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Abstract
Previous in vitro studies in our laboratory have shown that mancozeb (MZ) and maneb (MB), both
widely used EBDC fungicides, are equipotent neurotoxicants that produce cell loss in mesencephalic
dopaminergic and GABAergic cells after an acute 24 h exposure. Mitochondrial uncoupling and
inhibition were associated with fungicide exposure. Inhibition of mitochondrial respiration is known
to increase free radical production. Here the mechanism(s) of neuronal damage associated with MZ
exposure was further explored by determining the role that reactive oxygen species (ROS) played in
toxicity. Damage to mesencephalic dopamine and GABA cell populations were significantly
attenuated when carried out in the presence of ascorbate or SOD indicative of a free radical mediated
contribution to toxicity. ROS generation monitored by H2O2 production using Amplex Red increased
in a dose-dependent manner in response to MZ. Inhibition of intracellular catalase with aminotriazole
had little effect on H2O2 generation, whereas exogenously added catalase significantly reduced
H2O2 production demonstrating a large extracellular contribution to ROS generation. Conversely,
cells preloaded with the ROS indicator dye DCF showed significant MZ-induced ROS production,
demonstrating an increase in intracellular ROS. Both the organic backbone of MZ as well as its
associated Mn ion, but not Zn ion were responsible and required for H2O2 generation. The
functionally diverse NADPH oxidase inhibitors, diphenylene iodonium chloride, apocynin, and 4-
(2-aminoethyl)benzene- sulfonyl fluoride hydrochloride significantly attenuated H2O2 production
by MZ. In growth medium lacking cells, MZ produced little H2O2, but enhanced H2O2 generation
when added with xanthine plus xanthine oxidase whereas, in cultured cells, allopurinol partially
attenuated H2O2 production by MZ. Minocycline, an inhibitor of microglial activation, modestly
reduced H2O2 formation in mesencephalic cells. In contrast, neuronal enriched cultures or cultures
treated with MAC-1-SAP to kill microglia, did not show an attenuation of ROS production. These
findings demonstrate that Mn-containing EBDC fungicides such as MZ and MB can produce robust
ROS generation that likely occurs via redox cycling with extracellular and intracellular oxidases.
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The findings further show that microglia may contribute to but are not required for ROS production
by MZ.
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INTRODUCTION
The development and progression of several neurodegenerative diseases have been linked to
factors other than genetic predisposition. Environmental exposure to pesticides, including the
ethylene-bis-dithiocarbamate (EBDC) fungicides, may contribute to neuronal toxicity and
subsequent pathologies. Mancozeb (MZ), a Mn/Zn-containing EBDC fungicide, is widely
utilized on golf courses, residential lawns, and agricultural lands throughout the United States.
The adverse effects of MZ in humans and other living organisms have not been widely studied
and there are few studies to evaluate the neurotoxic action of MZ in experimental models
(Soleo et al., 1996; Vaccari et al., 1999; Domico et al., 2006a). However, other dithiocarbamate
fungicides, including maneb (MB), have been implicated in selective dopaminergic
neurotoxicity and mitochondrial dysfunction in rodents and humans, resulting in motor deficits,
and ultimately, parkinsonism (Morato et al., 1989; Meco et al., 1994; Soleo et al., 1996; Zhang
et al., 2003).

Reactive oxygen species and other free radicals have been implicated in the pathogenesis of
neurodegenerative diseases, like Parkinson’s disease (PD) (Rao and Balachandran, 2002). The
substantia nigra (SN) region of the brain is vulnerable to oxidative stress because of its local
environment. The auto-oxidation of dopamine (Hastings, 1995), the enzymatic deamination of
DA by monoamine oxidases (Halliwell, 1992), and the high iron content which catalyzes
Fenton reactions (Dexter et al., 1989) make the SN vulnerable to oxidative stress and cellular
injury. Pesticide exposure in experimental rodent and cell culture models has been linked to
ROS generation and/or an inflammatory response that potentiates ROS production.
Dopaminergic toxicity by rotenone, a naturally occurring complex I inhibitor and a common
herbicide, is caused by oxidative stress and is mediated, in part, by the activation of microglia
(Gao et al., 2002, 2003b; Sherer et al., 2002; Sherer et al., 2003; Zeevalk and Bernard, 2005).
The neurotoxicity of paraquat (PQ), a bipyridial herbicide, mimics PD in experimental models
and results in microglia activation and redox cycling via microglial NADPH oxidase
(McCormack et al., 2002; Bonneh-Barkay et al., 2005). EBDCs, including MB, have enhanced
the toxic effects of the prooxidants MPTP (Takahashi et al., 1989; Bachurin et al., 1996) and
PQ (Thiruchelvam et al., 2000a,b, 2005) in rodent models, contributing to the PD-like
phenotype.

Previous studies have implicated MZ as neurotoxic to mesencephalic DA and GABA neuronal
cell populations following acute exposure (Soleo et al., 1996; Domico et al., 2006a). In
addition, MZ and other similar EBDCs, like MB, have been reported to be inhibitors and/or
uncouplers of the mitochondrial electron transport chain (Zhang et al., 2003; Domico et al.,
2006a). Since mitochondrial dysfunction is often associated with ROS generation, the purpose
of the present study was to assess the role of ROS in the neurotoxic action of MZ and other
EBDCs in mesencephalic cell culture. The studies reported within determined the contribution
of ROS production to EBDC toxicity, measured ROS generation in the extracellular and
intracellular environment of mesencephalic neurons, and evaluated potential contributors to
MZ-induced ROS production, including the organic EBDC backbone, metal ions, metabolites,
microglia and redox cycling with oxidases.
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METHODS
Materials

Timed-pregnant Sprague-Dawley rats were purchased from Charles River (Wilmington, MA).
MZ, MB, and Nabam (NB) were purchased from ChemService (West Chester, PA). The purity
of MB and NB are reported to be >95%. MZ, a polymeric complex, contains approximately
20% Mn and 2.55% Zn and does not have a reported purity. MnCl2 and ZnCl2 were purchased
from Sigma-Aldrich (St. Louis, MO). ETU was purchased from Reidel-de Haan (Seelze,
Germany). All other chemicals were purchased from Sigma Aldrich, unless otherwise noted.

