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Abstract
Previous studies demonstrate a positive correlation between pesticide usage and Parkinson’s
disease (PD), which preferentially targets dopaminergic (DAergic) neurons. In order to examine
the potential relationship between two common pesticides and specific neurodegeneration, we
chronically (24 hours) or acutely (30 min) exposed two Caenorhabditis elegans (C. elegans)
strains to varying concentrations (LC25, LC50 or LC75) of TouchDown® (TD) as per cent active
ingredient (glyphosate), or Mancozeb® (MZ) as per cent active ingredient (manganese/zinc
ethylene-bis-dithiocarbamate). Furthermore, to more precisely model environmental exposure,
worms were also exposed to TD for 30 min, followed by 30-min incubation with varying MZ
concentrations. Previous data from out lab suggested general neuronal degeneration using the
worm strain NW1229 (pan-neuronal::green fluorescent protein (GFP) construct). To determine
whether distinct neuronal groups were preferentially affected, we specifically used EG1285
(GABAergic neurons::GFP construct) and BZ555 (DAergic neurons::GFP construct) worms to
verify GABAergic and DAergic neurodegeneration, respectively. Results indicated a statistically
significant decrease, when compared to controls (CN), in number of green pixels associated with
GABAergic neurons in both chronic (*p < 0.05) and acute (*p < 0.05) treatment paradigms.
Analysis of the BZ555 worms indicated a statistically significant decrease (*p < 0.05) in number
of green pixels associated with DAergic neurons in both treatment paradigms (chronic and acute)
when compared to CN. Taken together, our data suggest that exposure to TD and/or MZ promotes
neurodegeneration in both GABAergic and DAergic neurons in the model organism C. elegans.
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INTRODUCTION
Parkinson’s disease (PD) is typically associated with degeneration of the dopaminergic
(DAergic) neurons of the substantia nigra pars compacta (Weintraub et al. 2008). Thus,
many studies involving environmental toxicants, such as pesticides or heavy metals, which
may contribute to the etiology of PD, mainly focus on the ability of such chemicals to
damage DAergic neurons (Cicchetti et al. 2005; Kim et al. 2002; Li et al. 2005). More
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recently, however, the importance of non-DAergic neurons, particularly those using γ-
aminobutyric acid (GABA), has been recognized in conjunction with non-motor symptoms
associated with the disease (Barone 2010; Langston 2006). Unfortunately, in vivo
determination of neuronal populations affected by pesticides is often complicated by the
complexity of human and mammalian nervous systems (Peterson et al. 2008). In vitro
experiments involving mixed cell or tissue cultures are often hampered by the inability to
recreate complex neural circuits. Model organisms with simple nervous systems (Danio
rerio, Periplaneta americana, Drosophila melanogaster) are being used with greater
frequency in toxicological studies to address these apparent discrepancies. We used the
nematode Caenorhabditis elegans (C. elegans) to examine the sensitivity of two neuronal
populations, specifically those containing dopamine or GABA, to two widely-used
pesticides, TouchDown® (TD) and Mancozeb® (MZ).

The glyphosate-containing herbicides, of which TD is a member, are some of the most
widely-used pesticides in the US (Donaldson et al. 2004; Kiely et al. 2004) and in the world
(Powles et al. 1997). Although the introduction of glyphosate-resistant crops in the late
1980s resulted in an exponential increase in their use (Fernandez-Cornejo 2010),
glyphosate-containing herbicides have steadily gained market shares since their introduction
in the 1970s (USGS 2002). While the active ingredient in these herbicides is glyphosate (2%
to 52.3%), the actual application mixture also contains what is referred to as “inert” or
“inactive” ingredients (Syngenta 2010). Although the formulation of glyphosate-containing
herbicides, but not glyphosate itself, are mitochondrial inhibitors (Olorunsogo et al. 1979;
Peixoto 2005), and mitochondrial inhibitors are known to induce parkinsonism in animal
models (Betarbet et al. 2006; Betarbet et al. 2000; Saravanan et al. 2005), few studies have
examined whether TD might actually lead to neurodegeneration (Axelrad et al. 2003;
Tierney et al. 2006; Tierney et al. 2007). Rather, pesticide research related to PD has
typically focused on organophosphate insecticides (Arima et al. 2003; Bhatt et al. 1999;
Manthripragada et al. 2010), due to their relatively long biological half-life and their
prolonged presence in lipophilic tissues. Since it is well-documented that PD patients have
decreased mitochondrial function (Mounsey and Teismann 2010; Zhu and Chu 2010), and it
is hypothesized that glyphosate pesticide formulations induce mitochondrial inhibition
(Olorunsogo et al. 1979; Peixoto 2005), we chose to examine whether C. elegans exposed to
TD show neurodegeneration in DAergic neurons similar to that observed in PD.

