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Iron-Enhanced Paraquat-Mediated Dopaminergic Cell Death Due
to Increased Oxidative Stress as a Consequence of Microglial
Activation
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Abstract

Environmental paraquat and neonatal iron exposure have both separately been suggested as potential
risk factors for sporadic forms of Parkinson’s disease (PD). In this study, we demonstrate that
combined environmental exposure to these two agents results in modulations in microglial activation
state. Apocynin, an NADPH oxidase inhibitor, was found to attenuate the release of superoxide from
microglia stimulated by combined paraquat and iron and blocked paraquat-induced dopaminergic
neuronal death. Furthermore, pretreatment with the synthetic superoxide dismutase/catalase mimetic,
EUK-189, significantly decreased microglial activation mediated by combined paraquat and iron
treatment. These findings support the notion that environmental PD risk factors may act
synergetically to produce neurodegeneration associated with the disorder and that iron and paraquat
may act via common oxidative stress-mediated mechanism involving microglial activation.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by tremor,
rigidity, bradykinesia, and postural instability. These clinical features are caused by the
degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc) region of
the midbrain [1-3]. Although 5-10% of classical PD cases result from monogenetic mutations,
the exact cause(s) of sporadic PD is unknown [1,4]. Epidemiological evidence suggests that
late-onset idiopathic PD is not due to strict genetic inheritance [5]. This along with variations
in incidence of PD by geographic region suggests that sporadic PD instead may be caused by
exposure to environmental factors perhaps in concert with individual variations in genetic
susceptibilities [6,7]. As PD is likely to be a multifactoral disorder, the use of in vivo models
to explore the additive or synergistic effects of combined risk factors are likely to be of great
importance in understanding sporadic disease etiology.
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Exposure to either agricultural chemicals or metals have both widely been postulated as
potential environmental risk factors for the disease and this is supported by extensive
epidemiological evidence [7-13]. Pesticides, such as fumigants, fungicides, herbicides,
insecticides, and rodenticides, represent one of the primary classes of environmental agents
associated with PD [14,15]. Rotenone, a pesticide, causes highly selective nigrostriatal
dopaminergic degeneration that is associated behaviorally with hypokinesia and rigidity [16].
Recently, we demonstrated that combined exposure to both neonatal iron and the widely used
herbicide 1,1’-dimethyl-4,4’-bipyridium (paraquat, PQ) results in accelerated age-related
neurodegeneration of midbrain dopaminergic neurons which can be prevented by antioxidant
treatment [17]. This not only suggests that environmental agents may act synergistically to
produce PD-related cell loss but that iron and paraquat in particular may act via a common
oxidative stress mechanism.

Although the mechanism by which dopaminergic neurons degenerate in PD is still unknown,
microglial-mediated neuroinflammation appears to play a critical role in disease pathogenesis
[18-20]. Microglia activation is a hallmark of inflammation and is thought to contribute to the
pathogenesis of PD by releasing cytotoxic agents such as pro-inflammatory cytokines and
reactive oxygen species (ROS) that increase inflammation and oxidative stress. Degeneration
of dopaminergic neurons in the human disorder is accompanied by massive microglial
activation [21]. However, the molecular mechanisms by which paraquat induces microglial-
mediated neuroinflammation are not yet fully understood. Here, we demonstrate that combined
environmental exposure to paraquat and iron results in modulation in the microglial activation
state. Apocynin, an NADPH oxidase inhibitor, was found in our study to attenuate the release
of superoxide from microglia stimulated by combined paraquat and iron and block paraquat-
induced dopaminergic neuronal death. Furthermore, pretreatment with the synthetic
superoxide dismutase/catalase mimetic, EUK-189, significantly decreased microglial
activation mediated by combined paraquat and iron treatment.

Materials and Methods

Materials

1,1’-dimethyl-4,4’-bipyridium dichloride (paraquat), carbonyl iron, and mouse anti-glial
fibrillary acidic protein (GFAP) monoclonal antibody were purchased from Sigma (St. Louis,
MO). Rat anti-mouse CD11b antibody was obtained from Serotec Inc. (Raleigh, NC). Sheep
anti-tyrosine hydroxylase (TH) and mouse anti-neuron-specific nuclear protein (NeuN)
antibodies were from Chemicon (Temecula, CA). Mouse anti-gp91phox antibody was
purchased from BD Biosciences (San Jose, CA). Media and sera were obtained from
Invitrogen. Osmotic minipumps (Alzet 2004) were from Alza Scientific Products (Mountain
View, CA). The salen manganese complex EUK-189 was a gift from Proteome Systems, Inc.
(Woburn, MA).