Primary mixed mesencephalic cell cultures
Mesencephalic cells were isolated from embryonic day 15 Sprague-Dawley rats, cultured, and
maintained exactly as described in Domico et al., 2006a with few exceptions. Cells were plated
at 1.0–2.0 x 105 cells/cm2 on polyornithine- and serum-coated wells.

Neuronal-rich cultures
Two approaches were used to establish neuronal-rich cultures. To eliminate microglia from
the mixed mesencephalic culture, cells were treated with MAC-1-SAP (final concentration 2
ug/ml) (Advanced Targeting Systems, San Diego, CA), a microglial (CD11b)-specific
antibody conjugated with saporin, a ribosome inactivating protein, for approximately 72 h.
Thus, only cells containing the CD11b marker, namely microglia, were labeled and targeted
by the saporin toxin. The result was a culture rich in neurons and deficient in microglia.
Neuronal cells were then rinsed 3 times with HEPES buffer (25 mM HEPES, 5.6 mM glucose,
125 mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 1.3 mM CaCl2, and 1.2 mM MgCl2) and treated
with toxicants. To verify the elimination of microglia cells, MAC-1-SAP treated cells were
immunostained using mouse monoclonal unconjugated MAC-1 antibody (1:150) (Advanced
Targeting Systems, San Diego, CA) that recognizes rat MAC-1 (CD11b). Cells were fixed and
stained as described in Zeevalk et al., 1998. The Elite Vectastain ABC Kit (Vector Laboratories,
Burlingame, CA) was used to detect antigen signal. The final product was visualized using
3,3’-diaminobenzidine tetrachloride.

In a second approach to reduce microglial and glial growth in mesencephalic culture, cells were
isolated from E15 rat as described above. Approximately 4 h after cells were plated, serum-
containing DMEM was replaced with serum-free N2 supplemented (Invitrogen, Eugene, OR)
media, as described in Wood et al. (2003). N2 supplement (8.6 uM insulin, 1 mM human
transferrin, 2 uM progesterone, 10 mM putrescine, 3 uM selenite) is a serum-free supplement
that promotes the growth of post-mitotic neurons (Invitrogen, Eugene, OR).

Preparation of toxicants and culture treatment
MZ, MB, and ethylene thiourea (ETU) were prepared exactly as described in Domico et al.,
2006a. Briefly, MZ and MB were solubilized in 100% DMSO, sonicated in a water bath for
10 min, and then diluted with HPLC grade water to yield 10% DMSO plus MZ or MB stock
solutions. Cells treated with 30 uM MZ, MB, or ETU contained no more than 0.1% DMSO.
NB, MnCl2, and ZnCl2, were solubilized in 100% HPLC grade water.

Dopamine and GABA high-affinity uptake
Toxicity in cell cultures was determined with a functional assay of high-affinity transporter
activity via the measurement of high-affinity uptake of [3H]DA and [14C]GABA exactly as
described in Domico et al., 2006a. Briefly, cells were exposed to MZ for 24 h and allowed to
recover for 72 h to ensure that results were due to irreversible damage and were not an effect
of toxicant treatment. Cells were then incubated with [3H]DA (specific activity 240 mCi/mmol;
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New England Nuclear, final concentration 20 nM) and [14C]GABA (specific activity 40 Ci/
mmol; Amersham, final concentration 5 uM) using 0.05 μCi/assay for 15 min at 37ºC in 0.5
ml of HEPES buffer containing 1 mM ascorbate, 100 uM pargyline, 10 uM aminoxyacetic
acid, and 1 mM β–alanine. Radioactive material was removed from cells with 95% ethanol
and was measured using a scintillation counter. Non-energy dependent uptake was determined
by carrying out the uptake assay on ice and was subtracted from radioactivity determined at
37C. (Ehrhart and Zeevalk, 2003).

Extracellular ROS measurement
The Amplex® Red (AR) Hydrogen Peroxide/Peroxidase Assay Kit (Molecular Probes,
Eugene, OR) was used to detect ROS generation in mesencephalic cell culture (Zhou et al.,
1997). The AR reagent (10-acetyl-3,7-dihydroxyphenoxazine), in the presence of horseradish
peroxidase (HP), reacts with peroxides released into the extracellular environment by cells and
generates a fluorescent product. The assay was carried out according to the manufacturer’s
protocol, with some exceptions. The AR reagent from the kit was reconstituted with 60 ul
DMSO, while the HP from the kit was reconstituted with 1 ml of HEPES buffer. To make the
reaction mixture, 50 ul of the AR solution and 100 ul of the HP solution were added to 5 ml
of pre-warmed HEPES buffer and protected from light. Cell media was removed and replaced
with 125 ul of reaction mixture. Antioxidants catalase (CAT) or superoxide dismutase (SOD)
or selected inhibitors aminotriazole (ATZ), apocycnin (APO), diphenylene iodonium chloride
(DPI), 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), minocycline
(MINO), or allopurinol (ALLO) were added to cells, followed by the desired concentration of
toxicants. Hydrogen peroxide generation was monitored every 2.5 min for 20 min at 37ºC in
a CytoFluor multiwell plate reader (Series 4000, PerSeptive Biosystems) at 530 nm excitation
and 580 nm emission. The average rate of hydrogen peroxide generation over 20 min was
recorded.

Intracellular ROS measurement
Dichlorofluorescin diacetate (DCF) (Molecular Probes, Eugene, OR) is readily converted to
its fluorescent product in the presence of ROS in cells. We used this fluorescent-based assay
to detect intracellular ROS generation in cells treated with toxicants, as previously described
(Moy et al., 2000). Cells were loaded with 5 uM DCF for 30 min and then washed extensively
with Krebs-Ringer buffer (119 mM NaCl, 4.8 mM KCl, 25 mM 3-[N-morpholino]propane
sulfonic acid, 1.7 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 5.5 mM glucose, 23.8 mM
sodium bicarbonate, pH 7.4) to remove extracellular DCF. Cells were then treated with
toxicants and monitored for ROS generation every 2.5 min for 30 min at 37ºC in a CytoFluor
multiwell plate reader (Series 4000, PerSeptive Biosystems) at 485 nm excitation and 530 nm
emission.

