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Abstract
Accumulating evidence indicates that pesticide exposure is associated with an increased risk for
developing Parkinson's disease (PD). Several pesticides known to damage dopaminergic (DA)
neurons, such as paraquat, rotenone, lindane, and dieldrin also demonstrate the ability to activate
microglia, the resident innate immune cell in the brain. While each of these environmental
toxicants may impact microglia through unique mechanisms, they all appear to converge on a
common final pathway of microglial activation: NADPH oxidase 2 (NOX2) activation. This
review will detail the role of microglia in selective DA neurotoxicity, highlight what is currently
known about the mechanism of microglial NOX2 activation in these key pesticides, and describe
the importance for DA neuron survival and PD etiology.
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I. Introduction
Microglia are the resident innate immune cells in the brain and have been implicated in the
progressive nature of neurodegenerative diseases, particularly Parkinson's disease (PD).
Accumulating evidence indicates that many environmental toxicants linked to PD are not
only capable of directly activating microglia to cause dopaminergic (DA) neurotoxicity, but
many of these compounds trigger microglial reactive oxygen species (ROS) production.
Here, we define the current list of PD-linked pesticides that activate microglial NADPH
Oxidase 2 (NOX2) to produce ROS and discuss the proposed mechanisms responsible for
how these compounds activate microglial NOX2.

II. Microglia
Microglia, the resident central nervous system (CNS) macrophages, are distributed
throughout the brain, comprising ∼12% of all cells, with variable density by brain region
(1). Microglia arise from primitive myeloid progenitors of the hematopoietic system during
pre-natal development, making them ontogenetically distinct from other CNS cells, such as
neurons, astrocytes, and oligodendrocytes that are derived from the neuroectoderm (2,3).
Given their common myeloid lineage, both microglia and peripheral macrophages express
proteins essential for the innate immune response, including cell surface proteins (e.g. major
histocompatibility complex proteins, pattern recognition receptors, cytokine receptors and
complement receptors), chemokine and prostanoid receptors, cytokines, cyclooxygenases,
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inducible nitric oxide synthase (iNOS), and NOX2 (4,5). Like other macrophages, microglia
are phagocytes that internalize cellular debris/microbes and employ the respiratory burst to
fight invading pathogens (6). Thus, while parenchymal microglia are capable of cell division
and consequent intrinsic repopulation in the adult CNS, it is not surprising that the
microglial population is also affected by recruitment of circulating monocytes to varying
extents in the healthy and injured CNS (3,7,8). As a consequence of these striking
similarities, a single protein marker capable of distinguishing peripheral infiltrating
monocytes from resident parenchymal microglia is currently unavailable.

Despite these similarities, microglia are phenotypically distinct from peripheral monocytes
and macrophages. The most obvious difference is the three-dimensional and branched
resting morphology of microglial cells in the CNS (Figure 1 A & B). This ramified, resting
morphology is characterized by a small cell body that dynamically extends highly branched
fillipodia-like processes to continuously survey the CNS environment (9). It is proposed that
the neuron-microglia communication in physiological conditions in addition to the occlusion
of serum proteins from the brain parenchyma underlie this unique resting microglial
phenotype when compared to other macrophage cell types (8,10). Interestingly, microglia
express a ratio of innate immune cell proteins/surface markers that distinguish microglia
from other myeloid cells (11). In addition, microglia express elevated levels of
neurotransmitter receptors and certain purinergic receptors, which confer the ability to
communicate with both neurons and glia, as well as enhancing sensitivity to neuronal
damage (12-14). Further, only parenchymal microglia are known to express miR-124, a
unique microRNA believed to regulate microglial quiescence (15). Evidence also indicates
that microglia have unique signaling mechanisms in response to classic pro-inflammatory
stimuli. For example, while TLR4 signaling is known to regulate lipopolysaccharide (LPS)-
induced superoxide production in most macrophages, extracellular superoxide production
from microglia in response to LPS is instead mediated by the MAC1 receptor (16,17). These
distinctions also translate to functional differences in the pro-inflammatory response. For
example, research has shown that a single perturbation with a peripheral injection of LPS
can result in a short peripheral immune response that transfers to the brain to cause chronic
microglial activation that persists for several months after the peripheral immune response
has resolved (18). Thus, microglia are unique and their specific response to environmental
exposures may be a critical component to understanding CNS pathology.

