares, M.E., Ceccatelli, S., Spulber, S., 2017. Long-term consequences
of prenatal stress and neurotoxicants exposure on neurodevelopment. Prog.
Neurobiol. 155, 21–35.

Aravind, A., Dhanya, R.S., Narayan, A., Sam, G., Adarsh, V.J., Kiran, M., 2016. Effect of
fluoridated water on intelligence in 10–12-year-old school children. J. Int. Soc. Prev.
Commun. Dent. 6, S237–s242.

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

Avila, D.S., Benedetto, A., Au, C., Bornhorst, J., Aschner, M., 2016. Involvement of heat
shock proteins on Mn-induced toxicity in Caenorhabditis elegans. BMC Pharmacol.
Toxicol. 17, 54.

Bababunmi, E.A., Olorunsogo, O.O., Bassir, O., 1979. The uncoupling effect of N-(phos-
phonomethyl)glycine on isolated rat liver mitochondria. Biochem. Pharmacol. 28,
925–927.

Barclay, J.W., Morgan, A., Burgoyne, R.D., 2012. Neurotransmitter release mechanisms
studied in Caenorhabditis elegans. Cell Calcium 52, 289–295.

Bargmann, C.I., 1998. Neurobiology of the Caenorhabditis elegans genome. Science (New
York, N.Y.) 282, 2028–2033.

Behl, M., Rice, J.R., Smith, M.V., Co, C.A., Bridge, M.F., Hsieh, J.H., Freedman, J.H.,
Boyd, W.A., 2016. Editor's highlight: comparative toxicity of organophosphate flame
retardants and polybrominated diphenyl ethers to Caenorhabditis elegans. Toxicol.

Sci. 154, 241–252.
Benedetto, A., Au, C., Avila, D.S., Milatovic, D., Aschner, M., 2010. Extracellular dopa-

mine potentiates Mn-induced oxidative stress, lifespan reduction, and dopaminergic
neurodegeneration in a BLI-3-dependent manner in Caenorhabditis elegans. PLoS
Genet. 6.

Bhatnagar, M., Rao, P., Sushma, J., Bhatnagar, R., 2002. Neurotoxicity of fluoride: neu-
rodegeneration in hippocampus of female mice. Indian J. Exp. Biol. 40, 546–554.

Bjorklund, G., Chartrand, M.S., Aaseth, J., 2017. Manganese exposure and neurotoxic
effects in children. Environ. Res. 155, 380–384.

Blaxter, M., 2011. Nematodes: the worm and its relatives. PLoS Biol. 9, e1001050.
Bloom, B., Jones, L.I., Freeman, G., 2013. Summary health statistics for U.S. children:

National Health Interview Survey, 2012. In: Vital Health Stat. Ser. 10. Data National
Health Surv, pp. 1–81.

Bose-O'Reilly, S., McCarty, K.M., Steckling, N., Lettmeier, B., 2010. Mercury exposure and
children's health. Curr. Probl. Pediatr. Adolesc. Health Care 40, 186–215.

Brenner, S., 1973. The genetics of behaviour. Br. Med. Bull. 29, 269–271.
Brooks, C.E., Clayton, J.A., 2017. Sex/gender influences on the nervous system: basic

steps toward clinical progress. J. Neurosci. Res. 95, 14–16.
Brownlee, D.J., Fairweather, I., 1999. Exploring the neurotransmitter labyrinth in ne-

matodes. Trends Neurosci. 22, 16–24.
Caito, S.W., Valentine, W.M., Aschner, M., 2013a. Dopaminergic neurotoxicity of S-ethyl

N,N-dipropylthiocarbamate (EPTC), molinate, and S-methyl-N,N-diethylthiocarba-
mate (MeDETC) in Caenorhabditis elegans. J. Neurochem. 127, 837–851.

Caito, S.W., Zhang, Y., Aschner, M., 2013b. Involvement of AAT transporters in me-
thylmercury toxicity in Caenorhabditis elegans. Biochem. Biophys. Res. Commun.
435, 546–550.

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

Calviello, G., Piccioni, E., Boninsegna, A., Tedesco, B., Maggiano, N., Serini, S., Wolf, F.I.,
Palozza, P., 2006. DNA damage and apoptosis induction by the pesticide Mancozeb in
rat cells: involvement of the oxidative mechanism. Toxicol. Appl. Pharmacol. 211,
87–96.

Chakraborty, S., Bornhorst, J., Nguyen, T.T., Aschner, M., 2013. Oxidative stress me-
chanisms underlying Parkinson's disease-associated neurodegeneration in C. elegans.
Int. J. Mol. Sci. 14, 23103–23128.

Chalfie, M., Tu, Y., Euskirchen, G., Ward, W.W., Prasher, D.C., 1994. Green fluorescent
protein as a marker for gene expression. Science (New York, N.Y.) 263, 802–805.

Chaudhary, V., Kumar, M., Sharma, M., Yadav, B.S., 2010. Fluoride, boron and nitrate
toxicity in ground water of northwest Rajasthan, India. Environ. Monit. Assess. 161,
343–348.