Statistical analyses
Data were analyzed for statistical significance by ANOVA with Bonferonni’s and/or Student-
Newman-Keuls post-hoc tests using SigmaStat statistical software version 1.0 (Jandel
Corporation). If data failed the normality test, they were analyzed by Kruskal-Wallis ANOVA
on ranks with Dunn’s post-hoc test and/or Mann Whitney rank sum test. A p value of <0.05
was considered statistically significant.

RESULTS
Oxidative stress contributes to MZ-induced neuronal toxicity

Since MZ can inhibit the mitochondrial electron transport chain (Domico et al., 2006a), we
hypothesized that ROS generation was associated, in part, with the neurotoxic effects observed
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in mesencephalic cells after MZ exposure. High-affinity uptake for [3H]DA and [14C]GABA
was assessed as a measure of cell viability 72 h after mesencephalic cells were pretreated with
antioxidants for 3 h followed by exposure to MZ for 24 h (Fig. 1). This functional assay of
toxicity when assessed several days after toxin treatment correlates well with cell viability
(Zeevalk and Bernard, 2005; Domico et al., 2006a) and has the added advantage of monitoring
toxicity in two different neurotransmitter populations. MZ at 30 and 60 uM significantly
decreased the uptake of DA (31% ± 7.15 and 50% ± 7.67, reduction ± SEM, respectively).
GABA uptake was also significantly affected in cells exposed to 60 uM MZ (33% ± 6.96,
reduction ± SEM). However, cells pretreated with ascorbate, an antioxidant that directly
scavenges superoxide anion and hydroxyl radicals, were nearly completely protected against
MZ toxicity. In addition, SOD, an antioxidant enzyme that catalyzes the conversion of
superoxide anion to hydrogen peroxide, significantly protected cells from the toxic effects
observed after acute exposure to 60 uM MZ. Catalase, an antioxidant enzyme that converts
hydrogen peroxide to water, alone or in combination with SOD showed a trend towards
protection but results were not significantly different. These data suggest that ROS are in part
responsible for the toxic effects observed in mesencephalic cells acutely exposed to MZ.

Location of ROS generation by Mancozeb
Ongoing studies in the laboratory indicate that approximately 8% of exogenously applied MZ
enters the neuron while 92% remains outside the cell membrane (Domico et al., 2007). To
investigate the events that potentially lead to MZ-induced neuronal toxicity, we assessed ROS
generation both extracellularly and intracellularly. The Amplex® Red (AR) Hydrogen
Peroxide/Peroxidase Assay Kit was used to detect hydrogen peroxide generation by treated
cells. ROS, as measured by H2O2 in MZ-treated cells, was measured over a period of 20 min.
MZ exposure (0.3–30 uM) resulted in a clear dose-dependent increase of peroxide generation,
with significance at all doses (Fig. 2). The lowest MZ dose tested, 0.3 uM generated
approximately 3.5 times more hydrogen peroxide than controls, while the highest MZ dose (30
uM) generated approximately 134 times more hydrogen peroxide than controls. It is evident
that MZ exposure results in the robust generation of hydrogen peroxide. Based on a mean rate
of 1000 AFU for 30 uM MZ generated from multiple standard curves, the rate of H2O2 formed
was 40 pmol/min/2.0 x 105 cells.

To help determine the location of H2O2 generation in MZ treated cultures, cells were pretreated
with aminotriazole (ATZ), an inhibitor of endogenous intracellular catalase. Previous work
has shown that pretreatment of cultures for 3 h with 5 mM ATZ decreases catalase activity by
90% (Ehrhart and Zeevalk, 2001). MZ-exposed cells pretreated with ATZ did not show a
significant augmentation in peroxide generation, suggesting that endogenous intracellular
catalase does not have access to the compartment in which the bulk of H2O2 is generated (Fig.
3). On the other hand, when cells were pretreated with exogenous catalase, which does not
cross the cellular membrane, hydrogen peroxide levels significantly decreased by 68%. These
data suggest that a large component of the H2O2 formed is generated extracellularly.

To provide insight into whether there were increases in intracellular ROS, cells were loaded
with the ROS sensing dye, DCF and extracellular DCF thoroughly removed by washing.
Loaded cells were then treated with 30 uM MZ and the DCF fluorescence monitored over 30
min. Under control conditions, cells generated very low levels of ROS, as indicated in Fig. 4.
However, when cells were exposed to MZ (30 uM), fluorescence increased, indicative of
increased intracellular ROS. Between 14–17 min, ROS levels reached a threshold in cells
exposed to MZ. The dose of MZ used in this assay (30 uM) contained 0.1% DMSO as vehicle.
DMSO has known antioxidant properties (Nicolaides et al., 2004). In DMSO-control cultures,
ROS generation was minimal and after 5 min was less than that observed in controls lacking
DMSO. In separate experiments, catalase (25 U/ml) was added to cells after DCF loading and
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prior to MZ addition to determine if removal of extracellular peroxide influenced the
intracellular generation of DCF oxidation. Under these conditions, catalase had no effect on
MZ-induced DCF fluorescence: AFU for control, 30 uM MZ and catalase plus 30 uM MZ at
the end of 30 min were 41 ± 20, 152 ± 30 and 154 ± 30, mean AFU ± SEM, respectively, n=3.

ROS generation by MZ may involve redox cycling with cellular oxidases
Other pesticides, like paraquat (PQ), have been implicated in neurotoxicity. PQ can generate
ROS outside the cell via redox cycling with NADPH oxidase (Bonneh-Barkay et al.,
2005a,b). NADPH oxidase is a multi-subunit enzyme predominantly expressed in microglia
in the brain (Babior et al., 1999; Wu et al., 2003), but is also present on neurons (Serrano et
al., 2003; Tejada-Simon et al., 2005). When NADPH oxidase subunits assemble on the cell
membrane they can catalyze the electron transfer from NADPH to intermediate ligands, like
PQ, which then redox cycle and generate ROS (Wu et al., 2003; Zhang et al., 2004; Bonneh-
Barkay, 2005b). To investigate the potential involvement of cellular oxidases, like NADPH
oxidase, in the extracellular ROS generation by MZ, cultures were pretreated with several
different NADPH oxidase inhibitors with differing mechanisms of action (O’Donnell et al.,
1993; Stolk et al., 1994; Megyeri et al., 1995; Diatchuk et al., 1997; Li et al., 1998; Doussiere
et al., 1999). DPI, apocynin and AEBSF all significantly attenuated H2O2 generation in cultures
treated with 30 uM MZ (Figs. 5A and B). DPI was effective at 10 and 100 uM (40% reduction,
68% reduction, respectively) (Fig. 5A). Cells treated with APO (1 mM) or AEBSF (1 mM)
also significantly reduced extracellular peroxide levels (APO, 61% reduction; AEBSF, 60%
reduction) (Fig. 5B). These data suggest that NADPH oxidase, a cellular membrane oxidase,
is involved, in part, in the generation of ROS outside the cell.

