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tested (Supplemental Fig. 2). Animals that underwent 15-hour L4
treatment had an overall decrease in brood size (progeny generation
of L1 30-minute treated worms at 0 mM MeHgCl was 279 + 14, of L4
15-hour treated worms was 221+ 11, and of progeny of L4 15-hour
treated worms was 243 + 13). However, the only significant MeHg-
dependent alteration in brood size occurred when L1 30-minute
treated worms were exposed to 1 mM MeHgCl (187 +21 progeny
generated compared to 2794 14 progeny generated under control
conditions, p<0.001). There were no other statistically significant
alterations in brood size (n =6).

MeHgCl treatment retards C. elegans larval development

Following treatment with MeHgCl, C. elegans length was altered
in a dose-dependent manner, with higher MeHgCl doses correlating
with shorter length (Fig. 3). This observation prompted an
investigation into a potential developmental delay of C. elegans
following MeHgCl treatment. This study detected a corresponding
dose-dependent developmental delay (Fig. 4, Supplemental Table 1,
n =5 experiments). Under normal conditions at 20 °C, C. elegans
embryogenesis takes 14 h, and then the worm undergoes a series of
molts at 29, 38, 47, and 59 h post fertilization (Hope, 1999).
Retarded development occurred in both the worms treated at the L1
stage for 30 min and those treated at L4 for 15 h. After growth for
24 h, control-treated L1 larvae had all reached the L2 stage while
many worms treated at higher concentrations of MeHgCl remained
L1s (Fig. 4A). This trend continued 48 (Fig. 4B) and 72 (Fig. 4C)
hours after treatment, when most worms had reached the adult
stage. This trend also occurred in animals treated for 15 h at the L4
stage (Fig. 4D-E). Many control-treated animals reached the adult
stage 24 h after treatment while those treated at higher MeHgCl had
remained [4s (Fig. 4D). At 48 h after treatment, all control-treated
worms had reached the adult stage, while only some of those
treated with higher MeHgCl concentrations had reached the adult
stage (Fig. 4E) (n =5 experiments).

Pharyngeal pumping decreases following MeHgCl exposure, thrashing is
unaffected

Pharyngeal pumping rates were significantly decreased in a dose-
dependent manner following 15-hour treatment of L4 C. elegans with
MeHgCl (control-treated worms pumped at a rate of 230+ 6 pumps
per minute 24 h following treatment while worms treated at 0.1 and
0.4 mM MeHgCl pumped at 168 +-9 and 69 4 11 pumps per minute,
respectively, p <0.001, Fig. 5). Other researchers have demonstrated
that at the L4 stage, C. elegans typically pump at a rate of 150-200
pumps per minute. The rate increases as they mature into adults and
peaks 2 days later at 300-350 pumps per minute before declining as
the worm ages (Huang et al, 2004). Since the pumping rates
observed in our experiments were lower than expected even for L4
C. elegans, we do not attribute this decrease to the developmental
delay. A similar trend was observed in animals treated at the L1 stage
for 30 min, and significant differences were noted between control
worms and those treated at 0.4 and 1 mM MeHgCl (p <0.05). The
decreased pumping rate induced by MeHgCl could contribute to the
decreased rate of development in worms. No alterations were seen in
the pumping rate of the progeny of C. elegans treated for 15 h at the L4
stage at any concentration tested (0.1, 0.2, 0.3, and 0.4 mM MeHgCl,
n=7).

Thrashing data showed no trends in MeHgCl-dependent altera-
tions on the swimming behavior of C. elegans (Supplemental Fig. 3).
[There was one outlier among worms treated as L4s for 15 h at 0.1 mM
MeHgCl 24 h following treatment. Mean thrashing rate was 0.27
(p <0.05) while thrashing means for all other groups ranged from 0.38
to 0.65 and were not statistically significantly different from each
other (n =6, data not shown)].
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Fig. 5. Pharyngeal pumping rates of C. elegans decrease following MeHgCl exposure.
Number of pharyngeal pumps per minute significantly decreased in a dose-dependent
manner following 30 minute MeHgCl exposure of L1 worms 48 h following treatment at
0.75 and 1 mM MeHgCl (**p <0.01, n =12) and 72 h following treatment at 1 mM
MeHgCl (*p <0.05, n =12). Exposure of L4 worms for 15 h induced a decrease in
pharyngeal pumping rate 24 h following exposure at 0.4, 0.6, and 0.75 mM MeHg
(*p <0.05, n =11). No alteration in pharyngeal pumping rate was noted in progeny of
L4-treated animals (n =8).