Chen, P., Chakraborty, S., Mukhopadhyay, S., Lee, E., Paoliello, M.M., Bowman, A.B.,
Aschner, M., 2015a. Manganese homeostasis in the nervous system. J. Neurochem.
134, 601–610.

Chen, P., Chakraborty, S., Peres, T.V., Bowman, A.B., Aschner, M., 2015b. Manganese-
induced neurotoxicity: from C. elegans to humans. Toxicol. Res. 4, 191–202.

Chen, P., DeWitt, M.R., Bornhorst, J., Soares, F.A., Mukhopadhyay, S., Bowman, A.B.,
Aschner, M., 2015c. Age- and manganese-dependent modulation of dopaminergic
phenotypes in a C. elegans DJ-1 genetic model of Parkinson's disease. Metallomics 7,
289–298.

Chioca, L.R., Raupp, I.M., Da Cunha, C., Losso, E.M., Andreatini, R., 2008. Subchronic
fluoride intake induces impairment in habituation and active avoidance tasks in rats.
Eur. J. Pharmacol. 579, 196–201.

Choi, A.L., Sun, G., Zhang, Y., Grandjean, P., 2012. Developmental fluoride neurotoxicity:
a systematic review and meta-analysis. Environ. Health Perspect. 120, 1362–1368.

Clark, D.A., Biron, D., Sengupta, P., Samuel, A.D., 2006. The AFD sensory neurons encode
multiple functions underlying thermotactic behavior in Caenorhabditis elegans. J.
Neurosci. 26, 7444–7451.

Clarkson, T.W., Magos, L., 2006. The toxicology of mercury and its chemical compounds.
Crit. Rev. Toxicol. 36, 609–662.

Coetzee, D.J., McGovern, P.M., Rao, R., Harnack, L.J., Georgieff, M.K., Stepanov, I., 2016.
Measuring the impact of manganese exposure on children's neurodevelopment: ad-
vances and research gaps in biomarker-based approaches. Environ. Health 15, 91.

Consortium, T.C.e.S, 1998. Genome sequence of the nematode. C elegans: a platform for.
investigating biology. Science 282, 2012–2018.

Coullery, R.P., Ferrari, M.E., Rosso, S.B., 2016. Neuronal development and axon growth
are altered by glyphosate through a WNT non-canonical signaling pathway.
Neurotoxicology 52, 150–161.

Culbreth, M., Zhang, Z., Aschner, M., 2017. Methylmercury augments Nrf2 activity by
downregulation of the Src family kinase Fyn. Neurotoxicology 62, 200–206.

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

Davies, A.G., Friedberg, R.I., Gupta, H., Chan, C.L., Shelton, K.L., Bettinger, J.C., 2012.
Different genes influence toluene- and ethanol-induced locomotor impairment in C.
elegans. Drug Alcohol Depend. 122, 47–54.

Davis, J.R., Li, Y., Rankin, C.H., 2008. Effects of developmental exposure to ethanol on
Caenorhabditis elegans. Alcohol. Clin. Exp. Res. 32, 853–867.

Dec, K., Lukomska, A., Maciejewska, D., Jakubczyk, K., Baranowska-Bosiacka, I.,
Chlubek, D., Wasik, A., Gutowska, I., 2017. The influence of fluorine on the dis-
turbances of homeostasis in the central nervous system. Biol. Trace Elem. Res. 177,
224–234.

Dewar, A.M., 2009. Weed control in glyphosate-tolerant maize in Europe. Pest Manag.
Sci. 65, 1047–1058.

Domico, L.M., Zeevalk, G.D., Bernard, L.P., Cooper, K.R., 2006. Acute neurotoxic effects
of mancozeb and maneb in mesencephalic neuronal cultures are associated with
mitochondrial dysfunction. Neurotoxicology 27, 816–825.

J.A. Ruszkiewicz et al. Toxicology and Applied Pharmacology 354 (2018) 126–135

133

http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0005
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0005
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0005
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0005
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0010
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0010
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0010
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0015
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0015
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0015
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0020
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0020
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0025
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0025
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0025
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0030
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0030
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0030
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0035
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0035
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0040
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0040
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0045
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0045
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0045
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0045
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0050
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0050
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0050
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0050
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0055
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0055
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0060
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0060
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0065
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0070
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0070
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0070
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0075
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0075
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0080
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0085
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0085
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0090
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0090
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0095
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0095
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0095
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0100
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0100
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0100
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0105
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0105
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0105
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0110
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0110
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0110
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0110
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0115
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0115
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0115
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0120
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0120
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0125
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0125
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0125
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0130
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0130
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0130
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0135
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0135
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0140
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0140
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0140
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0140
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0145
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0145
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0145
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0150
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0150
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0155
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0155
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0155
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0160
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0160
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0165
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0165
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0165
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0170
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0170
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0175
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0175
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0175
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0180
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0180
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0185
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0185
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0190
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0190
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0190
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0195
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0195
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0200
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0200
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0200
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0200
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0205
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0205
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0210
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0210
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0210


Domico, L.M., Cooper, K.R., Bernard, L.P., Zeevalk, G.D., 2007. Reactive oxygen species
generation by the ethylene-bis-dithiocarbamate (EBDC) fungicide mancozeb and its
contribution to neuronal toxicity in mesencephalic cells. Neurotoxicology 28,
1079–1091.