Given that ROS generation by MZ could also occur intracellularly, the potential for intracellular
oxidases to redox cycle with MZ to generate ROS was evaluated. Xanthine (X), in the presence
of xanthine oxidase (XO) in the cell, readily generates intracellular superoxide in addition to
uric acid during normal metabolism. Thus, in this study we used the X/XO system to mimic
intracellular oxidase activity. Using a cell free system, ROS generation was measured in the
presence of 30 uM MZ, X (0.3 mM) and/or XO (0.02U/ml), MZ plus X and/or XO, allopurinol
(5 mM, XO inhibitor), MZ plus allopurinol, and MZ plus X/XO and allopurinol (Fig. 6A). In
the absence of cells, MZ alone generated ROS, but the amount was minimal when compared
with ROS generation in the presence of cells (i.e., approximately 2.5% of the total AFU/min
generated by MZ in the presence of cells (Fig 6A and B). As expected, X/XO in the absence
of cells robustly increased ROS production to levels approximately 1600-fold greater than
control. When MZ was added with X/XO, there was an even greater increase in the rate of
ROS production. Statistically significant, the rate of ROS production with MZ plus X/XO
increased by 37% as compared with X/XO alone. When allopurinol was added to the MZ plus
X/XO reaction mixture, ROS production decreased approximately 40%. Likewise, when
allopurinol was preincubated with cells for 24 h followed by treatment with 30 uM MZ, MZ-
induced ROS generation significantly decreased by an approximate 30% (Fig 6B). In addition,
fixed cells no longer redox cycled with MZ to generate H2O2. When 30 uM MZ was added to
cells previously fixed with 10% formalin and thoroughly rinsed, H2O2 generation reported as
AFU/min ± SD was 203 ± 97.5 as compared with 15.2 ± 7.5, and 1553 ± 391, for control, and
30 uM MZ (live cells), respectively. These findings demonstrate that MZ-induced generation
of ROS requires the presence of cells and further suggests the potential for MZ to redox cycle
with intracellular oxidases like xanthine oxidase.

The organic portion of the EBDC compound in combination with the associated Mn metal
contribute to ROS generation and subsequent toxicity

Previous studies in our laboratory have demonstrated that the Mn-metal component and the
organic portion of the EBDC fungicide contribute to cellular toxicity (Domico et al., 2006a).
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We found that the EBDC fungicide, Nabam (NB), which contains Na+ instead of Mn ion, was
less toxic than the EBDC fungicides, MZ and MB, that contain a Mn moiety. Moreover, we
found that addition of MnCl2 along with NB increased toxicity to the same extent as MZ or
MB. The active metabolite of MZ and MB, ETU, was not toxic to DA or GABA neuronal cell
populations. To determine whether Mn present in both MZ and MB or Zn, present only in MZ
contributed to ROS generation in the mixed neuronal cultures H2O2 levels were measured in
cells exposed to MZ, MB, NB, ETU, MnCl2, ZnCl2, as well as a combination of NB/MnCl2,
NB/ZnCl2, or ETU/MnCl2.

Cells exposed to 30uM of MZ or MB generated more than a 100-fold increase in peroxide as
compared with controls, whereas NB, MnCl2, or ZnCl2 alone showed only a 2 to 4- fold
increase (Fig. 7). However, when NB was combined with MnCl2 to mimic the structure of MB,
cells generated peroxide levels that were similar to MZ and MB and were significantly greater
than H2O2 produced by NB alone. Because NB and MnCl2 alone generate only small but
significant levels of peroxide, it is evident that the addition of Mn to the organic portion of
these fungicides has a potentiating effect on ROS production. NB in combination with
ZnCl2 resulted in an approximate 8-fold increase in peroxide generation, suggesting that
Zn2+ does not have the same potentiating effect as Mn 2+. Thus, ZnCl2, although a pro-oxidant
in these studies, is not a significant contributing factor in MZ-induced ROS generation. Cells
exposed to ETU showed no significant generation of ROS either alone or in combination with
MnCl2.

Microglia contribute but are not required for extracellular peroxide generation induced by
MZ exposure

Microglia, the resident immune cells of the brain, have been implicated in neurotoxicity and
neurodegeneration via ROS generation (Gao et al., 2002, 2003b,c; Liu and Hong, 2003; Wu
et al., 2003; Zhang et al., 2004; Wu et al., 2005). Microglia are also a major source of NADPH
oxidase in the nervous system (Babior et al., 1999; Wu et al., 2003). To determine whether or
not microglia contributed to MZ-induced ROS generation and neurotoxicity, H2O2 levels were
measured with the Amplex® Red assay in cells pretreated with 1–100 uM minocycline, an
antibacterial agent that inhibits microglial activity (Yrjanheikki et al., 1998; Fan et al., 2005)
(Fig. 8). Pretreatment with minocycline resulted in a dose-dependent decrease of H2O2 levels
from cells treated with 30 uM MZ (10 uM minocycline, 28% decrease; 30 uM minocycline,
37% decrease; 100 uM minocycline, 42% decrease). Although minocycline significantly
decreased ROS generation in MZ-treated cells, H2O2 levels were still significantly greater than
controls.