Additionally, we were interested in whether MZ, a manganese (Mn)/zinc (Zn) ethylene-bis-
dithiocarbamate fungicide closely related to maneb, would induce degeneration in either
DAergic or GABAergic neurons. While evidence suggests that exposure to Mn (and other
heavy metals) may be a risk factor for PD (Hozumi et al. 2011; Racette et al. 2005; Willis et
al. 2010), other studies using maneb suggest that DAergic neurons are vulnerable to its
exposure (Cicchetti et al. 2005; Costello et al. 2009; Domico et al. 2006; Ferraz et al. 1988;
Meco et al. 1994). Maneb, however, is currently being removed from the market (Billingslea
2009) due to recent rulings by the Environmental Protection Agency, and is being replaced
with MZ (Donaldson et al. 2004; Kiely et al. 2004). Thus, we wanted to determine whether
MZ is also capable of inducing changes in DAergic neurons similar to what has been
documented for maneb (Cicchetti et al. 2005; Domico et al. 2007; Filipov et al. 2005;
Thiruchelvam et al. 2000).

In order to determine whether exposure to TD and/or MZ could lead to DAergic or
GABAergic neurodegeneration, we treated two transgenic C. elegans strains either acutely
or chronically with these two agrochemicals. The highest concentration used in either
paradigm for TD was 10%, which is within the commercial recommendations for spot
spraying broad-leaf weeds (4–10% glyphosate; Syngenta 2010). Although the recommended
application concentration for MZ is 0.29 – 0.49% Mn/Zn-EBDC (Bonide 2010), is less than
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some of the concentrations used here, our concentrations are still well within the range of
those to which humans could be exposed, namely commercial formulations of up to 37%
Mn/Zn-EBDC (Bonide 2010). The third treatment paradigm involved a dual exposure of 2%
TD and varying concentrations of MZ (the approximate LC25, LC50 and LC75). This study
models agrochemical practices on farms, since weeds are initially killed with a herbicide
then, as crops mature, fungicides could be used.

Additionally, we used BZ555 worms in which all DAergic neurons are tagged with green
fluorescent protein (GFP). The advantage to this model system is that C. elegans
hermaphrodites have only eight DAergic neurons: two anterior deirid (AD), four cephalic
(CEP) and two posterior deirid neurons (Chase and Koelle 2007). This is contrast to rodents,
which have 10,000–20,000 DAergic, or humans, which have greater than 40,000 DAergic
neurons (Cooper et al. 1996). Additionally, we used the EG1285 strain that has
GABAergic::GFP neurons. Of the 302 neurons in the hermaphrodite, 26 are GABAergic: 19
dorsal or ventral motor neurons (DDn, VDn) that innervate dorsal or ventral body muscles,
four motor neurons that innervate the head (RME), one interneuron (RIS), one mixed
anterior motor neuron/interneuron (AVL) and one mixed dorsal motor neuron/interneuron
(Jorgensen 2005). Considering their tremendously simplified nervous system, we wanted to
determine the vulnerability of DAergic and/or GABAergic neurons in C. elegans to
exposure to either acute or chronic TD and/or MZ.