Du, L., Li, S., Qi, L., Hou, Y., Zeng, Y., Xu, W., Wang, H., Zhao, X., Sun, C., 2014.
Metabonomic analysis of the joint toxic action of long-term low-level exposure to a
mixture of four organophosphate pesticides in rat plasma. Mol. BioSyst. 10,
1153–1161.

Erikson, K.M., John, C.E., Jones, S.R., Aschner, M., 2005. Manganese accumulation in
striatum of mice exposed to toxic doses is dependent upon a functional dopamine
transporter. Environ. Toxicol. Pharmacol. 20, 390–394.

Gardner, J., Nelson, G.C., 2008. Herbicides, glyphosate resistance and acute mammalian
toxicity: simulating an environmental effect of glyphosate-resistant weeds in the USA.
Pest Manag. Sci. 64, 470–478.

Gianessi, L., Reigner, N., 2006. Pesticide Use in U.S. Crop Production: 2002, With
Comparison to 1992 & 1997: Fungicides & Herbicides Pesticide Use in US crop
Production. CropLife Foundation, Washington, DC.

Giannesse, L., Marcelli, M., 2000. Pesticide use in US crop production: 1997. In:
Agriculture. U.S.D.o..

Goodman, M.B., Hall, D.H., Avery, L., Lockery, S.R., 1998. Active currents regulate sen-
sitivity and dynamic range in C. elegans neurons. Neuron 20, 763–772.

Grandjean, P., Landrigan, P.J., 2014. Neurobehavioural effects of developmental toxicity.
Lancet Neurol. 13, 330–338.

Grandjean, P., Satoh, H., Murata, K., Eto, K., 2010. Adverse effects of methylmercury:
environmental health research implications. Environ. Health Perspect. 118,
1137–1145.

Grube, A., Donaldson, D., Kiely, T., Wu, L., 2011. Pesticides Industry Sales and Usage
2006 and 2007 Market Estimates. U.S.E.P. Agency, Washington, D.C.

Gui, C.Z., Ran, L.Y., Li, J.P., Guan, Z.Z., 2010. Changes of learning and memory ability
and brain nicotinic receptors of rat offspring with coal burning fluorosis.
Neurotoxicol. Teratol. 32, 536–541.

Guilarte, T.R., 2013. Manganese neurotoxicity: new perspectives from behavioral, neu-
roimaging, and neuropathological studies in humans and non-human primates. Front.
Aging Neurosci. 5, 23.

Hansen, R.L., Rogers, S.J., 2013. Autism and Other Neurodevelopmental Disorders.
American Psychiatric Association, Washington, DC.

Hare, D., Ayton, S., Bush, A., Lei, P., 2013. A delicate balance: iron metabolism and
diseases of the brain. Front. Aging Neurosci. 5, 34.

Haynes, E.N., Sucharew, H., Kuhnell, P., Alden, J., Barnas, M., Wright, R.O., Parsons, P.J.,
Aldous, K.M., Praamsma, M.L., Beidler, C., Dietrich, K.N., 2015. Manganese exposure
and neurocognitive outcomes in rural school-age children: the communities actively
researching exposure study (Ohio, USA). Environ. Health Perspect. 123, 1066–1071.

Helmcke, K.J., Syversen, T., Miller 3rd, D.M., Aschner, M., 2009. Characterization of the
effects of methylmercury on Caenorhabditis elegans. Toxicol. Appl. Pharmacol. 240,
265–272.

Honnen, S., 2017. Caenorhabditis elegans as a powerful alternative model organism to
promote research in genetic toxicology and biomedicine. Arch. Toxicol. 91,
2029–2044.

Hu, W.F., Chahrour, M.H., Walsh, C.A., 2014. The diverse genetic landscape of neuro-
developmental disorders. Annu. Rev. Genomics Hum. Genet. 15, 195–213.

Hunt, P.R., 2017. The C. Elegans model in toxicity testing. J. Appl. Toxicol. 37, 50–59.
Hunt, K.M., Srivastava, R.K., Elmets, C.A., Athar, M., 2014. The mechanistic basis of

arsenicosis: pathogenesis of skin cancer. Cancer Lett. 354, 211–219.
Ijomone, O.M., Miah, M.R., Peres, T.V., Nwoha, P.U., Aschner, M., 2016. Null allele

mutants of trt-1, the catalytic subunit of telomerase in Caenorhabditis elegans, are
less sensitive to Mn-induced toxicity and DAergic degeneration. Neurotoxicology 57,
54–60.

Kavitha, P., Venkateswara Rao, J., 2007. Oxidative stress and locomotor behaviour re-
sponse as biomarkers for assessing recovery status of mosquito fish, Gambusia affinis
after lethal effect of an organophosphate pesticide, monocrotophos. Pestic. Biochem.
Physiol. 87, 182–188.

Kennedy, B.K., 2008. The genetics of ageing: insight from genome-wide approaches in
invertebrate model organisms. J. Intern. Med. 263, 142–152.