Microglia actively monitor the CNS at rest, allowing them to quickly detect and respond to
damage, disease, and external stimuli that may reach the brain (5), a process called
activation. Microglial activation is a fluid, dynamic event that is stimulus dependent, where
activation can be triggered by a host of signals, including classic pro-inflammatory stimuli
(e.g. LPS and interferon γ), environmental toxins (e.g. pesticides, heavy metals, and air
pollution), neurodegenerative pathology (e.g. α synuclein and β-amyloid plaques), and
neuronal injury (19-23). These triggers elicit a change in morphology depicted by the
enlarging of the cell body along with a thickening and retraction of processes (24) (Figure 1
C & D). This morphology change occurs for an entire spectrum of activation phenotypes
that include both the classic proinflammatory response (M1) and the alternative (M2) forms
of macrophage activation (25-27). As an innate immune cell, microglia can become
activated to produce several pro-inflammatory factors (e.g. tumor necrosis factor α,
interleukin-1β, and reactive oxygen species) in an M1 response (11), where many of these
factors are neurotoxic (28). In physiological conditions, M1 activation proceeds to the M2
response, where M2a activation results in the production of anti-inflammatory factors
necessary for resolution of inflammation and the M2b activation state regulates the wound
healing response (11,27). Although the pro-inflammatory phenotype is best characterized in
microglia, especially with regard to the deleterious effects of chronic inflammation in the
CNS (5,29), activation of microglia and their normal function is necessary for maintenance
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of a healthy CNS. For example, microglial activation plays a key role in embryonic
development, as microglia engage in synaptic pruning (30), initiate necessary neuronal
apoptosis (31), and clear apoptotic cellular debris (4) in the developing CNS. In addition to
their role in innate immunity and host defense (26,32), microglia also serve many regulatory
functions in the adult CNS, where they guide neural stem cells to sites of injury (33),
influence stem cell differentiation (33), regulate synaptic plasticity (34), and provide
neurotrophic support (35). Thus, in addition to an excessive and chronic M1 pro-
inflammatory response that is implicated in the initiation of neuron damage (5), microglial
pathology undoubtedly includes the loss of the beneficial functions listed here and the
impairment of the M2 healing and resolution phase of activation (27,36).

III. Parkinson's disease
Parkinson's disease is a devastating movement disorder characterized by the progressive and
selective degeneration of DA neurons, whose cell bodies reside in the substantia nigra (SN)
pars compacta and project to the striatum (37). PD is the second most prevalent
neurodegenerative disorder, affecting approximately 4.1 million people worldwide (38).
Age, gender (males have increased risk), and exposure to environmental toxins have been
identified as risk factors for PD (39,40). The four classic motor disturbances of PD include
bradykinesia (slowing of movement), resting tremor, muscle rigidity, and postural
instability, which do not become manifest until approximately 60-70% of nigrostriatal DA
neurons are lost (41). At present, therapeutic treatment is unable to halt disease progression
and only addresses disease symptoms. While the cause of PD is largely unknown, some
single gene mutations have been identified in familial PD (42), including genes related to α
synuclein, protein degradation, mitochondrial stress response, and mitochondrial
degradation (43,44), supporting a potential role for oxidative stress in the disease process.
However, roughly 90% of documented PD cases are sporadic (45), indicating the significant
potential for environmental impact on the disease.