To further assess the involvement of microglia in MZ-induced ROS generation, microglia were
reduced in mixed mesencephalic cell culture with MAC-1-SAP, a microglial-specific antibody
that is conjugated with the toxin saporin, which targets microglial ribosomes thereby
eliminating them (Kanai et al., 2001; Dommergues et al., 2003). As shown in Fig. 9, microglia
were decreased in MAC-1-SAP treated cultures as compared with controls. Despite the
reduction in microglia and contrary with the 40% decrease in H2O2 generation observed in
cultures pretreated with 100 uM minocycline, MAC-1-SAP treated cultures did not show an
attenuation of H2O2 generation when challenged with MZ (Fig. 10). In addition, cultures
enriched in neurons by growing in serum-free N2 medium (Ricart and Fiszman, 2001) to greatly
reduce glial growth produced a large increase in H2O2 generation in the presence of MZ (15.5
± 5.0 and 658.9 ± 59.5, AFU ± SEM in control and 3 uM MZ treated cultures, respectively,
n=4). These findings indicate that while microglia may contribute to MZ-induced ROS
generation, their presence is not required.
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DISCUSSION
This research is an extension of previous work that evaluated the mechanism of MZ
neurotoxicity. Previous studies have shown that MZ and MB compromise mitochondrial
respiration (Zhang et al., 2003; Domico et al., 2006a). Research from our laboratory has shown
that 15 uM MZ or MB uncouple the mitochondrial electron transport chain (ETC), while higher
doses (30 uM) inhibit respiration (Domico et al., 2006a). Moreover, Zhang et al. (2003) found
that MB selectively inhibits complex III of the ETC. During normal respiration, small amounts
of ROS are produced as byproducts of the ETC process. However, perturbations in
mitochondrial respiration can lead to excessive ROS generation and inundate cellular
antioxidant capacity, leading to DNA damage, lipid peroxidation, protein modification, and
eventually cell death (Rao and Balachandran, 2002; Kumar et al., 2005). The present study
was done to investigate the potential involvement of ROS in MZ-induced neurotoxicity.

Major findings from this study indicate that MZ-treated neuronal cells produce large amounts
of ROS and that ROS generation induced by MZ exposure contributes to MZ neurotoxicity.
Our findings were based on data obtained from two common approaches that independently
assess ROS generation. The Amplex® Red Hydrogen Peroxide/Peroxidase Assay and DCF
fluorescence showed that ROS levels were significantly higher in MZ-treated neuronal cultures
than in controls. Moreover, ascorbate and SOD attenuated MZ-induced toxicity, as assessed
by DA and GABA uptake. Ascorbate, an antioxidant water-soluble vitamin, directly scavenges
superoxide anion and hydroxyl radical while SOD, an antioxidant mitochondrial and/or
cytosolic enzyme, catalyses the conversion of superoxide anion to hydrogen peroxide and water
(Rao and Balachandran, 2002). These data are consistent with findings from previous studies
that evaluated other EBDCs and their role in oxidative stress and neuronal toxicity. Fitsanakis
et al. (2002) found that Mn-EBDCs catalyze a one electron transfer from dopamine or
norepinephrine to molecular oxygen, resulting in ROS products like superoxide and
semiquinone species. Barlow et al. (2005) reported that MB, a Mn-EBDC very similar to MZ,
at doses not affecting cell viability induced significant changes in the GSH antioxidant system
in PC12 cells (catecholaminergic cell line) and in mesencephalic cells. More specifically, low
doses (0.0376–3.76 uM) of MB diminished GSH levels and prevented the recovery of GSH
levels in cell culture systems. Zhou et al. (2004) measured oxidative stress in MES cells
(dopaminergic cell line) exposed to Mn-EBDC via protein carbonyl quantification and reported
that total cellular carbonyl content was 160% and 167% greater in cells treated for 3 and 7 d
respectively with 6 uM Mn-EBDC than in controls. Moreover, Mn-EBDC exposure also
resulted in α-synuclein aggregation and proteasomal inhibition. In that same study,
pretreatment with the antioxidant N-acetyl-L-cysteine (NAC) resulted in a decrease of protein
carbonyls and prevented proteasomal inhibition. In the PQ + MB model of Parkinson’s disease,
overexpression of SOD or glutathione peroxidase in mice led to protection against lipid
peroxidation and subsequent DAergic neurodegeneration (Thiruchelvam et al., 2005).

Findings from this study and previous studies (Domico et al., 2006a) show that acute exposure
to MZ produces toxicity to midbrain DAergic neurons. Neuronal damage due to MZ exposure,
however, was not restricted to the DA population and was also observed in another major
midbrain neuronal population, i.e. GABAergic neurons. In contrast, other neurotoxicants like
MPTP/MPP+ (Forno et al., 1993; Gao et al., 2003c) or rotenone (Gao et al., 2003a,b; Zeevalk
and Bernard, 2005) show selectivity in damage to dopaminergic neurons. Although PD is not
associated with GABAergic neurodegeneration until much latter stages of disease progression,
other neurodegenerative conditions like Huntington’s disease, an inherited neurodegenerative
disorder, are demarcated by the loss of GABAergic neurons in the striatum (Fix, 2005). The
DAergic neuronal cell population has been hypothesized to be vulnerable to oxidative stress
because of the auto-oxidation of DA itself (Hastings, 1995). Mesencephalic GABAergic
neurons are not at risk of such intrinsic oxidative stress, but are equally as vulnerable as DA
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neurons to an exogenous oxidative stress such as H2O2 exposure (Zeevalk et al., 2003). Given
the large extracellular generation of ROS by MZ in the in vitro mesencephalic culture system,
it is, therefore, not surprising that similar susceptibilities were found for DA and GABA
neurons upon exposure to MZ.

Nevertheless, MZ-induced toxicity to some degree mimics the pathologies particular to
idiopathic PD. Brown et al. (2006) proposed that agents of potential concern in the development
of parkinsonism meet the following criteria; (1) cause changes in the striatal DAergic system,
including a decrease in DA and/or an increase in DA turnover, (2) produce effects in the SN,
which is predominantly DAergic, that may or may not be specific to DAergic neurons, and (3)
mimic cellular and molecular mechanisms as seen in PD, like mitochondrial dysfunction,
oxidative stress, and/or alpha-synuclein aggregation. MZ meets most of these criteria. It should
be noted, however, that the findings regarding selectivity of damage as presented here were
done in vitro and may differ from in vivo exposure. Thiruchelvam et al., (2000a,b), found little
damage in vivo to the nigrostriatal system with MB alone, but an enhancement of damage to
the DAergic system when combined with PQ. In addition, Zeevalk and Bernard (2005) reported
that acute high dose exposure to rotenone produced non-selective toxicity in mesencephalic
neurons, whereas chronic low dose exposure resulted in selective DAergic neurotoxicity. These
data suggest that MZ when administered acutely and in toxic doses may non-selectively affect
various neuronal populations. In contrast, when administered chronically or at lower doses in
combination with other pesticides, MZ may elicit more selective and/or profound effects to the
DAergic system.