Kikuchihara, Y., Abe, H., Tanaka, T., Kato, M., Wang, L., Ikarashi, Y., Yoshida, T.,
Shibutani, M., 2015. Relationship between brain accumulation of manganese and
aberration of hippocampal adult neurogenesis after oral exposure to manganese
chloride in mice. Toxicology 331, 24–34.

Kobayashi, H., Yuyama, A., Chiba, K., 1986. Cholinergic system of brain tissue in rats
poisoned with the organophosphate, 0,0-dimethyl 0-(2,2-dichlorovinyl) phosphate.
Toxicol. Appl. Pharmacol. 82, 32–39.

Kumagai, Y., Kanda, H., Shinkai, Y., Toyama, T., 2013. The role of the Keap1/Nrf2
pathway in the cellular response to methylmercury. Oxidative Med. Cell. Longev.
2013, 848279.

Lapierre, L.R., Hansen, M., 2012. Lessons from C. elegans: signaling pathways for long-
evity. Trends Endocrinol. Metab. 23, 637–644.

Lau, A., Whitman, S.A., Jaramillo, M.C., Zhang, D.D., 2013. Arsenic-mediated activation
of the Nrf2-Keap1 antioxidant pathway. J. Biochem. Mol. Toxicol. 27, 99–105.

Leelaja, B.C., Rajini, P.S., 2013. Biochemical and physiological responses in
Caenorhabditis elegans exposed to sublethal concentrations of the organophosphorus
insecticide, monocrotophos. Ecotoxicol. Environ. Saf. 94, 8–13.

Lewis, J.A., Gehman, E.A., Baer, C.E., Jackson, D.A., 2013. Alterations in gene expression
in Caenorhabditis elegans associated with organophosphate pesticide intoxication
and recovery. BMC Genomics 14, 291.

Leyva-Illades, D., Chen, P., Zogzas, C.E., Hutchens, S., Mercado, J.M., Swaim, C.D.,
Morrisett, R.A., Bowman, A.B., Aschner, M., Mukhopadhyay, S., 2014. SLC30A10 is a
cell surface-localized manganese efflux transporter, and parkinsonism-causing

mutations block its intracellular trafficking and efflux activity. J. Neurosci. 34,
14079–14095.

Li, Q., Zhang, S.H., Yu, Y.H., Wang, L.P., Guan, S.W., Li, P.F., 2012. Toxicity of sodium
fluoride to Caenorhabditis elegans. Biomed. Environ. Sci. 25, 216–223.

Li, W.H., Shi, Y.C., Tseng, I.L., Liao, V.H., 2013. Protective efficacy of selenite against
lead-induced neurotoxicity in Caenorhabditis elegans. PLoS One 8, e62387.

Liao, V.H., Liu, J.T., Li, W.H., Yu, C.W., Hsieh, Y.C., 2010. Caenorhabditis elegans bi-
carbonate transporter ABTS-1 is involved in arsenite toxicity and cholinergic sig-
naling. Chem. Res. Toxicol. 23, 926–932.

Liu, J., Gupta, R.C., Goad, J.T., Karanth, S., Pope, C., 2007. Modulation of parathion
toxicity by glucose feeding: is nitric oxide involved? Toxicol. Appl. Pharmacol. 219,
106–113.

Llop, S., Lopez-Espinosa, M.J., Rebagliato, M., Ballester, F., 2013. Gender differences in
the neurotoxicity of metals in children. Toxicology 311, 3–12.

Llop, S., Ballester, F., Broberg, K., 2015. Effect of gene-mercury interactions on mercury
Toxicokinetics and neurotoxicity. Curr. Environ. Health Rep. 2, 179–194.

Luz, A.L., Godebo, T.R., Bhatt, D.P., Ilkayeva, O.R., Maurer, L.L., Hirschey, M.D., Meyer,
J.N., 2016. From the cover: arsenite uncouples mitochondrial respiration and induces
a Warburg-like effect in Caenorhabditis elegans. Toxicol. Sci. 152, 349–362.

Luz, A.L., Godebo, T.R., Smith, L.L., Leuthner, T.C., Maurer, L.L., Meyer, J.N., 2017.
Deficiencies in mitochondrial dynamics sensitize Caenorhabditis elegans to arsenite
and other mitochondrial toxicants by reducing mitochondrial adaptability.
Toxicology 387, 81–94.

Mackenzie Ross, S.J., Brewin, C.R., Curran, H.V., Furlong, C.E., Abraham-Smith, K.M.,
Harrison, V., 2010. Neuropsychological and psychiatric functioning in sheep farmers
exposed to low levels of organophosphate pesticides. Neurotoxicol. Teratol. 32,
452–459.

Malin, J.Z., Shaham, S., 2015. Cell death in C. Elegans development. Curr. Top. Dev. Biol.
114, 1–42.

Maniyar, R.A., Ahmed, R.N., David, M., 2011. Monocrotophos: toxicity evaluation and
respiratory responses of Cyprinus carpio (Linnaeus). Recent Res. Sci. Technol. 3,
51–54.