Alterations in neuronal morphology were not observed in worms that
survived MeHgCl exposure

GFP markers were used to observe cholinergic, glutamatergic,
serotonergic, dopaminergic, and GABAergic neuronal populations for
potential alterations following MeHgCl insult. Animals were treated
with 0, 0.1, 0.4, and 1 mM MeHgCl for a 30-minute treatment at the L1
stage, and a 15-hour treatment at the L4 stage. Live worms treated at
the L1 stage were observed 24, 48, and 72 h following treatment and
worms treated at the L4 stage were observed 24 and 48 h following
treatment. Additionally, progeny of L4-treated animals were observed
once they reached the L4 stage. No obvious phenotypes were observed
in these neuronal populations under any of the treatment paradigms.

Due to ease of measurement because of a low cell number and
readily available GFP markers, dopaminergic and GABAergic neuronal
populations were quantitatively investigated. Analysis of the dopami-
nergic system revealed no alteration in cell number [6 head neurons
(Supplemental Fig. 4A) and 2 PDEs (Supplemental Fig. 4B)] or ability of
projections to travel from the nerve ring to the tip of the nose
(Supplemental Fig. 4C) in worms surviving MeHgCl insult (Figs. 6A, B).
GABAergic analysis also revealed no alteration in cell number in the
head (Supplemental Fig. 4D) or nerve cord (Supplemental Fig. 4E),
ability of projections to pass across the body (Supplemental Fig. 4F), or
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Fig. 6. Representative dopaminergic and GABAergic C. elegans neurons following MeHgCl insult. Dopaminergic (A, B) and GABAergic (C, D) cells and projections are identical under
control (A and C) and MeHgCl treatment (B and D) conditions (at all concentrations observed, 0.1, 0.4, and 1 mM MeHg) following treatment at L1 for 30 min or L4 for 15 h (n =4).

Progeny of worms treated at L4 for 15 h were also unaffected (n =4).

number of breaks in the commissures (Supplemental Fig. 4G) of C.
elegans surviving MeHgCl treatment (Figs. 4C, D).

Discussion

Here we describe our first experiments to probe the neurotoxicity
of MeHgCl in the model organism, C. elegans. No neuronal alterations
were observed upon MeHgCl exposure, indicating that the C. elegans
nervous system may possess unique mechanisms for dealing with the
insult of this toxicant. However, the possibility does exist that MeHg is
metabolized, excreted, or sequestered from neurons, resulting in
minimal exposure to these cells. Other results (lethality, pharyngeal
pumping, etc.) demonstrate MeHgCl toxicity to C. elegans and begin to
reveal some of the alterations that occur following exposure to this
metal. Lethality was observed at high MeHgCl doses (Fig. 1). As has
been shown in other systems, MeHgCl was more toxic to younger as
compared to older individuals (Clarkson and Magos, 2006). However,
this result cannot be explained by increased accumulation of MeHgCl
in younger C. elegans as the young (L1) worms accumulated less Hg
than their older (L4) counterparts (Fig. 2). Instead, the enhanced
sensitivity of L1 stage larvae may be due to inhibition of essential
developmental pathways including, for example, mechanisms for
detoxifying MeHgCl that could be in place in the more mature L4
larvae. Mammalian systems have displayed an inability to demethy-
late MeHg until after birth, indicating that in mammals, the processes
involved in demethylation as a form of detoxification do not develop
until later in life (Dock et al., 1994). Furthermore, MeHgCl displayed
increased toxicity as duration of exposure increased (Fig. 1), indicating
that increased accumulation of Hg within C. elegans (Fig. 2) may be
responsible for this increased toxicity instead of an increased duration
of exposure to the toxicant.

Although our studies required exposure of C. elegans to relatively
high external doses of MeHgCl, Hg accumulation within C. elegans is
not excessively high when compared to levels observed in the brains
of mammals exposed to MeHgCl. In our studies, the levels observed in
worms ranged from 0-3.3 ng Hg/mg protein. A number of studies
have investigated Hg levels in mammalian brain following MeHgCl
treatment. In human autopsy studies, brain levels of Hg between 1913
and 1970 decreased, from an average level of 34 parts per million
(ppm) to an average level of 1.3 ppm (1 ppm equals 1 ng/mg)
(Kevorkian et al., 1972). Examples of determination of Hg content
following MeHgCl exposure include rats treated with MeHgCl,

registering Hg levels of 0-8 ppm, depending on dosage and duration
(Newland et al., 2006) and mice treated with MeHgCl having 0-3 ppm
when pregnant mice were exposed and their pups tested at various
postnatal days (Stringari et al., 2008). A single dose of 5 pg/g body-
weight MeHgCl in rat pups, resulting in brain Hg levels of
approximately 0.05 ppm, produced extensive alterations in the
brain, including reduced hippocampal size and cell number as well
as deficits in learning (Falluel-Morel et al., 2007). Alterations in the C.
elegans nervous system would have been expected due to the body of
literature indicating that alterations are seen in the nervous system of
other organisms at the concentrations observed in C. elegans. In our
experiments, C. elegans did reach concentrations of Hg as high as
those found in mammalian systems where deleterious alterations
have been observed.