A large component of ROS generation by MZ exposure occurs extracellularly. Treating cells
with catalase, which does not permeate the cell membrane, attenuated H2O2 levels in MZ-
treated cells. However, when endogenous catalase was inhibited by ATZ, H2O2 levels in MZ-
treated cells were unaffected, suggesting that the production of peroxides in mesencephalic
neurons mainly occurs in the extracellular environment. One potential source of MZ-induced
extracellular ROS is redox cycling of MZ with oxidases that reside on the membrane of
mesencephalic cells. NADPH oxidase is a multimeric enzyme with catalytic flavin- and/or
heme-binding subunits (gp91phox, p22phox, p47phox, p67phox, and p40phox, and RAC) that exist
in the cytosolic portion of the cell and on the cellular membrane (Baboir, 1999; Wu et al.,
2003; Guzik and Harrison 2006; Bedard and Krause, 2007). Upon activation, cytosolic subunits
of the enzyme (p47phox, p67phox, and p40phox, RAC) relocate to the cell membrane and
assemble with the transmembrane subunits (gp91phox, p22phox) (Wu et al., 2003). NADPH
oxidase, when activated, has been implicated as a mediator of oxidative stress because of its
ability to transfer one electron from NADPH to molecular oxygen, generating superoxide anion
and other secondary reactive species (Gao et al., 2003b,c; Wu et al., 2003; Zhang et al.,
2004; Bonneh-Barkay et al., 2005b; Wu et al., 2005). During this electron transfer, NADPH
oxidase can interact with exogenous ligands like MZ, resulting in redox cycling. Other
toxicants have been reported to redox cycle via NADPH oxidase. PQ, a bipyridyl herbicide
that is structurally similar to the MPTP metabolite MPP+, redox cycles with microglial NADPH
oxidase and/or nitric oxide synthase (NOS), resulting in significant levels of superoxide anion
that are attenuated with apocynin (NADPH oxidase inhibitor) or Nω-nitro-L-arginine methyl
ester (L-NAME, NOS inhibitor) (Bonney-Barkay et al., 2005b). Consistent with this, we
showed that the inhibition of NADPH oxidase via three distinctly different inhibitors resulted
in an attenuation of extracellular peroxide levels in MZ-treated cells. DPI, a non-specific
NADPH oxidase inhibitor, prevents electron transport within the NADPH oxidase multi-
subunit complex (O’Donnell et al., 1993; Li and Trush, 1998; Doussiere et al., 1999). Because
of its action, however, DPI can also inhibit other electron transporters, like nitric oxide synthase
(Stuehr et al., 1991), xanthine oxidase (Doussiere and Vignais, 1992), and mitochondrial
complex I (Li and Trush, 1998). APO, which needs activation by peroxidases, inhibits the
association of the NADPH oxidase cytosolic subunits (Stolk et al., 1994). It is the most
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commonly used NADPH oxidase inhibitor and has been reported to decrease NADPH oxidase-
mediated ROS in previous studies (Gao et al., 2002; Casarejos et al., 2006; Wang et al.,
2006; Abramov et al., 2007). AEBSF, a non-specific serine protease inhibitor, deters NADPH
oxidase activation by inhibiting the subunit p47phox (Megyeri et al., 1995; Diatchuk et al.,
1997). All three inhibitors attenuated extracellular peroxide levels in MZ-treated
mesencephalic cells. Other studies have utilized these NADPH oxidase inhibitors as tools to
evaluate the role of NADPH oxidase in redox cycling and/ or ROS generation. Gao et al.
(2002) reported a decrease in superoxide levels in rotenone-treated neutrophils preloaded with
5 uM DPI or 0.5 mM APO. Similarly, Hwang et al. (2002) reported attenuation in brain-derived
neurotrophic factor-induced ROS generation in cortical cultures by 50 uM AEBSF. Although
NADPH oxidase inhibitors are relatively nonspecific, the use of 3 different inhibitors with
differing mechanisms of action and at concentrations consistent with their selective action on
NADPH oxidase support a contribution of the extracellular oxidase in MZ-induced ROS
generation. On the other hand, significant ROS production with MZ even in the presence of
high concentrations of the NADPH oxidase inhibitors remained suggesting that additional
factors may contribute to MZ-mediated ROS generation.

Since microglia are a major source of NADPH oxidase (Babior et al., 1999; Wu et al., 2003),
we assessed the role of microglia in MZ-induced ROS generation. We found that inhibition of
microglia with minocycline modestly, but significantly decreased ROS generation in MZ-
treated cells, whereas elimination of microglia with MAC-1-SAP did not significantly attenuate
ROS levels. Moreover, neuronal-enriched cultures generated ROS after MZ treatment at levels
similar to mixed (neurons and glia/microglia) cell cultures. These findings indicate that
microglial NADPH oxidase plays only a modest role in ROS generation. Although microglia
have been implicated in the neurotoxicity of other pesticides, like PQ (Bonneh-Barkay et al.,
2005; Wu et al., 2005), they do not appear to be essential to MZ-induced ROS generation, as
our data indicate. Despite the involvement or lack thereof of microglia in MZ neurotoxicity,
NADPH oxidase may still be involved in MZ-induced ROS generation. Nonphagocytic
NADPH oxidase is important in the central nervous system where it is involved in cell signaling
(Infanger et al., 2006), differentiation (Suzukawa et al., 2000), potentiation (Thiels et al.,
2000; Knapp and Klann, 2002), and memory (Thiels et al., 2000). Functional subunits of
NADPH oxidase have been detected in the neurons of various regions of the mouse brain,
including hippocampus, cortex, amygdala, striatum, and thalamus (Serrano et al., 2003; Tejada-
Simon et al., 2005). Astrocytic NADPH oxidase has been implicated in the neurotoxicity of
amyloid beta peptides (Abramov and Duchen, 2005). MZ may interact with nonphagocytic
NADPH oxidase generating ROS independent of microglia involvement. Our data suggest that
microglia may contribute to MZ toxicity but are not required for significant levels of
extracellular ROS production. Furthermore, because NADPH oxidase inhibitors do not fully
eradicate extracellular ROS in MZ-treated cells, other cellular constituents in addition to
NADPH oxidase may be involved in MZ redox cycling and ROS generation.