Martinez-Finley, E.J., Caito, S., Slaughter, J.C., Aschner, M., 2013a. The role of skn-1 in
methylmercury-induced latent dopaminergic neurodegeneration. Neurochem. Res.
38, 2650–2660.

Martinez-Finley, E.J., Chakraborty, S., Slaughter, J.C., Aschner, M., 2013b. Early-life
exposure to methylmercury in wildtype and pdr-1/parkin knockout C. elegans.
Neurochem. Res. 38, 1543–1552.

Mason, L.H., Harp, J.P., Han, D.Y., 2014. Pb neurotoxicity: neuropsychological effects of
lead toxicity. Biomed. Res. Int. 2014, 840547.

Masoud, A., Kiran, R., Sandhir, R., 2009. Impaired mitochondrial functions in organo-
phosphate induced delayed neuropathy in rats. Cell. Mol. Neurobiol. 29, 1245–1255.

McElwee, M.K., Freedman, J.H., 2011. Comparative toxicology of mercurials in
Caenorhabditis elegans. Environ. Toxicol. Chem. 30, 2135–2141.

Menzel, R., Yeo, H.L., Rienau, S., Li, S., Steinberg, C.E., Sturzenbaum, S.R., 2007.
Cytochrome P450s and short-chain dehydrogenases mediate the toxicogenomic re-
sponse of PCB52 in the nematode Caenorhabditis elegans. J. Mol. Biol. 370, 1–13.

Miller, D.B., 1982. Neurotoxicity of the pesticidal carbamates. Neurobehav. Toxicol.
Teratol. 4, 779–787.

Negga, R., Rudd, D.A., Davis, N.S., Justice, A.N., Hatfield, H.E., Valente, A.L., Fields, A.S.,
Fitsanakis, V.A., 2011. Exposure to Mn/Zn ethylene-bis-dithiocarbamate and gly-
phosate pesticides leads to neurodegeneration in Caenorhabditis elegans.
Neurotoxicology 32, 331–341.

Negga, R., Stuart, J.A., Machen, M.L., Salva, J., Lizek, A.J., Richardson, S.J., Osborne,
A.S., Mirallas, O., McVey, K.A., Fitsanakis, V.A., 2012. Exposure to glyphosate- and/
or Mn/Zn-ethylene-bis-dithiocarbamate-containing pesticides leads to degeneration
of gamma-aminobutyric acid and dopamine neurons in Caenorhabditis elegans.
Neurotox. Res. 21, 281–290.

Nguyen, J.P., Shipley, F.B., Linder, A.N., Plummer, G.S., Liu, M., Setru, S.U., Shaevitz,
J.W., Leifer, A.M., 2016. Whole-brain calcium imaging with cellular resolution in
freely behaving Caenorhabditis elegans. Proc. Natl. Acad. Sci. U. S. A. 113,
E1074–1081.

Ni, M., Li, X., Yin, Z., Jiang, H., Sidoryk-Wegrzynowicz, M., Milatovic, D., Cai, J., Aschner,
M., 2010. Methylmercury induces acute oxidative stress, altering Nrf2 protein level in
primary microglial cells. Toxicol. Sci. 116, 590–603.

O'Bryant, S.E., Edwards, M., Menon, C.V., Gong, G., Barber, R., 2011. Long-term low-level
arsenic exposure is associated with poorer neuropsychological functioning: a project
FRONTIER study. Int. J. Environ. Res. Public Health 8, 861–874.

Olivier, K., Liu, J., Karanth, S., Zhang, H., Roane, D.S., Pope, C.N., 2001. Glucose feeding
exacerbates parathion-induced neurotoxicity. J. Toxicol. Environ. Health A 63,
253–271.

Olorunsogo, O.O., Bababunmi, E.A., 1980. Inhibition of succinate-linking reduction of
pyridine nucleotide in rat liver mitochondria 'in vivo' by N-(phosphonomethyl)gly-
cine. Toxicol. Lett. 7, 149–152.

Olorunsogo, O.O., Bababunmi, E.A., Bassir, O., 1979. Effect of glyphosate on rat liver
mitochondria in vivo. Bull. Environ. Contam. Toxicol. 22, 357–364.

Ozsvath, D.L., 2009. Fluoride and environmental health: a review. Rev. Environ. Sci.
Biotechnol. 8, 59–79.

Peixoto, F., 2005. Comparative effects of the roundup and glyphosate on mitochondrial
oxidative phosphorylation. Chemosphere 61, 1115–1122.

Pentyala, S.N., Chetty, C.S., 1993. Comparative study on the changes in AChE and ATPase
activities in neonate and adult rat brains under thiobencarb stress. J. Appl. Toxicol.
13, 39–42.