MATERIALS AND METHODS
C. elegans and Escherichia coli strains

EG1285 and BZ555 worms, as well as NA22 Escherichia coli (E. coli) and OP50 E. coli (a
uracil auxotroph) used in this work were provided by the Caenorhabditis Genetics Center
(CGC; University of Minnesota), which is funded by the National Institutes of Health (NIH)
National Center for Research Resources (NCRR). In EG1285 worms
(oxIs12[Punc-47::GFP; lin-15(+)]), a green fluorescent protein gene (gfp) is fused with
unc-47, a transmembrane protein found in all GABAergic neurons and used to load GABA
into synaptic vesicles
(http://www.wormbase.org/db/gene/strain?name=EG1285;class=Strain). BZ555 worms
express GFP at the neuronal soma and processes due to the integration of egIs[Pdat-1::GFP],
resulting in the fusion of gfp with dat-1, a pre-synaptic DA reuptake protein found in all
DAergic neurons (http://www.wormbase.org/db/gene/strain?name=BZ555;class=Strain).

C. elegans maintenance and treatment
C. elegans were maintained at 20°C and synchronized according to standard protocols
(Brenner 1974), which are also consistent with previously published protocols (Negga et al.
2011). In order to maximize reproduction and growth, gravid worms were grown on 8P
plates (51.3 mM NaCl, 25.0 g bactoagar/L, 20.0 g bactopeptone/L, 1 mM CaCl2, 0.5 mM
potassium phosphate buffer (pH 6), 0.013 mM cholesterol (in 95% ethanol), 1 mM MgSO4)
with a lawn of NA22 E. coli (grown in 16 g tryptone/L, 10 g yeast extract/L, 85.5 mM
NaCl). They were then synchronized by exposure to a solution of sodium hypochlorite (4.0
mM) and sodium hydroxide (0.5 mM), and monitored using an ACCU-SCOPE light
microscope (4X) until worms released eggs. Approximately 18 h following isolation and
purification of eggs, 5000 synchronous L2 staged worms per treatment group were exposed
to the LC25, LC50 and LC75 concentrations of TD (Syngenta AG, Wilmington, DE), MZ
(Bonide Products, Inc., Oriskany, NY), or a sequential treatment, which reflects the actual
agricultural paradigm, of the two (TD/MZ; Table 1). In the combination treatment, all the
worms were exposed to 2% TD (application concentration recommended by the
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manufacturer) for 30 min (acute), followed by the LC25, LC50 and LC75 concentrations of
MZ for 30 min (acute).

For acute pesticide treatments, worms were exposed to the respective pesticide for 30 min,
washed at least 3X with sterile dH2O, then placed on fresh nematode growth media (NGM;
51.3 mM NaCl, 17.0 g bactoagar/L, 2.5g bactopeptone/L, 1 mM CaCl2, 1 mM MgSO4, 0.5
mM potassium phosphate buffer (pH 6.0), 12.9 mM cholesterol in 95% ethanol, 1.25 mL
nystatin/L, 0.2 g streptomycin/L) plates, with a lawn of OP50 E. coli (grown in 25 g Luria
broth/L, 200 mg streptomycin/L). Following a 24-h incubation period at 20°C, treatment
groups were counted and compared to controls under a dissecting microscope. Finally,
pictures were taken using a digital camera attached to a fluorescent microscope.

For chronic treatments, synchronous L2 staged worms were exposed to the respective
pesticide for 30 min, then, without additional washes, placed on clean NGM plates with the
respective pesticide still on the worms. After a 24-h incubation period (corresponding to an
equivalent human exposure of 10.5 years) at 20°C, the worms were counted, and the treated
were compared to controls under a dissecting microscope and photographed.

In agricultural settings, concentrated TD and MZ are diluted with water to the appropriate
application concentrations. As such, for all treatments paradigms (acute, chronic or dual),
control worms were treated with sterile dH2O.