Based on the data presented here, it is possible that MZ may also induce intracellular ROS
generation. Intracellular ROS levels in MZ-treated cells were assessed by DCF fluorescence,
a common monitor of ROS generation (Rosenkranz et al., 1992; Moy et al., 2000; Zeevalk and
Bernard, 2005). DCF, an oxidant-sensing probe, is readily taken up by the cell and is oxidized
to a fluorescent product by peroxides and other ROS inside the cell (Carter et al., 1994).
Although DCF fluorescence indicates an increase in ROS inside the cell, it is not necessarily
indicative of intracellular generation. Peroxides can readily diffuse across the plasma
membrane from an extracellular source where they can elicit toxic effects. Catalase greatly
attenuated extracellular H2O2 generation, but did not attenuate MZ-induced DCF fluorescence.
If oxidation of DCF occurred due to diffusion of extracellularly generated ROS some
attenuation would have been expected. These findings support production of ROS by MZ both
intracellularly and extracellularly.
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There are many potential sources of intracellular ROS in cells exposed to MZ. Intracellular
oxidases, including xanthine oxidase, monoamine oxidase, and cyclooxygenase-2 (Teismann
et al., 2003), are available to transfer electrons to exogenous ligands like MZ, resulting in ROS
generation. In this study, allopurinol attenuated MZ-induced ROS levels by an approximate
30%, indicating that intracellular xanthine oxidase, in part, plays a role in ROS generated as a
result of MZ exposure. Other studies involving ROS-generating pesticides have reported
similar results. Sakai et al. (1995) found that superoxide levels and cytotoxicity in bovine
endothelial cells exposed to PQ were reduced in cells treated with allopurinol. In cerebellar
granule cells treated with PQ, allopurinol partially prevented the release of cytochrome C from
mitochondria and thus, inhibited PQ-induced apoptosis (Gonzalez-Polo et al., 2004).

Moreover, it has been postulated that DA neurons are more susceptible to the damage caused
by ROS because of the potential neurotoxicity of DA itself (Halliwell, 1992; Hastings et al.,
1996; Hastings and Zigmond, 1997). That is, DA is metabolized to 3,4-dihydroxyphenyl acetic
acid via monamine oxidase, producing H2O2 (Halliwell, 1992). In addition, the oxidation of
dopamine produces dopamine quinones, reactive species that can cause damage to lipids,
proteins, and DNA (Hastings, 1995). Mn-EBDCs, like MB and MZ, can catalyze the oxidation
of catechols (Fitsanakis et al., 2002). If DA becomes available to MZ or MB in the cytosol or
extracellularly, the EBDC-catalyzed oxidation of catecholamines denotes another potential
source of highly reactive free radicals and ROS.

Ongoing studies in our laboratory have determined that the parent compound MZ or a MZ ion
fragment permeates neuronal cells (Domico et al., 2006b, 2007). We found that approximately
8% of the load of extracellular MZ crosses the neuronal membrane to access the intracellular
compartment. Maximum intracellular levels are reached at 3 h post-treatment and remain
detectable for up to 14 h. While only a small percentage of the extracellular load of MZ
permeates the cell, its presence in the limited volume of the intracellular compartment likely
results in substantial levels sufficient to generate intracellular ROS.

Previous studies in our laboratory have shown that MZ and MB inhibit mitochondrial
respiration (Domico et al., 2006a). MZ-induced perturbations in the electron transport chain
may result from distinct mechanisms; either MZ can directly interact with mitochondrial
complexes in the respiratory chain to result in mitochondrial inhibition, or MZ-induced ROS
can interact with mitochondrial proteins and lead to mitochondrial dysfunction. Either
mechanism could further augment ROS production in DA neurons, potentially leading to
dopaminergic neurodegeneration and subsequent pathologies. Further studies are needed to
better clarify the intracellular generation of ROS and the mechanism underlying mitochondrial
perturbation by MZ.

The role of Mn in the neurotoxic action of MZ has been debated in previous studies. Soleo et
al. (1996) suggest that the organic portion of the EBDC fungicide is responsible for toxicity.
Data from our laboratory indicate that both the metal component, specifically Mn, and the
organic backbone result in significant toxicity (Domico et al., 2006a). Consistent with these
data, extracellular ROS levels assessed in this study were significantly higher in cells exposed
to the Mn-free, Na+-containing EDBC, NB in combination with MnCl2 (153-fold increase) as
opposed to NB (3-fold increase) or MnCl2 (4-fold increase) alone. Adding MnCl2 to NB mimics
the components of the metal-containing EBDC, MB. It is evident that, although exposure to
NB plus ZnCl2 results in a significant increase in ROS (7.5-fold increase), it is not of the same
magnitude as NB plus MnCl2 or MZ, both of which result in similar levels of H2O2 (153-fold
increase and 118-fold increase, respectively). This lends support to a role for both the Mn-
metal component and the organic backbone in MZ neurotoxicity. ETU exposure does not result
in significant levels of H2O2, consistent with our previous observation that ETU did not produce
toxicity in the mesencephalic cells (Domico et al., 2006a). Interestingly, while addition of
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MnCl2 to NB greatly potentiated ROS production (this study) and toxicity (Domico et al.,
2006a), it did not mimic the inhibitory effects of MZ or MB on mitochondrial function (Domico
et al., 2006a). These coupled findings argue that the primary mechanism of neurotoxic action
after acute exposure to MZ or MB is oxidative stress. Perturbations in mitochondrial respiration
are secondary. This mode of toxic action is common to other neurotoxins, like rotenone
(Greenamyre et al., 1999; Gao et al., 2002; Gao et al., 2003a,b; Zeevalk and Bernard, 2005),
and neurotoxicants like MPTP (Gao et al., 2003c; Wu et al., 2003; Zhang et al., 2004).