III. Microglia Activation and Parkinson's disease
Microglia have been implicated in the progression of a number of neurodegenerative
disorders, including Alzheimer's disease (46), amyotrophic lateral sclerosis (47), multiple
sclerosis (48), Huntington's disease (49), and PD (50). In fact, neuroinflammation/microglial
activation and the peripheral immune system are intricately linked and PD has been
associated with peripheral immune dysregulation (51). More specifically, pro-inflammatory
cytokines are elevated in PD patient blood (52) and upregulated by circulating white blood
cells, both at basal levels and in response to pro-inflammatory stimuli (51), indicating that
these peripheral cells are biologically altered during the process of CNS pathology.
Postmortem analysis also reveals that the immunopathology includes the PD brain, as pro-
inflammatory cytokine levels are elevated in the SN of PD patients (50,51,53). Following
the initial post-mortem studies in the 1980's that revealed increased numbers of HLA-DR
positive microglia in the SN of PD patients (54), the field of research dedicated to
understanding the involvement of microglia in disease has mushroomed. Subsequent studies
employing positron emission tomography (PET) imaging have confirmed activation of
microglia in the SN of living PD patients (55) as well as identified an inverse relationship
between microglial activation and levels of nigrostriatal DA neuron terminals (56). Thus,
evidence supports that not only are microglia activated, but there is an ongoing M1 pro-
inflammatory process occurring during PD that correlates with DA neuron cell damage.
Importantly, PET studies have also revealed that microglial activation in the SN is reported
early in the disease process of both PD and Lewy body dementia (PD-related disease)
patients (57), supporting an active role of microglia throughout the disease process.
However, it remains unclear at this time, precisely how the CNS immune system is
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perturbed in PD, pointing to a potential opportunity for pro-inflammatory environmental
toxicants in the etiology of PD.

IV. Microglia & Inflammation Initiate Dopaminergic Neuron Damage
Several lines of evidence indicate that M1 activation of microglia can actively induce DA
neuron damage. LPS is a major component of gram-negative bacteria, a potent pro-
inflammatory stimulus, and as discussed below, is selectively toxic to DA neurons through
microglial activation. In vitro studies have revealed that LPS fails to directly damage DA
neurons when cultured without the presence of glia (58). Deletion of microglia from
mesencephalic neuron-glia cultures (leaving astrocytes and neurons) results in complete
protection from LPS-induced DA neurotoxicity, emphasizing that microglia are culpable in
this neurotoxicity (59,60). Specifically, LPS activates microglia to produce tumor necrosis
factor α (TNFα), superoxide, and nitric oxide (NO) that precedes selective DA neuron death
in mesencephalic neuron-glia cultures (61). Importantly, in vitro evidence supports that
microglia-mediated neurotoxicity is delayed and progressive, where LPS- induced DA
neurotoxicity is delayed for 3 days in vitro and accumulates across time for up to 9 days
(61). This premise is consistent with in vivo studies, where stimulation of microglia by LPS
administered either directly to the brain (61,62), intraperitoneal injection (18), or in
utero(63) results in a delayed and progressive loss of nigral DA neurons that persists well
after the initial inflammatory stimulus. Other toxins have since been discovered that are
capable of directly activating microglia to selectively kill DA neurons, including
endogenous disease proteins and environmental toxins (5).

In addition to pro-inflammatory triggers mentioned above, microglia respond to and are
activated by neuronal death, a process called reactive microgliosis. 1-Methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) was discovered as a neurotoxic contaminant in
synthetic heroin (64), where it's active metabolite 1-methyl-4-phenylpyridinium (MPP+) is
known to be selectively taken up by DA neurons to impair mitochondrial function and
induce cell death (65). Importantly, MPTP and MPP+ are unable to directly activate
microglia alone without the presence of neurons (66), presenting an ideal tool to study
reactive microgliosis and how microglia contribute to ongoing neuron damage. Indeed,
clusters of activated microglia near degenerating DA neurons of the SN in humans exposed
to MPTP are readily identifiable postmortem analyses (67). In fact, microglial activation and
chronic DA neuron damage continues for years after the initial exposure in humans (67) and
monkeys (68), indicating that active pathology continues long after the toxin has been
metabolized and eliminated. Neuroinflammation has been implicated as a key component of
the ongoing neurotoxic pathology following neuronal death, where genetic deletion of key
microglial inflammatory mediators including the TNFα receptor (69), cyclooxygenase 2
(COX2) (70), interferon γ (IFNγ) (71), iNOS (72), and MAC1 (73)(74) significantly reduced
MPTP-induced DA neuron loss. Soluble signals released by damaged DA neurons that
activate microglia (22,23,75) to selectively kill DA neurons have been identified, including
α synuclein (76), neuromelanin (77,78), calpain (22), and matrix metalloproteinase 3
(MMP3) (79). Together, this indicates that microglia activation can be triggered by neuronal
damage to propagate ongoing DA neurotoxicity.