Fluorescence Microscopy
Following the respective treatments, EG1285 worms from at least four separate
synchronizations were washed with sterile dH2O from plates and 10 µL of worms were
placed on 4% agarose pads on microscope slides. Fluorescence observations were performed
with an epifluorescence microscope (Leitz & Wetzlar, Halco Instruments, Inc) equipped
with a 50-W AC mercury source lamp (E. Leitz, Rockleigh, NJ) and various objective lenses
(Leitz & Wetzlar, Halco Instruments, Inc). The microscope was coupled to a digital camera
(Micrometrics, MilesCo Scientific, Princeton, MN) operated by Micrometrics software
(Micrometrics SE Premium, v2.7) for image acquisitions with consistent camera settings of
exposure time, saturation, light and color. All images are presented at a total magnification
of 400X. In Adobe Photoshop® 6.0.1 (Adobe Systems, Inc, San Jose, CA), the wand tool
(with a pre-assigned tolerance level of 18) was used for isolation of green pixels in the
photomicrographs. This allowed for selection of all pixels in a defined region that met the
minimum criteria. The histogram function in the program was used to assess the number of
green pixels. Data was entered into Graph Pad Prism® (version 4.00 GraphPad Software,
San Diego, CA). The same procedure was used for studies with BZ555 worms.

Statistical Analysis
Fluorescence data from photomicrograph analysis are presented as mean green pixel number
± SD. Data are from at least four separate synchronizations (N ≥ 4), with at least eight to ten
worms per intra-experimental replication (n ≥ 8), for each treatment paradigm. Differences
in pixel number were determined by one-way analysis of variance (ANOVA), followed by a
post-hoc Bonferroni test. Data was considered to be statistically significantly different from
controls when *p < 0.05.

RESULTS
Decreased GFP Pixel Number in DAergic Neurons Following Acute (30-min) Treatment

In order to determine whether acute exposure to TD or MZ leads to neurotoxicity in
DAergic neurons in C. elegans, BZ555 worms were acutely treated with varying
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concentrations of either TD or MZ (Figure 1). Number of green pixels was analyzed in the
nerve ring, which contains GFP-tagged DAergic neurons (Rand and Nonet 1997). Analysis
indicated that acute treatments with 10% glyphosate (LC75; Figure 1a) resulted in a
statistically significant decrease in pixel number compared to controls (*p < 0.01).
Computer analysis of photomicrograph indicated a decrease in the soma of DAergic neurons
of treated worms (Figure 1c) when compared to controls (Figure 1b). Similarly, following
acute treatment with MZ (Figure 1d), a statistically significant reduction in green pixel
number was observed at 30% Mn/Zn-EBDC (LC75) compared to either controls (*p < 0.05)
or worms treated with 7.5% Mn/Zn-EBDC (LC50; ^^^p < 0.001). This decrease in pixel
number corresponded to a shrinkage of the soma of DAergic neurons (Figure 1e) compared
to those in control worms (Figure 1b). These data confirmed what was detected during
visual inspection of the same photomicrographs.

Decreased GFP Pixel Number in DAergic Neurons Following Chronic (24-h) Treatment
In order to determine whether chronic exposure to TD or MZ might lead to DAergic
neurodegeneration, BZ555 worms were chronically treated with either TD or MZ (Figure 2).
Analysis of green pixel number associated with DAergic neurons showed a statistically
significant decrease (Figure 2a) in 9.8% glyphosate treatment (LC75) compared to controls
(**p < 0.01) or 2.7% glyphosate (^p < 0.05). As with the acute treatments, the reduction in
pixel number corresponded with an apparent shrinkage of the soma of neurons in the worms
treated with 9.8% glyphosate (Figure 2c) compared to control worms (Figure 2b). Chronic
treatment with MZ (Figure 2d) showed a statistically significant reduction in green pixel
number, accompanied by decreased somal size (Figure 2e), at 1.5% Mn/Zn-EBDC (LC75)
compared to control (*p < 0.05). The computer analysis again reinforced what was observed
visually following examination of the photomicrographs.