Peres, T.V., Eyng, H., Lopes, S.C., Colle, D., Goncalves, F.M., Venske, D.K., Lopes, M.W.,
Ben, J., Bornhorst, J., Schwerdtle, T., Aschner, M., Farina, M., Prediger, R.D., Leal,
R.B., 2015. Developmental exposure to manganese induces lasting motor and

J.A. Ruszkiewicz et al. Toxicology and Applied Pharmacology 354 (2018) 126–135

134

http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0215
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0215
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0215
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0215
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0220
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0220
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0220
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0220
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0225
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0225
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0225
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0230
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0230
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0230
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0235
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0235
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0235
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0240
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0240
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0245
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0245
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0250
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0250
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0255
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0255
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0255
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0260
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0260
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0265
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0265
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0265
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0270
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0270
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0270
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0275
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0275
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0280
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0280
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0285
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0285
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0285
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0285
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0290
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0290
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0290
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0295
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0295
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0295
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0300
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0300
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0305
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0310
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0310
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0315
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0315
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0315
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0315
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0320
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0320
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0320
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0320
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0325
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0325
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0330
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0330
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0330
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0330
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0335
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0335
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0335
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0340
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0340
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0340
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0345
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0345
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0350
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0350
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0355
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0355
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0355
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0360
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0360
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0360
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0365
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0365
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0365
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0365
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0365
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0370
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0370
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0375
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0375
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0380
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0380
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0380
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0385
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0385
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0385
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0390
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0390
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0395
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0395
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0400
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0400
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0400
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0405
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0405
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0405
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0405
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0410
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0410
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0410
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0410
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0415
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0415
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0420
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0420
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0420
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0425
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0425
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0425
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0430
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0430
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0430
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0435
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0435
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0440
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0440
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0445
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0445
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0450
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0450
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0450
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0455
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0455
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0460
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0460
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0460
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0460
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0465
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0465
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0465
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0465
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0465
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0470
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0470
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0470
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0470
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0475
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0475
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0475
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0480
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0480
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0480
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0485
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0485
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0485
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0490
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0490
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0490
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0495
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0495
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0500
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0500
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0505
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0505
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0510
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0510
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0510
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0515
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0515
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0515


cognitive impairment in rats. Neurotoxicology 50, 28–37.
Peres, T.V., Schettinger, M.R., Chen, P., Carvalho, F., Avila, D.S., Bowman, A.B., Aschner,

M., 2016. Manganese-induced neurotoxicity: a review of its behavioral consequences
and neuroprotective strategies. BMC Pharmacol. Toxicol. 17, 57.

Peterson, R.T., Nass, R., Boyd, W.A., Freedman, J.H., Dong, K., Narahashi, T., 2008. Use
of non-mammalian alternative models for neurotoxicological study. Neurotoxicology
29, 546–555.

Rahman, S.M., Kippler, M., Tofail, F., Bolte, S., Derakhshani Hamadani, J., Vahter, M.,
2017. Manganese in drinking water and cognitive abilities and behavior at 10 years
of age: a prospective cohort study. Environ. Health Perspect. 125, 057003.

Ranpariya, V.L., Parmar, S.K., Sheth, N.R., Chandrashekhar, V.M., 2011. Neuroprotective
activity of Matricaria recutita against fluoride-induced stress in rats. Pharm. Biol. 49,
696–701.

Rice, K.M., Walker Jr., E.M., Wu, M., Gillette, C., Blough, E.R., 2014. Environmental
mercury and its toxic effects. J. Prev. Med. Public Health 47, 74–83.

Rodriguez, M., Snoek, L.B., De Bono, M., Kammenga, J.E., 2013. Worms under stress: C.
elegans stress response and its relevance to complex human disease and aging. Trends
Genet. 29, 367–374.

Ruan, Q.L., Ju, J.J., Li, Y.H., Li, X.B., Liu, R., Liang, G.Y., Zhang, J., Pu, Y.P., Wang, D.Y.,
Yin, L.H., 2012. Chlorpyrifos exposure reduces reproductive capacity owing to a
damaging effect on gametogenesis in the nematode Caenorhabditis elegans. J. Appl.
Toxicol. 32, 527–535.

Rudgalvyte, M., Peltonen, J., Lakso, M., Nass, R., Wong, G., 2016. RNA-Seq reveals acute
manganese exposure increases endoplasmic reticulum related and Lipocalin mRNAs
in Caenorhabditis elegans. J. Biochem. Mol. Toxicol. 30, 97–105.

Sahu, S.N., Lewis, J., Patel, I., Bozdag, S., Lee, J.H., Sprando, R., Cinar, H.N., 2013.
Genomic analysis of stress response against arsenic in Caenorhabditis elegans. PLoS
One 8, e66431.

Salim, C., Rajini, P.S., 2014. Glucose feeding during development aggravates the toxicity
of the organophosphorus insecticide Monocrotophos in the nematode, Caenorhabditis
elegans. Physiol. Behav. 131, 142–148.

Sanders, T., Liu, Y., Buchner, V., Tchounwou, P.B., 2009. Neurotoxic effects and bio-
markers of lead exposure: a review. Rev. Environ. Health 24, 15–45.

Sanfeliu, C., Sebastia, J., Cristofol, R., Rodriguez-Farre, E., 2003. Neurotoxicity of orga-
nomercurial compounds. Neurotox. Res. 5, 283–305.

Sato, K., Norris, A., Sato, M., Grant, B.D., 2014. C. elegans as a model for membrane
traffic. In: WormBook: The Online Review of C. elegans Biology, pp. 1–47.