Thus, microglia can become chronically activated by an instigating pro-inflammatory trigger
or in response to neuronal death (reactive microgliosis) to produce neurotoxic cytokines and
reactive oxygen species (ROS), a process believed to underlie the progressive nature of
diverse neurodegenerative diseases, particularly PD.
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V. The Vulnerable Dopaminergic Neuron
DA neurons are reported to be selectively vulnerable to microglial activation (14,60,61,80),
where it takes less of a microglial response to damage this cell type. This selective
vulnerability is most commonly attributed to a characteristic state of oxidative stress unique
to DA neurons in the SN and the poor ability of this cell type to compensate for additional
oxidative stimuli (81). Indeed, DA neurons of the SN have significantly elevated markers of
oxidative stress when compared to other regions of the brain (82), as do mitochondria
isolated from PD patients (83). As projection neurons that synthesize dopamine, DA neurons
have expanded energy requirements of the electron transport chain, which is one of the
largest sources of intracellular ROS, placing additional strain on the cell's antioxidant
defenses (84). Further, the production of H2O2 resulting from the metabolism of dopamine
by monoamine oxidase (85) and elevated levels of hydroxyl radicals that are formed by
Fenton reaction with a rich iron content found in SN DA neurons (78,86,87) diminish the
cell's battery of anti-oxidants (e.g. superoxide dismutase, glutathione, thioredoxin, catalase,
and others), making these cells especially vulnerable to additional perturbation. In fact,
several studies have shown that DA neurons in the SN fail to upregulate antioxidants in
response to additional triggers of oxidative stress (81). Furthermore, implicit in the cellular
process of aging is a reduced ability to manage redox equilibrium, the detrimental effects of
which are enhanced in post-mitotic cells such as DA neurons that accumulate oxidative
damage to DNA, lipids and protein over the course of a human's lifetime (88). Finally, there
is regional vulnerability, where not only is the SN rich in iron that enhances the Fenton
reaction (89,90), but the density of microglia has been reported to be higher (1). Thus, DA
neurons in the SN have a cell-specific and brain region-specific vulnerability to oxidative
stress.

VI. NOX2
NOX2, also known as gp91PHOX, is the catalytic subunit of the NADPH oxidase enzyme
complex (91), is largely responsible for the production of extracellular superoxide from
microglia, and has been widely implicated as a significant source of oxidative stress for DA
neurons (20,59,60,80,92,93). As a member of the NOX family of NADPH oxidases, NOX2
is expressed in diverse cell types throughout the brain (91). However, NOX2 was named the
phagocytic oxidase (PHOX) due to its discovery and particularly high expression in
phagocytic cells. As such, microglia express all of the NOX2 subunits (NOX2, p22PHOX,
p40PHOX, p47PHOX, and p67PHOX) both in vivo and in vitro(94-96), where microglial NOX2
has documented roles in host defense (97), proliferation (98), and regulation of cell signaling
via redox signaling mechanisms (99-101). Traditional activation of microglial NOX2
requires a pro-inflammatory stimulus to trigger the cytosolic subunits to translocate to the
membrane, interact with NOX2, and initiate superoxide production (102). As we will
discuss below, recent studies with pesticides suggest that there may be additional
mechanisms of NOX2 activation.

Microglial NOX2 is activated by several selective DA neurotoxins including endogenous
disease proteins (29), neuronal damage (22,73,74,103), LPS (59), and pesticides
(60,104,105). Importantly, microglial NOX2 is activated in PD and is implicated in the
ongoing pathology (106). More specifically, the NOX2 protein is located at the cellular
membrane in microglia, where ROS generated outside of the cell has been implicated in
damage in surrounding tissues, particularly neurons (107). While many neurons can
compensate for perturbation in ROS levels, DA neurons may be especially vulnerable,
which is implicated in PD (81). As such, extracellular ROS derived from microglial NOX2
activation is believed to overwhelm compensatory anti-oxidant levels in DA neurons,
leading to dysfunction of proteins, nucleic acids, lipids, and neurotoxicity (81,107).
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Together, these findings support that microglial NOX2 is a common pathway for selective
DA neurotoxicity. In fact, recent studies reveal that diverse pesticides shown to increase the
risk of developing PD (ex. paraquat, rotenone, dieldrin, and lindane) activate microglial
NOX2 (80,104,106,108). While the final end pathway of microglial NOX2 activation may
be consistent across these unique toxicants, the precise triggering mechanisms of each
compound in microglia may be distinct, as discussed below.