GFP Pixel Number in DAergic Neurons Following Dual Treatment
Dual exposure to TD and MZ was used in order to determine neurotoxicity in DAergic
neurons in C. elegans. BZ555 worms were acutely (30-min) treated with TD (2%
glyphosate) followed by acute (30-min) treatment of the approximate LC25, LC50 or LC75 of
MZ (as Mn/Zn-EBDC). Visual inspection was confirmed by analysis of green pixel number
in the nerve ring showing no statistically significant differences compared to control worms
(data not shown).

Decreased GFP Pixel Number in GABAergic Neurons Following Acute (30-min) Treatment
In order to determine whether acute exposure to TD or MZ might be neurotoxic to
GABAergic neurons in C. elegans, EG1285 worms were acutely treated with varying
concentrations of either TD or MZ (Figure 3). The number of green pixels was analyzed in
GABAergic neurons of the ventral nerve cord. Pixel analysis of acute treatments with TD
(Figure 3a) demonstrated a statistically significant decrease in pixel number at 7%
glyphosate (LC50) and 10% glyphosate (LC75) compared to controls (*p < 0.05). Compared
to control worms (Figure 3b), the somas of GABAergic neurons from worms treated with
10% glyphosate were much smaller (Figure 3c). Acute treatment with MZ (Figure 3d) lead
to a significant reduction in green pixel number when comparing 30% Mn/Zn-EBDC (LC75)
with controls (***p < 0.001), 0.1% Mn/Zn-EBDC (^^p < 0.01) or with 7.5% Mn/Zn-EBDC
(##p < 0.01). The somas of the GABAergic neurons from treated worms (30% Mn/Zn-
EBDC) were observed to be smaller (Figure 3e), when compared to worms treated only with
water (Figure 3b).
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Decreased GFP Pixel Number in GABAergic Neurons Following Chronic (24-h) Treatment
In order to assess the effect of chronic exposure to TD or MZ on GABAergic neurons,
EG1285 worms were chronically treated with either TD or MZ (Figure 4). Analysis of the
green pixels in the ventral nerve cord showed a statistically significant decrease in green
pixel number at 2.7% (LC25), 5.5% glyphosate (LC50; **p < 0.01) and 9.8% (LC75; ***p <
0.001) compared to controls (Figure 4a). In addition a significant reduction in green pixel
number was seen at 9.8% glyphosate compared to 5.5% glyphosate (^p < 0.05). Compared
to control worms (Figure 4b), this decrease in pixel numbers was accompanied by a
concomitant shrinkage of the somas for all concentrations (data only shown for 2.7%
glyphosate in Figure 4c). Following chronic MZ treatment (Figure 4d), a statistically
significant reduction in green pixel number was observed at 1.0% (LC50) and 1.5% Mn/Zn-
EBDC (LC75; ***p < 0.001) in comparison to controls. Also a significant reduction in green
pixel number was observed at 1.0% and 1.5% Mn/Zn-EBDC (^^p < 0.01) compared to 0.1%
Mn/Zn-EBDC (LC25). Similar to the chronic treatment with TD, the somas of GABAergic
neurons from worms treated with Mn/Zn-EBDC were smaller (data shown only for 1.5%
Mn/Zn-EBDC in Figure 4e) than controls (Figure 4b).

GFP Pixel Number in GABAergic Neurons Following Dual Treatment
The dual treatment paradigm exposure to TD and MZ was used in order to determine
neurotoxicity in GABAeric neurons in C. elegans. EG1285 worms were acutely treated with
TD (2% glyphosate) followed by acute treatment with varying concentrations of MZ.
Analysis of number of green pixels in the ventral nerve cord showed no significant reduction
in green pixel number at any concentrations (data not shown). This was confirmed by visual
inspection of the neurons as well, as no difference in soma size or projections was observed.