Primary mesencephalic neuron-glial cultures

Primary mesencephalic neuron-glia cultures were prepared from embryonic gestation day
14-15 C57BL/6 mouse embryos as described previously [22-24]. Briefly, dissociated cells
were seeded at 7 x 10° cells per well onto poly-D-lysine-coated 24-well culture plates. Cultures
were maintained at 37°C in a humidified atmosphere containing 95% air and 5% carbon
dioxide, in minimum essential medium (MEM) containing 10% heat-inactivated fetal bovine
serum (FBS), 10% heat-inactivated horse serum (HS), 1 g/L glucose, 2 mM glutamate, 1 mM
sodium pyruvate, 100 pM nonessential amino acids, 100 units/ml penicillin, and 100 ug/ml
streptomycin. After 4 days, one-half of the medium was replaced with fresh medium. Cells
were grown an additional 3 days and then used for treatment. The cultures contained ~13%
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CD11b-positive microglia, 47% GFAP-positive astrocytes, and 40% NeuN-positive neurons
of which 4.2% were TH-positive neurons.

Primary mesencephalic microglia cultures

Primary microglia cultures were prepared from postnatal day 1 C57BL/6 mice as described
previously [22]. Briefly, whole brains were dissected, digested, and mechanically dissociated.
Dissociated cells were seeded into poly-D-lysine-coated 175 cm? culture flasks. Cultures were
maintained at 37°C in a humidified atmosphere containing 95% air and 5% CO,, in DMEM/
F12 containing 10% FBS, 1 mM sodium pyruvate, 100 uM nonessential amino acids, 2 mM
glutamate, 100 units/ml penicillin, and 100 pg/ml streptomycin. After 14 d, microglia were
gently shaken off the cell cultures, collected by centrifugation, and seeded in poly-d-lysine-
coated 96-well plates. This produced purified microglial cultures (> 95%), assessed by staining
using antibodies against the microglial marker CD11b. After 1 d, microglia were rinsed twice
and conditioned for 2 h in warm phenol red-free DMEM. Microglia were treated with vehicle
or paraquat alone or plus FeCl,. To evaluate the effect of the salen manganese complex
EUK-189, the compound was added 1 h prior to paraquat combined with iron. Treatment was
performed at 37°C with 95% air and 5% CO, in a humidified environment.

Primary mesencephalic neuron-enriched cultures

Mesencephalic neuron-enriched cultures were prepared from embryonic gestation day 14-15
C57BL/6 mouse embryos as described previously [22]. Briefly, dissociated cells were seeded
at 7 x 10° cells per well onto poly-D-lysine-coated 24-well culture plates. Cultures were
maintained at 37°C in a humidified atmosphere containing 95% air and 5% carbon dioxide, in
minimum essential medium (MEM) containing 10% FBS, 10% HS, 1 g/L glucose, 2 mM
glutamate, 1 mM sodium pyruvate, 100 uM nonessential amino acids, 100 units/ml penicillin,
and 100 pg/ml streptomycin. Two days later, the cultures were treated with 9 uM cytosine B-
D-arabinofuranoside for 3 days to suppress the proliferation of glial cells and then were changed
back to fresh medium. Seven-day-old cultures that contained <0.1% CD11b-positive microglia,
<7.6% GFAP-positive astrocytes, and 92% NeuN-positive neurons of which 4.2% were TH-
positive neurons were used for treatment.

Measurement of superoxide production

The production of superoxide was determined by measuring the superoxide dismutase (SOD)-
inhibitable reduction of the tetrazolium salt WST-1 [25,26]. Microglia-enriched cultures in 96-
well culture plates were washed twice with HBSS without phenol red. Fifty microliters of
HBSS with and without 600 U/ml SOD was added to each well along with 50 pl of WST-1 (1
mM) in HBSS, and 50 ul of vehicle, FeCl,, paraquat, or paraquat plus FeCl,. The absorbance
at 450 nm was read with a SpectraMax 340 microplate spectrophotometer (Molecular Devices
Corp, Sunnyvale, CA). The difference in absorbance observed in the presence and absence of
SOD was considered to be the amount of superoxide produced. To evaluate the effect of the
NADPH oxidase inhibitor apocynin or superoxide dismutase/catalase mimetic EUK-189 on
superoxide release, these compounds were added 1 h prior to paraquat with or without
FeCl,.