Neither C. elegans lifespan (Supplemental Fig. 1) nor brood size
(Supplemental Fig. 2) was altered upon MeHgCl exposure possibly
indicating that essential reproductive processes are resistant to the
effects of MeHgCl and that the aging process in C. elegans is not
accelerated by exposure to MeHgCl. Hg concentrations were not tested
more than 24 h following treatment, but Hg may be excreted at a high
rate, decreasing the effect of MeHg after a number of days. Stress
factors or detoxification may also be induced following toxicant
exposure, allowing C. elegans to cope with MeHgCl following the
initial insult much more efficiently compared to mammalian systems.
Additionally, the C. elegans reproductive system may be less sensitive
to MeHg(l toxicity. However, a decrease in C. elegans size (Fig. 3) and a
developmental delay following MeHgCl exposure was noted (Fig. 4,
Supplemental Table 1). Taken together, these results indicate that C.
elegans may have a mechanism for stunting development when
stressed with MeHgCl and returning to normal development once
more favorable conditions are encountered. Developmental delay in C.
elegans is not unique to MeHgCl exposure, as researchers investigating
other chemicals have observed similar outcomes. Some toxicants have
had more dramatic effects, for example, exposure to antipsychotic
compounds led to larval arrest and dauer formation (Donohoe et al.,
2006) whereas exposure to ethanol led to a decrease in brood size and
lifespan in addition to a developmental delay (Bruinsma et al., 2008).
Although no alteration in thrashing behavior was noted (Supple-
mental Fig. 3), the decreased pharyngeal pumping rate following
MeHgCl exposure (Fig. 5) indicates that C. elegans may consume less
bacteria following exposure. It is possible that decreased feeding could
be an adaptive response to limit MeHgCl intake as well as delay
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development until a less toxic environment is attained. Although
gross morphological alterations in neurons were not noted, MeHgCl
may have specific effects on the neurons of the pharyngeal nervous
system, leading to the alterations in pharyngeal pumping rate. Further
investigation of the pharyngeal nervous system morphology or
functioning should reveal insights into the mechanism of the
decreased pumping rate.

Extensive research investigating alterations in mammalian brain
and mammalian cell lines following exposure to MeHgCl has revealed
mitotic arrest in the cerebellum (Rodier et al., 1984), necrosis and
apoptosis (Castoldi et al., 2001), disruption of microtubules (Castoldi
et al., 2001), alterations in calcium levels and signaling (Castoldi et al.,
2001), oxidative stress (Castoldi et al., 2001), and alterations in
neurotransmitter systems (Sobotka et al., 1974; Castoldi et al., 2001),
specifically in the glutamatergic (Brookes, 1992; Aschner et al., 2000;
Baraldi et al., 2002), muscarinic cholinergic (Coccini et al., 2000), and
dopaminergic (Rossi et al., 1997; Ong and Farooqui, 2005) systems.
Although a major target of MeHg toxicity in mammals is the nervous
system (Clarkson and Magos, 2006), surprisingly, alterations in the
nervous system of C. elegans were not observed. There are a number of
possible explanations for this observation. The experiments described
here assess the overall function of selected behavioral circuits
(thrashing and pharyngeal pumping) but do not assay the function
of specific individual neurons which therefore could be selectively
inactivated by MeHgCl treatment. Although we did not observe
significant changes in neuron morphology, the neuron-specific GFP
markers used in our study would not have revealed functional defects
in synaptic activity. MeHg may not reach sulfficiently high concentra-
tions in C. elegans to have a deleterious effect on the nervous system
before the animal is affected in some other way i.e., another tissue is
damaged, leading to lethality. Another possible explanation is that C.
elegans neurons to utilize mechanisms to overcome the toxicity of
MeHg that are not similarly activated in mammalian neurons. The
elucidation of such mechanisms may reveal pathways that could be
exploited in cases of MeHg poisoning in humans. Interestingly,
quantification of alterations in the nervous system (Fig. 6, Supple-
mental Fig. 4) did not reveal any alterations in appearance of neurons
although, as indicated by dose-response curves, some animals were
likely sick or dying. Dead animals could not be assessed since
autofluorescence within the entire animal makes the GFP reporter
indistinguishable from the rest of the animal. However, C. elegans
were observed at time points during exposure and at various time
points after exposure, no trends existed indicating that neurons were
affected before death of the animal. This result shows that these
worms are most likely not dying due to perturbations within the
nervous system but via alternative mechanisms that do not affect the
nervous system. We propose that C. elegans may exhibit a potent
adaptive response, such as the involvement of glutathione or
metallothioneins, allowing the neurons to survive MeHgCl insult.

Taken together, our experiments show that while MeHgCl is toxic
to C. elegans, the nervous system of this model organism does not
appear to be as sensitive to MeHg as mammalian neurons. Therefore,
additional studies in C. elegans may reveal unique mechanisms of
MeHg handling, allowing us to glean important information by
making use of many advantages that C. elegans provides as a model
organism with resistance to MeHg neuronal toxicity.
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