DISCUSSION
Although there is a well-documented genetic contribution to early onset PD (Bekris et al.
2010), multiple studies strongly suggest that the interplay of environmental toxicants and
potential susceptibility genes play a much greater role in the later onset of the disease
(Brown et al. 2006; Tanner 2010). In general, numerous pesticides are recognized as playing
a role in neurodegeneration in studies involving rodents (Bahrami et al. 2009; Binukumar
and Gill 2010; Jiang et al. 2010; Slotkin et al. 2009). This degeneration may or may not
strictly involve the DAergic system, which contributes to the cardinal symptomatology
associated with PD. Interestingly, few studies exist in the literature related to glyphosate-
containing herbicides even though they are some of the most ubiquitously applied pesticides
in the world (Woodburn 2000). While it is recognized that glyphosate is relatively non-toxic,
with an oral LD50 = 4320 mg/kg in rats (Birch 1993), several reports suggest that the actual
formulations of glyphosate-containing herbicides, such as RoundUp® or TD, may be
mitochondrial inhibitors (Olorunsogo et al. 1979; Peixoto 2005). In light of data potentially
delineating differences between the active ingredient and commercial formulations, we
sought to determine what effect the actual formulations to which humans are exposed had on
DAergic and GABAergic neurons in C. elegans.

Previous work from our lab (Negga et al. 2011) demonstrated that neurons in C. elegans are
vulnerable to treatment with varying concentrations of commercially available TD or MZ,
which has been linked previously to DAergic degeneration (Domico et al. 2007; Domico et
al. 2006) and mitochondrial inhibition (Zhang et al. 2003). Those studies (Negga et al.
2011) were limited in their specificity by the fact that all neurons in the worm strain used
(NW1229) were tagged with GFP. Although this provided evidence of general
neurodegeneration, it did not allow in-depth analysis of the effect of TD and/or MZ on
specific neuronal populations. In the current study, we used strains that had GFP selectively
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attached to proteins found in either DAergic (BZ555) or GABAergic (EG1285) neuronal
populations. Both strains have been used to examine sensory neuron cilia formation (Senti
and Swoboda 2008), neuronal degeneration (Samara et al. 2010), and DAergic
neurodegeneration (Benedetto et al. 2010). By comparing data from our first study (Negga
et al. 2011) with the present information, it is possible to better assess the vulnerability of
discrete neuronal populations.

It is important to note that the pesticide concentrations used in the present investigation,
while at the LC25, LC50 and LC75 for the worms (Table 1) are within the environmentally
relevant concentrations available and applied. For example, the recommended application
concentration for TD for fields with weeds over 15 cm tall is 0.6 – 0.9% glyphosate,
although the concentration can be as high as 4 – 10% glyphosate for spot spraying (Syngenta
2010). Typically, however, glyphosate products for use by the general public are sold with
2% glyphosate, a general use concentration that does not require dilution. On the other hand,
the recommended application concentration for MZ is 0.29 – 0.49% Mn/Zn-EBDC (Bonide
2010). When considering the concentrations for the dual treatment, we considered the
following: (1) in a growing season, herbicides (in this case TD) would be applied prior to
any fungicides (Randall et al. 2008a); (2) because of the time difference during a growing
season when herbicides or fungicides were used do not generally overlap, the pesticides
should not be applied as a true mixture (which would also violate the application
instructions provided for agricultural workers; Randall et al. 2008b)); (3) since the most
common concentration of TD used is 2% glyphosate, this was the concentration used in the
dual treatment studies (Negga et al, 2011).