Immunocytochemistry

Cultures were fixed with paraformaldehyde in phosphate-buffered saline and permeabilized
with 0.3% Triton X-100 in phosphate-buffered saline as described previously [17,23,24].
Primary antibodies used in this study were mouse monoclonal anti-GFAP (1:500), rat
polyclonal anti-CD11b (1:100), mouse monoclonal anti-gp91phox (1:100), mouse monoclonal
anti-NeuN (1:500), and sheep polyclonal anti-TH (1:300). The secondary antibodies were
rhodamine-conjugated donkey anti-mouse, or anti-sheep 1gG (Jackson ImmunoResearch;
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1:200) and fluorescein isothiocyanate-conjugated goat anti-rat 1IgG (Vector, Burlingame, CA,
1:200). 4°,6-Diamidino-2-phenylindole (DAPI) (Vector) was used to counterstain nuclei.
Control experiments were performed in which the primary antibody was omitted. No staining
was observed under these conditions. Stained cells were counted in 10 randomly chosen
microscopic fields (at least 500 cells). Data were expressed as the mean £ SEM of the
percentage of total cells that showed positive staining.

Drug administration

C57BL/6 mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Carbonyl iron
was administered to male mice from postnatal days 10 to 17 via oral gavage at a dosage of 120
mg/kg. Control animals were fed equal volumes of sterile saline. Mice were aged to 2 and 12
months of age and were intraperitoneally injected with saline or 10 mg/kg paraquat twice per
week for three weeks. Animals were killed at day 4 after final administration. Administration
of the salen manganese complex EUK-189 was performed as previously described [17,24].
Briefly, mice were anesthetized with 4% isoflurane in 70% N,0/30% O, and subcutaneously
implanted with an osmotic minipump containing either 5% mannitol (as vehicle control) or 15
mM EUK-189 (dissolved in 5% mannitol). Pumps delivered EUK-189 at a rate of 0.25 pl/h
for a 28-day period. Experimental protocols were in accordance with the National Institutes of
Health Guidelines for Use of Live Animals and were approved by the Animal Care and Use
Committee at the Buck Institute of Age Research.

Immunohistochemstry

The accuracy of counting of double-labeled neurons was determined by analysis of
systematically sampled candidate neurons from saline- or paraquat-treated brains. Sections
were fixed with 4% paraformaldehyde in PBS, and incubated in blocking buffer (2% horse
serum/0.2% Triton X-100/0.1% BSA in PBS) for 1 h at room temperature as described
previously [17,23]. Primary antibodies used were sheep polyclonal anti-TH (1:500), mouse
monoclonal anti-gp91PNoX (1:150), and rat polyclonal anti-CD11b (1:200). Primary antibodies
were added in blocking buffer and incubated with sections at 4°C overnight. The secondary
antibodies were Alexa Fluro 488- or 594-conjugated donkey anti-sheep, anti-mouse, or anti-
rat IgG (Molecular Probes; 1:200). Nuclei were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI) using proLong Gold anti-fade reagent (Molecular Probes) and
fluorescence signals were detected with an LSM 510 NLO Confocal Scanning System mounted
on an Axiovert 200 inverted microscope (Carl Zeiss Ltd) equipped with a two-photon
Chameleon laser (Coherent Inc.). Three-color images were scanned using Argon, 543 HeNe,
and Chameleon (750-780 nm for DAPI) lasers. IMARIS (Bitplane AG) imaging software was
used for three-dimensional image reconstruction. Images were acquired using LSM 510
Imaging Software (Carl Zeiss Ltd). The specificity of each label was first verified using single-
channel scans that were then merged into multiple-channel views. Neurons were considered
double-labeled if colabeling with relevant morphology was seen throughout the extent of the
nucleus for nuclear markers or if a cytoplasmic marker surrounds a nuclear marker when
viewed in x—y cross-section as well as in x—z and y—z cross-sections produced by orthogonal
reconstructions from z-stacks taken at 400x magnification. TH or CD11b single-labeled cells
and cells double labeled for TH and gp91P"°* were recorded in three 50 um sections per animal.
Controls included omitting or preabsorbing primary antibodies or omitting secondary
antibodies [17,27].