This study identifies MZ as a pro-oxidant neurotoxicant. Based on these data, it is postulated
that EBDC fungicides that contain the Mn moiety can redox cycle outside and inside of the
cell via cellular oxidases and result in the generation of ROS. Although NADPH oxidase does,
in part, contribute to peroxide generation, ROS generation is likely also mediated by other
cellular oxidase systems. ROS generation by MZ appears to be the primary mechanism of
toxicity and is contributed to by both the organic backbone and associated Mn-ion. Findings
also show that while microglia are involved in MZ-induced ROS generation, their involvement
is not essential to the process. The mechanistic data from this study will be useful in assessing
the effect of pesticide exposure and its involvement in neurodegeneration.
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Fig. 1.
Antioxidant effects on acute MZ toxicity in mesencephalic DAergic and GABAergic neurons.
Mesencephalic cells were pre-treated for 3h with 400 uM ascorbate (Asc), 25 U/ml catalase
(CAT), 25 U/ml SOD, or catalase plus SOD, exposed to (A) 30 uM or (B) 60 uM MZ for 24
h, and allowed to recover for 72 h. After recovery, toxicity was determined by measuring the
high-affinity uptake for [3H]DA and [14C]GABA in treated cells. The data are from three to
five separate experiments run in duplicate. *Significant difference from control. ** Significant
difference from MZ alone.
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Fig. 2.
Dose-response effect of MZ exposure on H2O2 produced by mesencephalic DAergic and
GABAergic neurons. Mesencephalic cells were exposed to 0–30 uM MZ and immediately
assessed for extracellular H2O2 by the Amplex® Red Hydrogen Peroxide/Peroxidase Assay
Kit as described in Methods. Note that H2O2 levels increased as the dose of MZ increased. The
data are from three separate experiments run in duplicate. *Significant difference from control.
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Fig. 3.
Effects of aminotriazole (ATZ) and exogenous catalase (CAT) on MZ-induced H2O2
production by mesencephalic cells. Cells were pre-treated for 3 h with 5 mM ATZ, an
endogenous CAT inhibitor, or 25 U/ml CAT added just prior to the assay run. MZ (30uM) was
then added and the cells immediately assessed for extracellular H2O2 by the Amplex® Red
Hydrogen Peroxide/Peroxidase Assay Kit as described in Methods. These data indicate that
most of the H2O2 detected is from extracellular sources. The data are from three to seven
separate experiments run in duplicate. *Significant difference from control. ** Significant
difference from MZ alone.
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Fig. 4.
Intracellular ROS levels detected in mesencephalic cells treated with MZ. Cells were treated
with 30 uM MZ or 0.1% DMSO, used as a vehicle control. Intracellular ROS levels were
detected by DCF fluorescence over a 30 min period as described in Methods. The data are from
three separate experiments run in duplicate.
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Fig. 5.
Effects of NADPH oxidase inhibitors on extracellular H2O2 formation in MZ treated
mesencephalic cells. Cells were pre-treated with (A) DPI (0.1–100 uM), (B) apocynin (APO,
100 uM or 1 mM), and AEBSF (100 uM or 1 mM) for 1 h, exposed to 30 uM MZ, and assayed
for extracellular H2O2 by the Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit as
described in Methods. Note that the NADPH oxidase inhibitors used here have different modes
of action (see Discussion), yet all resulted in significant attenuation of H2O2 formation. The
data are from three separate experiments run in duplicate. *Significant difference from control.
** Significant difference from MZ alone.
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Fig. 6.
MZ-induced extracellular ROS generation requires the presence of live cells and is attenuated
by allopurinol. H2O2 levels were measured by the Amplex® Red Hydrogen Peroxide/
Peroxidase Assay Kit in a cell free system (A) and in mesencephalic neuronal cultures (B). 30
uM MZ alone or in combination with either xanthine (X, 0.3 mM), xanthine oxidase (XO, 0.02
U/ml) and/or allopurinol (ALLO, 5 mM) were added to the Amplex Red reaction mixture
without mesencephalic cells (A). Mesencephalic cells were pre-incubated with ALLO 24 h
prior to 30 uM MZ exposure (B). H2O2 levels were measured immediately after MZ treatment.
The data are from three to five separate experiments run in duplicate. *Significant difference
from control. **Significant difference from X/XO alone (A) or MZ alone (B). ***Significant
difference from MZ plus X/XO.
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Fig. 7.
Extracellular peroxide formation in mesencephalic neurons exposed to various EBDCs and
their major metabolite, ETU. Cells were treated with 30 uM of MZ, MB, NB, ETU, MnCl2,
ZnCl2, ETU plus MnCl2, or NB plus MnCl2 or ZnCl2 and immediately assessed for
extracellular H2O2 by the Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit as
described in Methods. The data are from three to seven separate experiments run in duplicate.
*Significant difference from control. ** Significant difference from MZ alone. *** Significant
difference from NB alone.

Domico et al. Page 23

Neurotoxicology. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
Dose-response of minocycline, a non-specific microglia inhibitor, on extracellular ROS
production by MZ in mesencephalic cells. Cells were pre-treated with 1–100 uM minocycline
for 3 h and then exposed to 30 uM MZ. H2O2 levels were measured via the Amplex® Red
Hydrogen Peroxide/Peroxidase Assay Kit as described in Methods. The data are from four
separate experiments run in duplicate. *Significant difference from control. ** Significant
difference from MZ alone.
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Fig. 9.
Micrographs of MAC-1 (CD11b)-immunostained mesencephalic cells. Mesencephalic cells
were treated with (A) control, (B) 0.5 ug/ml, (C) 1.0 ug/ml, and (D) 2.0 ug/ml MAC-1-SAP,
a microglia-specific Ab conjugated with the ribosomal toxin, saporin, for 72 h. Cells were fixed
and immunostained for MAC-1 (1:150) as described in Methods. Note the loss of microglia,
represented by dark circular cells, with increasing doses of MAC-1-SAP.
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Fig. 10.
Comparison of extracellular peroxide formation in mixed and microglial-free mesencephalic
cultures. Primary mixed and microglial-free cultures treated with MAC-1-SAP were prepared
as described in Methods. All cells were exposed to 3, 10, and 30 uM MZ and assayed for
H2O2 via the Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit as described in
Methods. The data are from three separate experiments run in duplicate. There were no
significant differences in H2O2 levels between mixed and microglial-free cultures.
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