When BZ555 worms were treated acutely with either TD (Figure 1A) or MZ (Figure 1D),
changes in green pixel numbers and neuronal morphology were only observable at the LC75
for each pesticide concentration (10% glyphosate or 30% Mn/Zn-EBDC, respectively). This
was in contrast to previous data (Negga et al, 2011), in which morphological and pixel
changes in the nerve ring and head region were also observed at the LC25 and LC50 for TD
concentrations. In addition to DAergic neurons, which were the only neurons labeled in the
BZ555 strain, the NW1229 worms also had glutamatergic (Glu) interneurons, serotonergic
(5-HT) amphid and interneurons, and cholinergic (ACh) ring interneurons and motor
neurons labeled. As the previous data demonstrated noticeable neurodegeneration at lower
concentrations of TD or MZ, the current data suggest that other populations (Glu, 5-HT and
ACh) are more vulnerable than DAergic neurons following an acute exposure to TD when
considered in light of our previous data (Table 2). This is similar to the acute treatment with
MZ, in which statistically significant changes in pixel number and morphology were only
noted at the LC75 for MZ in BZ555 worms, rather than the lower concentrations (Figure
1D).

When BZ555 worms were treated chronically with MZ (Figure 2D), DAergic neurons were
affected only at the highest concentration of Mn/Zn-EBDC (1.5%), suggesting that previous
data (Negga et al. 2011) indicating morphological changes more likely reflected
degeneration of Glu, 5-HT and ACh neurons (Table 2). The data from MZ-treated worms
(BZ555) were in contrast to the data from worms chronically treated with TD (Figure 2A).
Here the TD data closely paralleled that generated from NW1229 worms, suggesting that in
a chronic paradigm, DAergic neurons are more vulnerable than other neuronal populations
in C. elegans.

In general, GABAergic neuronal degeneration was more evident in EG1285 worms (Figure
3 and 4) at lower concentrations of pesticides than that observed in NW1229 worms. Data
from our current study confirmed that, for acute TD and chronic MZ treatments, the neurons
that are apparently the most vulnerable are those of the GABAergic system. In addition to
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GABAergic neurons in the ventral nerve cord of C. elegans, there are also ACh ventral
motor neurons, and 5-HT motor neurons (Rand and Nonet 1997). As no measureable
degeneration was observed in NW1229 worms treated either acutely with MZ or chronically
with TD, our interpretation is that, because of the multiple populations tagged in NW1229
worms, the GABAergic degeneration observed in the current study was overshadowed by
the presence of the other neuronal populations. Thus, by focusing solely on the GABAergic
neurons in this study, we were able to increase the specificity and sensitivity of our
evaluation of these neurons (Table 2).

In complex in vivo model systems, it is often difficult to examine the effect of various
toxicants on the nervous system. In the case of C. elegans, with its 302 neurons (Chalfie and
White 1988; Thomas and Lockery 1999), it is much easier to determine the fate of distinct
populations than in mammals, which have millions of neurons. This is evident in the current
study where we were able to determine the differential vulnerability of various neuronal
populations in the nematode following exposure to environmental toxicants. While a large
body of work involving pesticide exposure has focused on DA, greater recognition of the
role of other neurotransmitters has become the focus of more recent studies (Lester et al.
2010; Wang et al. 2010; Yamamoto and Soghomonian 2009). In the context of the
expanding interest of neurotransmitters other than DA involved in PD, it is timely that our
research has shown a potentially increased vulnerability of GABAergic neurons to a widely-
used glyphosate-containing herbicide (TD), and a popular Mn-containing fungicide, MZ.

Interestingly, however, our dual treatment paradigm, based on current commercial
application procedures continues to demonstrate a decreased, rather than increased, neuronal
vulnerability (see also Negga et al, 2011). In light of the visual differences between treated
and control neuronal populations in NW1229 worms, and the measured loss of green pixel
number, we had anticipated that the dual treatment would lead to greater degeneration in
both the BZ555 and EG1285 worms. This was obviously not the case, and requires further
mechanistic investigations.