Savolainen, K., Hervonen, H., 1985. Dithiocarbamate fungicides decrease histochemical
reactivity of cholinesterases in the gut wall of the rat. Arch. Toxicol. Suppl. 8,
272–276.

Schafer, P., Muller, M., Kruger, A., Steinberg, C.E., Menzel, R., 2009. Cytochrome P450-
dependent metabolism of PCB52 in the nematode Caenorhabditis elegans. Arch.
Biochem. Biophys. 488, 60–68.

Schmeisser, K., Parker, J.A., 2018 Jan. Worms on the spectrum - C. elegans models in
autism research. Exp. Neurol. 299 (Pt A), 199–206.

Settivari, R., Levora, J., Nass, R., 2009. The divalent metal transporter homologues SMF-
1/2 mediate dopamine neuron sensitivity in caenorhabditis elegans models of man-
ganism and parkinson disease. J. Biol. Chem. 284, 35758–35768.

Settivari, R., VanDuyn, N., LeVora, J., Nass, R., 2013. The Nrf2/SKN-1-dependent glu-
tathione S-transferase pi homologue GST-1 inhibits dopamine neuron degeneration in
a Caenorhabditis elegans model of manganism. Neurotoxicology 38, 51–60.

Shankar, S., Shanker, U., Shikha, 2014. Arsenic contamination of groundwater: a review
of sources, prevalence, health risks, and strategies for mitigation. Sci. World J. 2014,
304524.

Sharma, C., Suhalka, P., Sukhwal, P., Jaiswal, N., Bhatnagar, M., 2014. Curcumin at-
tenuates neurotoxicity induced by fluoride: an in vivo evidence. Pharmacogn. Mag.
10, 61–65.

Sidoryk-Wegrzynowicz, M., Aschner, M., 2013. Manganese toxicity in the central nervous
system: the glutamine/glutamate-gamma-aminobutyric acid cycle. J. Intern. Med.
273, 466–477.

Soleo, L., Defazio, G., Scarselli, R., Zefferino, R., Livrea, P., Foa, V., 1996. Toxicity of
fungicides containing ethylene-bis-dithiocarbamate in serumless dissociated me-
sencephalic-striatal primary coculture. Arch. Toxicol. 70, 678–682.

Staub, R.E., Sparks, S.E., Quistad, G.B., Casida, J.E., 1995. S-methylation as a bioacti-
vation mechanism for mono- and dithiocarbamate pesticides as aldehyde dehy-
drogenase inhibitors. Chem. Res. Toxicol. 8, 1063–1069.

Sun, L., Wu, Q., Liao, K., Yu, P., Cui, Q., Rui, Q., Wang, D., 2016. Contribution of heavy
metals to toxicity of coal combustion related fine particulate matter (PM2.5) in
Caenorhabditis elegans with wild-type or susceptible genetic background.
Chemosphere 144, 2392–2400.

Szewczyk, B., 2013. Zinc homeostasis and neurodegenerative disorders. Front. Aging
Neurosci. 5, 33.

Tejeda-Benitez, L., Olivero-Verbel, J., 2016. Caenorhabditis elegans, a biological model
for research in toxicology. Rev. Environ. Contam. Toxicol. 237, 1–35.

Tonkin, E.G., Valentine, H.L., Milatovic, D.M., Valentine, W.M., 2004. N,N-diethyl-
dithiocarbamate produces copper accumulation, lipid peroxidation, and myelin in-
jury in rat peripheral nerve. Toxicol. Sci. 81, 160–171.

Tsalik, E.L., Hobert, O., 2003. Functional mapping of neurons that control locomotory
behavior in Caenorhabditis elegans. J. Neurobiol. 56, 178–197.

Tsuji, J.S., Garry, M.R., Perez, V., Chang, E.T., 2015. Low-level arsenic exposure and
developmental neurotoxicity in children: a systematic review and risk assessment.
Toxicology 337, 91–107.

Tuschl, K., Clayton, P.T., Gospe Jr., S.M., Gulab, S., Ibrahim, S., Singhi, P., Aulakh, R.,
Ribeiro, R.T., Barsottini, O.G., Zaki, M.S., Del Rosario, M.L., Dyack, S., Price, V.,
Rideout, A., Gordon, K., Wevers, R.A., Chong, W.K., Mills, P.B., 2012. Syndrome of
hepatic cirrhosis, dystonia, polycythemia, and hypermanganesemia caused by mu-
tations in SLC30A10, a manganese transporter in man. Am. J. Hum. Genet. 90,
457–466.

Mancozeb (Dithane M-45, Manzate 200)—Chemical Profile 4/87. In: University, C,
University, C (Eds.), Pesticide Management Education Program (PMEP) at Cornell
University Cooperative Extension.

Vanduyn, N., Settivari, R., Wong, G., Nass, R., 2010. SKN-1/Nrf2 inhibits dopamine
neuron degeneration in a Caenorhabditis elegans model of methylmercury toxicity.
Toxicol. Sci. 118, 613–624.