Statistical analysis

All data are expressed as mean + S.E.M. for the number (n) of independent experiments
performed. Differences among the means for all experiments described were analyzed using
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two-way analysis of variance. Newman-Keuls post-hoc analysis was employed when
differences were observed by analysis of variance testing (p < 0.05).

Dopaminergic cell death as a consequence of combined paraquat-iron-mediated toxicity
requires the presence of glial cells

In order to assess the possible role of glial cells in dopaminergic cell death associated with
combined paraquat/FeCl, treatment, we assessed dopaminergic cell loss paraquat in primary
mesencephalic neuron-glia or neuron-enriched cultures viaimmunofluorescence with antibody
specific for tyrosine hydroxylase (TH). As shown in Figure 1, paraquat alones results in
significant TH-positive neuronal cell death in primary mesencephalic neuron-glia but not
neuronally enriched cultures. Dopaminergic cell loss is exacerbated in mixed cultures in the
presence of FeCly,; FeCl, treatment alone had no effect. These results suggest that paraquat-
induced iron enhanced dopaminergic cell death requires the presence of glial cells.

Microglial superoxide production is responsible for paraquat-mediated iron enhanced
dopaminergic cell death in vitro

Since microglial activation-mediated oxidative stress has been previously implicated in other
dopaminergic cell death paradigms (10-12), we chose to examine the potential role of microglia
in neuronal loss following combined paraquat-iron neurotoxicity. We first treated primary
microglia with combined paraquat and FeCl, and measured extracellular superoxide
production. As previously shown [28], paraquat alone was found to induce extracellular
superoxide production by microglia in a dose-dependent manner (Figure 2A). Although
exposure to 5 uM FeCl, was nontoxic on its own, FeCl, at this concentration significantly
increased superoxide production induced by paraquat in a dose-dependent manner (Figure 2A).
To test the time dependence of superoxide production stimulated by combined paraquat and
FeCl,, we treated microglia cultures with 5 uM FeCl,, 1 uM paraquat, or 1 uM paraquat plus
5 uM FeCl; for 10-30 min. Although superoxide production in cultures treated with FeCl, was
not significant, a significant increase was observed in cultures treated with paraquat or paraquat
plus FeCl, as early as 10 min following treatment (Figure 2B). Pretreatment with the microglial
NADPH inhibitor apocynin significantly inhibited paraquat-mediated iron-induced release of
superoxide from microglia and subsequent TH-positive neuronal cell death (Figure 3).
Apocynin alone at the concentrations used was neither stimulatory nor inhibitory in terms of
neuronal survival (data no shown).

Microglial activation itself is due to increased paraquat-mediated iron enhanced oxidative

stress

The salen manganese complexes (EUKS), synthetic superoxide dismutase and catalase
mimetics, have been shown to be neuroprotective in several animal models including systemic
paraquat exposure [17,24,29-32]. To test whether EUK-189 was protective against exacerbated
neuroinflammation induced by paraquat combined with FeCl,, primary microglia cultures were
pretreated with 25 uM EUK-189 1 h prior to treatment with combined paraquat-FeCl,. The
numbers of gp91P"%-positive cells (indicative of microglial NADPH oxidase activation) at 1
h and superoxide production at 20 min were measured. As demonstrated in Figure 4A and B,
EUK-189 significantly reduced the numbers of gp91P"°%-positive cells and superoxide
production to the same level in the presence of paraquat alone or paraquat and iron combined.
Furthermore, neutralization of superoxide by EUK-189 increased the number of TH-positive
neurons in primary mesencephalic neuron-glia cultures treated with paraquat alone or paraquat
and iron combined to nearly control culture levels (Figure 4C). EUK-189 alone at the
concentrations used was neither stimulatory nor inhibitory in terms of neuronal survival (data
no shown).
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EUK-189 prevents microglia activation elicited by combined iron and paraquat exposure in