CONCLUSION
This work is significant because it represents one of the first studies in the literature to
systematically identify potentially vulnerable neuronal populations in C. elegans following
exposure to the glyphosate-containing herbicide TD, a representative of a ubiquitous
herbicide class, and a commonly- and highly-used fungicide (MZ) similar to maneb, which
has already been linked to DAergic neurodegeneration. It also demonstrates that chronic, but
perhaps not acute, exposure to TD leads to DAergic degeneration in C. elegans.
Furthermore, it highlights the sensitivity of GABAergic neurons to these pesticides, whether
an acute or chronic exposure paradigm is used, suggesting that future work with to these two
pesticide classes examine GABAergic degeneration as a potentially early marker of neuronal
vulnerability.
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Fig 1.
Acute treatments of BZ555 nematodes. Following analysis of photomicrographs from
worms acutely exposed to TD or MZ, the number of green pixels was determined as
described in the methods. Data in (A) and (D) are presented as mean pixel number ± SD of
the DAergic neurons in the nerve ring. *p < 0.05 and **p < 0.01 compared to nerve ring of
controls and ^^^ p < 0.001 compared to the nerve ring of 0.7% Mn/Zn-EBDC. The blue
arrows point to soma in the region of the nerve ring. Blue arrows in photomicrographs of
worms treated with 10% (C) glyphosate and 30% (E) Mn/Zn-EBDC emphasize the
decreased sizes of the soma compared to the soma of CN worms (B).
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Fig 2.
Chronic treatments of BZ555 nematodes. Following analysis of photomicrographs of worms
chronically exposed to TD or MZ, the number of green pixels was determined as described
in the methods. Data in (A) and (D) are presented as mean pixel number ± SD of the
DAergic neurons in the nerve ring. *p < 0.05 and **p < 0.01 compared to nerve ring of
controls and ^p < 0.05 compared to nerve ring of 2.7% glyphosate. The blue arrows point to
soma in the region of the nerve ring. Blue arrows in photomicrographs of worms treated
with 9.8% (C) glyphosate and 1.5% (E) Mn/Zn-EBDC emphasizes the decreased sizes of
the soma compared to the soma of CN worms (B).
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Fig 3.
Acute treatments of EG1285 nematodes. Following analysis of photomicrographs of worms
chronically exposed to TD or MZ, the number of green pixels was determined as described
in the methods. Data in (A) and (D) are presented as mean pixel number ± SD of
GABAergic neurons in the ventral nerve cord. *p < 0.05, ***p < 0.001 compared to ventral
nerve cord of controls, ^^p < 0.01 compared to ventral nerve cord of 0.1% Mn/Zn-EBDC
and ##p < 0.01 compared to ventral nerve cord of 7.5% Mn/Zn-EBDC. The blue arrows
point to soma along the ventral nerve cord. Blue arrows in photomicrographs of worms
treated with 10% (C) glyphosate and 0.5% (E) Mn/Zn-EBDC emphasize the decreased sizes
of the soma compared to the soma of CN worms (A).
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Fig 4.
Chronic treatments of EG1285 nematodes. Following analysis of photomicrographs of
worms chronically exposed to TD or MZ, the number of green pixels was determined as
described in the methods. Data in (A) and (D) are presented as mean pixel number ± SD of
GABAergic neurons in the ventral nerve cord. **p < 0.01 and ***p < 0.001 compared to
ventral nerve cord of controls, ^p < 0.05 compared to 2.7% glyphosate and ^^p < 0.01
compared to 0.1% Mn/Zn-EBDC. The blue arrows point to soma along the ventral nerve
cord. Blue arrows in photomicrographs of worms treated with 2.7% (C) glyphosate and
1.5% (E) Mn/Zn EBDC emphasize the decreased sizes of the soma compared to the soma of
CN worms (B).
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Table 2

Summary of Vulnerability of Neuronal Populations

Treatment
Group

DAergic Sensitivity
(BZ555)

GABAergic Sensitivity
(EG1285)

Other Neuronal Populations
(Based on Negga et al, 2001)

Acute TD No Yes Yes (head)

Acute MZ No Yes Yes (head)

Chronic TD Yes Yes No

Chronic MZ No Yes Yes (head)

Dual Treatment No No Likely

Differences in data between the current study and Negga et al. 2011 indicate that GABAergic neurons C. elegans may be more sensitive to TD or
MZ exposure than DAergic neurons, regardless of single exposure paradigm.
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