Velmurugan, G., Venkatesh Babu, D.D., Ramasamy, S., 2013. Prolonged monocrotophos
intake induces cardiac oxidative stress and myocardial damage in rats. Toxicology
307, 103–108.

Viquez, O.M., Caito, S.W., McDonald, W.H., Friedman, D.B., Valentine, W.M., 2012.
Electrophilic adduction of ubiquitin activating enzyme E1 by N,N-diethyldithio-
carbamate inhibits ubiquitin activation and is accompanied by striatal injury in the
rat. Chem. Res. Toxicol. 25, 2310–2321.

Wani, W.Y., Gudup, S., Sunkaria, A., Bal, A., Singh, P.P., Kandimalla, R.J., Sharma, D.R.,
Gill, K.D., 2011. Protective efficacy of mitochondrial targeted antioxidant MitoQ
against dichlorvos induced oxidative stress and cell death in rat brain.
Neuropharmacology 61, 1193–1201.

White, J.G., Southgate, E., Thomson, J.N., Brenner, S., 1986. The structure of the nervous
system of the nematode Caenorhabditis elegans. Philos. Trans. R. Soc. Lond. Ser. B
Biol. Sci. 314, 1–340.

Whitford, G.M., 1983. Fluorides: metabolism, mechanisms of action and safety. Dental
Hygiene 57 (16-18, 20-12, 24-19).

Williams, P.L., Dusenbery, D.B., 1990. A promising indicator of neurobehavioral toxicity
using the nematode Caenorhabditis elegans and computer tracking. Toxicol. Ind.
Health 6, 425–440.

Woodburn, A., 2000. Glyphosate: production, pricing and use worldwide. Pest Manag.
Sci. 56, 309–312.

Xing, X.J., Rui, Q., Du, M., Wang, D.Y., 2009. Exposure to lead and mercury in young
larvae induces more severe deficits in neuronal survival and synaptic function than in
adult nematodes. Arch. Environ. Contam. Toxicol. 56, 732–741.

Ye, B., Rui, Q., Wu, Q., Wang, D., 2010. Metallothioneins are required for formation of
cross-adaptation response to neurobehavioral toxicity from lead and mercury ex-
posure in nematodes. PLoS One 5, e14052.

Yu, C.W., Liao, V.H., 2014. Arsenite induces neurotoxic effects on AFD neurons via oxi-
dative stress in Caenorhabditis elegans. Metallomics 6, 1824–1831.

Yu, C.W., How, C.M., Liao, V.H., 2016. Arsenite exposure accelerates aging process
regulated by the transcription factor DAF-16/FOXO in Caenorhabditis elegans.
Chemosphere 150, 632–638.

Zhang, Y., Ye, B., Wang, D., 2010. Effects of metal exposure on associative learning be-
havior in nematode Caenorhabditis elegans. Arch. Environ. Contam. Toxicol. 59,
129–136.

Zhang, Y., You, J.Z., Zhou, Y., Zhang, P.W., Qin, Q., Zhang, Z.X., 2017. The effect of
dichlorvos on control of drosophila and its safety evaluation under different appli-
cation methods. Environ. Sci. Pollut. Res. Int. 24, 22940–22947.

J.A. Ruszkiewicz et al. Toxicology and Applied Pharmacology 354 (2018) 126–135

135

http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0515
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0520
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0520
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0520
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0525
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0525
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0525
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0530
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0530
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0530
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0535
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0535
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0535
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0540
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0540
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0545
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0545
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0545
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0550
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0550
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0550
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0550
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0555
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0555
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0555
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0560
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0560
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0560
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0565
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0565
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0565
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0570
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0570
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0575
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0575
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0580
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0580
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0585
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0585
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0585
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0590
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0590
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0590
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0595
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0595
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0600
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0600
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0600
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0605
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0605
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0605
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0610
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0610
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0610
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0615
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0615
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0615
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0620
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0620
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0620
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0625
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0625
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0625
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0630
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0630
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0630
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0635
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0635
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0635
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0635
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0640
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0640
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0645
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0645
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0650
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0650
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0650
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0655
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0655
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0660
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0660
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0660
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0665
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0665
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0665
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0665
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0665
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0665
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0670
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0670
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0670
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0675
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0675
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0675
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0680
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0680
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0680
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0685
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0685
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0685
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0685
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0690
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0690
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0690
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0690
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0695
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0695
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0695
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0700
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0700
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0705
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0705
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0705
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0710
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0710
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0715
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0715
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0715
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0720
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0720
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0720
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0725
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0725
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0730
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0730
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0730
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0735
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0735
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0735
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0740
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0740
http://refhub.elsevier.com/S0041-008X(18)30100-5/rf0740

	C. elegans as a model in developmental neurotoxicology
	Neurodevelopmental toxicity studies – a need for alternative models
	C. elegans in neuroscience
	General remarks on C. elegans as model organism
	The nervous system of C. elegans
	C. elegans in neurotoxicology

	Neurodevelopmental toxicity studies in C. elegans
	Manganese
	Mercury
	Arsenic
	Lead
	Fluoride
	Pesticides

	Conclusions and perspectives
	Conflicts of interest
	Acknowledgment
	References