Vivo

Systemic administration of paraquat in young (2 month old) mice was previously reported to
increase levels of gp91PhX in the SNpc [33]. In order to determine whether additional loss of
SNpc neurons elicited by combined paraquat-iron exposure is due to increased microglial
activation and subsequent increases in levels of oxidative stress, pups were first fed iron daily
from postnatal days 10-17 as previously described [17,34]. They were housed with their
mothers until weaning at week three and aged to either 2 or 12 months of age. At the end of
each time period, a subset of iron vs. vehicle-fed mice were intraperitoneally injected with
saline or paraquat as previously described [17,35] and sacrificed at day 5. No signs of acute
systemic toxicity were observed in the iron-fed pups at the dosages used in this study [34]. No
changes in body weights were observed in the mice at the dosage of paraquat used in the
experiments [35]. We performed immunofluorescent double-labeling experiments using
CD11b as a microglia marker and gp91P"°* as a biomarker for NADPH oxidase. Neonatal iron
alone does not result in increased levels of NADPH oxidase within SNpc microglia at 2 months
of age, but by 12 months of age there is a significant increase in this parameter, although we
previously demonstrated that this is not associated with an increase in dopaminergic cell loss
in this brain region [17,34]. As previously demonstrated, paraquat administration at 2 months
results in increases in gp91Ph°X levels [33] that are further increased by 12 months of age and
are exacerbated in the presence of neonatal iron exposure (Figure 5).

To investigate whether EUK-189 inhibited the increased gp91PM¥ level in the SNpc following
paraquat administration in the 2- or 12-month-old iron-fed mice versus those treated with
paraquat alone, we implanted mice with osmotic minipumps containing either 5% mannitol
(as vehicle control) or 15 mM EUK-189 3 days prior to paraquat treatment [17,24,36]. As
shown in Figure 4, pretreatment with EUK-189 was found to attenuate the age-related increases
in gp91PoX_positive microglia induced not only by either agent alone but also as a consequence
of combined iron and paraquat exposure where an increase in dopaminergic SNpc cell loss
occurs [17].

We next examined the expression of CD11b, a specific marker for activated microglia. As
shown in Figure 6A, CD11b immunoreactivity was minimal within the SNpc of control mice.
However, robust microglia (CD11b-positive) activation was evident within the SNpc of
paraquat-treated mice. Morphologically, CD11b-positive cells appeared more compact,
rounded, and with obvious cellular thickening, indicative of an activated state [37], when
compared with saline-treated control mice that displayed a more ramified appearance with thin
processes. Furthermore, quantification of activated microglial has found to be elevated within
the SNpc of paraquat-treated animals previously fed iron versus those controls previously fed
only saline (Figure 6B). Moreover, EUK-189 administration reduced the number of activated
microglial within the SNpc to a similar extent in animals treated with paraquat alone or in
combination with iron (Figure 6B). Taken together, our data demonstrate that EUK-189
attenuates both the exacerbation in paraquat-elicited microglial activation induced by neonatal
iron feeding as well as age-related increases in nigrostriatal dopaminergic cell death [17].

Discussion

In this study, we show that iron-enhanced paraquat-induced dopaminergic cell death was
mediated through the presence of microglia and the activation of NADPH oxidase, which
resulted in the production of the extracellular reactive oxygen species (ROS) responsible for
dopaminergic neurotoxicity. We have not ruled out a role for astrocytes in the neurotoxic
effects. Our data clearly shows, however, the involvement of microglia. Under physiological
conditions, microglia play an important role in immune surveillance. In response to
immunological challenges such as invading pathogens and neuronal injuries, microglia become
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activated displaying a plastic amoeboid morphology [38]. Degeneration of dopaminergic
neurons in Parkinson’s disease is accompanied by massive microglial activity and
accumulation of proinflammatory cytokines [21]. Microglial activation has been noted
postmortem in both humans and primates exposed to MPTP [39,40]. Several murine models
of the disorder including systemic acute 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) [41-43], chronic rotenone administration [44] and intrastriatal 6-hydroxydopamine
(6-OHDA) infusion [45] also exhibit increased levels of microglial activation similar to what
is found in PD. In addition, lipopolysaccharide (LPS) mediates microglial activation and
subsequently the degeneration of nigrostriatal dopaminergic neurons both in vitro and in
vivo [46-48]. In the rotenone model, microglial activation has been detected before the
appearance of a dopaminergic lesion [44]. Aggregated a-synuclein, the major component of
Lewy bodies in patients with PD or dementia with Lewy bodies (DLB), can activate microglia
and enhance a-synuclein-mediated dopaminergic neurotoxicity. Microglial phagocytosis of
a-synuclein appears to be pivotal in aggregated a-synuclein-induced microglial neurotoxicity
[49]. Systemic exposure to proteasome inhibitors (epoxomicin and PSI) have also been shown
to cause a concomitant appearance of Lewy bodies containing aggregated a-synuclein and
microglia activation in the SNpc although this model has been recently questioned [50].

Oxidant-induced iron signaling and the subsequent occurrence of free radical-mediated
oxidative damage are becoming increasingly understood as playing highly significant roles in
neurodegeneration [51]. Elevated SN iron levels have also been reported to be associated with
sporadic PD [52-55]. Redox-available iron has been detected in Lewy bodies within SNpc of
postmortem parkinsonian brains [56] and the oxidation state of iron has been found to change
from ferrous to ferric ion in SNpc dopaminergic neurons during PD progression [57]. This
alteration in redox state has been postulated to be due to iron’s capacity to catalyze oxidative
reactions. The high concentration of iron within the SN may act to catalyze the conversion of
H,0, produced during breakdown of dopamine to highly reactive hydroxyl radicals resulting
in increased oxidative damage in the region [53]. We recently demonstrated that older iron-
fed animals are more susceptible to exposure to the herbicide paraquat than younger iron-fed
animals and that paraquat administration accelerates SN dopaminergic cell loss in these animals
as a consequence of this early exposure to iron [17].

Paraquat administration at the same or similar dosage regimes used in this current study have
previously been shown not only to cross the blood-brain-barrier (BBB) through the neutral
amino acid transporter [58] but also to selectively damage the nigrostriatal dopaminergic
system in mice [23,24,59]. The mechanism of paraquat neurotoxicity appears to be mediated
via oxidative stress. Superoxide anion radicals are generates by paraquat through both redox
cycling via reaction with molecular oxygen and electron transfer reactions with NADH-
dependent oxireductases [60-62]. We previously reported evidence that suggests paraquat
mediates dopaminergic cell death via oxidative stress-mediated activation of the JINK signaling
pathway [17,23,24].

The NADPH oxidase consists of membrane-bound subunits, gp91P"°% and p22PhX which
constitute the flavocytochrome b558 complex, and cytosolic subunits p40PnoX, p47phox,
p67PhoX and the small G-protein Rac. Activation of the NADPH oxidase occurs when the
microglial cell is exposed to injury or immunological challenges initiating the activation of
multiple parallel intracellular signaling cascades. The assembly of a fully functional NADPH
oxidase catalyzes the transfer of electrons from NADPH to molecular oxygen, resulting in the
generation of superoxide. Our studies with the microglial NADPH oxidase inhibitor, apocynin,
or microglia-depleted cultures have shown that NADPH oxidase-derived superoxide might be
amajor factor in mediating the microglia-enhanced combined paraquat and iron neurotoxicity.
In NADPH-oxidase null mice (gp91P"o* -y sequential paraquat injections failed to cause any
significant loss of nigral dopaminergic neurons in vitro [28] or in vivo [33]. Taken together,
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these data suggest that microglial NADPH oxidase renders dopaminergic neurons more
sensitive to paraguat neurotoxicity.

The salen manganese EUK complexes catalytically eliminate both superoxide and hydrogen
peroxide [29,63,64] and have been shown to be neuroprotective in several animal models of
PD [17,24,65]. The EUK-189 compound used in this study is more lipophilic than earlier
generations of salen-manganese complexes thus improving intracellular and intra-organellular
delivery [66]. While we have not ruled out that EUK acts by peripherally impacting on entry
of paraquat and/or iron into the brain, EUK compounds have been demonstrated to ameliorate
brain-specific injury in several in vivo model systems indicating its ability to cross the blood-
brain-barrier and elicit protective antioxidant effects [29,66-68]. The present findings support
a pre-eminent role for oxidative stress in neurodegeneration and impairment of dopaminergic
function in an experimental model of PD involving combined environmental exposure and
suggest that inhibition of ROS production from microglia may provide improved prevention
and treatment for Parkinson’s disease and other neurodegenerative disorders.
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Figure 1. Iron enhances paraquat-stimulated neurodegeneration requires glial cells

(A) Photomicrographs of TH-positive neurons (red) in primary mesencephalic neuron-glial
cultures. (B) Microglia enhanced dopaminergic neurodegeneration induced by combined iron
and paraquat. Primary mesencephalic cultures were treated for 5 d with vehicle, 5 uM FeCly,
1 uM paraquat, or 1 uM paraquat plus 5 uM FeCl,. #, p < 0.01, significantly from control; *,
p < 0.05, significantly from paraquat alone. Mean £ S.E.M., n = 4.
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Figure 2. Iron increases paraquat-stimulated microglial superoxide production in vitro

(A) Microglia were treated with increasing concentrations of paraquat and 5 uM FeCl, for 20
min. #, p < 0.01, significantly from control; *, p < 0.01, significantly from paraquat alone. (B)
Time course of paraquat-stimulated superoxide production. Microglia were treated with 5 uM
FeCl,, 1 uM paraquat, or 1 uM paraquat plus 5 uM FeCl, for different time. #, p < 0.05; *, p
<0.01; @ p <0.001, compared to the time-matched control. ##, p < 0.05; **, p < 0.05; @@

p < 0.01, compared to the time-matched paraquat alone. Mean £ S.E.M., n = 4.
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Figure 3. The microglial NADPH oxidase inhibitor apocynin protects against dopaminergic
neurons against combined paraquat-iron neurotoxicity in vitro

(A) Paraquat-stimulated release of superoxide in microglia. (B) TH-positive neuron counts in
primary mesencephalic neuron-glia cultures. Mean £ S.E.M., n = 4-5. #, p < 0.01, significantly
from control plus vehicle group;*, p < 0.05, significantly from paraquat plus vehicle group;
@, p < 0.001, significantly from paraquat plus vehicle group; ~, p < 0.001, significantly from
paraquat plus iron plus vehicle group.
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Figure 4. EUK-189 suppresses paraquat-iron neurotoxicity by inhibition of microglia activation
and subsequent NADPH oxidase-induced oxidative stress in vitro

(A) Gp91P"%X-positive microglia in primary microglia cultures. (B) Paraquat-stimulated release
of superoxide in microglia. (C) TH-positive neuron counts in primary mesencephalic neuron-
glia cultures. Mean + S.E.M., n = 4-5. #, p < 0.01, significantly from control plus vehicle
group;*, p < 0.05, significantly from paraquat plus vehicle group; @, p < 0.001, significantly
from paraquat plus vehicle group;~, p < 0.001, significantly from paraquat plus iron plus vehicle
group.
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Figure 5. Administration of EUK-189 attenuates combined neonatal paraquat-iron-induced
microglial NADPH oxidase activation in the SNpc
Quantitative analysis of double labeling for activated microglia with gp91P"°X in the SNpc of
2-month-old (A) and 12-month-old (B) mice. Mean £ S.E.M., n=3.*, p < 0.001, significantly
from saline plus saline plus vehicle group; #, p < 0.001, significantly from saline plus paraquat
plus vehicle group; @, p < 0.001, significantly from neonatal iron fed plus paraquat plus vehicle

group.
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Figure 6. Administration of EUK-189 inhibits microglial activation elicited by combined paraquat-
iron versus paraguat alone in the SNpc

(A) CD11b-positive microglia (green) localized within TH-positive SNpc neurons (red). 4°,6-
Diamidino-2-phenylindole (blue) was used to counterstain nuclei. Scale bar, 100 pm. Insert
image is a photomicrograph of representative activated microglial cell in the SNpc. Scale bar,
20 um. Quantitative analysis of the number of activated microglia in the SNpc of 2-month-old
(B) and 12-month-old (C) mice. Mean £ S.E.M., n = 3. *, p < 0.001, significantly from saline
plus saline plus vehicle group; #, p < 0.001, significantly from saline plus paraquat plus vehicle
group; @, p < 0.001, significantly from neonatal iron fed plus paraquat plus vehicle group.
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