VII. Paraquat
Paraquat (N,N′ -dimethyl-4,4′-bipyridinium dichloride) is one of the most widely used
herbicides and extended exposure has been linked to increased PD risk (109-112). Paraquat
is a positively charged molecule that is capable of crossing the blood brain barrier through
the neutral amino acid transporter following systemic exposure (113,114) and causing
selective toxicity to DA neurons of the SN (115). Like other environmental neurotoxins,
oxidative stress appears to be the key mechanism of paraquat-induced cell death (116).
Indeed, several studies have implicated that paraquat is capable of directly damaging
neurons (117), while lower concentrations are predicted to exert neurotoxic effects
predominantly through microglial activation (60). Although paraquat bears structural
similarity to MPP+, an extensively studied mitochondrial complex I inhibitor and DA
neurotoxin, paraquat is actually a weak inhibitor of mitochondrial complex I (117). Rather,
paraquat is reported to cause oxidative stress through redox cycling with molecules such as
nitric oxide synthase (118), in addition to recent reports implicating activation of microglial
NOX2 (60,119).

Paraquat & Animal studies
Animal studies demonstrate that repeated exposure to paraquat in vivo causes impairment of
motor behavior (113), increased levels of α-synuclein deposits (120), lewy body-like
structures in the SN (120), insoluble parkin (121) and dose dependent DA neuron loss (122)
that is exacerbated by aging (115). While a single systemic administration of
environmentally relevant doses of paraquat is not overtly neurotoxic, evidence supports that
it serves to prime microglia (123). Rather, a single paraquat injection was shown to cause
activated microglial morphology and significantly increased NOX2 expression, resulting in
a more robust pro-inflammatory response to additional exposures, including paraquat (123),
maneb (122), or LPS (123). Consistent with the premise that neuroinflammation mediates
paraquat effects, inhibition of microglial activation by minocycline (123) or genetic deletion
of IFNγ (124) attenuates DA neuron loss in paraquat models. Finally, depletion of microglia
from neuron-glia cultures reverses paraquat-induced DA neurotoxicity (60) implicating
microglia as important mediators of neurotoxicity triggered by repeated environmental
paraquat exposure.

Paraquat-induced Direct Dopaminergic Neurotoxicity & Microglia
Paraquat-induced toxicity is complex and current theories hold that paraquat may exert DA
neurotoxicity through: 1) a microglia- mediated mechanism and 2) direct neuronal damage
mediated though both a DAT receptor- dependent and DAT receptor-independent
mechanism. Regarding the direct DA neurotoxicity of paraquat, the mechanism of paraquat
entry to the DA neuron and the consequences for neuron damage has been a point of some
debate. While a structurally similar compound MPP+ enters DA neurons through the
dopamine active transport (DAT) receptor and toxicity is dependent upon DAT expression,
toxicity due to paraquat in cultures comprised of only neurons has been shown to be
independent of the DAT receptor (117). Recent reports have suggested that the presence of
microglial NOX2 may reduce paraquat to its radical form extracellularly and that the
paraquat radical is a substrate for the DAT receptor, which is then responsible for
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internalization of the radical form and direct DA neurotoxicity (125). The study specifically
showed that paraquat in combination with the reductant sodium dithionite (which reduces
paraquat to the radical form) enhanced paraquat uptake into DA neurons, which was
dependent on the DAT receptor (125). Importantly, the data also demonstrated that cells co-
cultured with microglia showed enhanced paraquat accumulation and paraquat-induced
toxicity, which was attenuated by the NOX2 inhibitor apocynin and not the NOS inhibitor
N-Nitro-L-Arginine Methyl Ester (125). Thus, data support that microglial NOX2 may
contribute to the direct DA neurotoxicity induced by paraquat. Given these intriguing
findings, more inquiry is necessary to understand the mechanism of paraquat redox cycling
in microglia and the localization of the paraquat radical.

Microglia Activation & Neurotoxicity
Importantly, independent of any direct neurotoxic effects, microglial NOX2 is directly
activated by paraquat, where paraquat induces dose-dependent superoxide production in
primary microglia cultures (60,119) and genetic deletion of NOX2 blocks paraquat-induced
neurotoxicity both in vitro(60) and in vivo(123). Notably, paraquat does not appear to
initiate the full spectrum of M1 microglial activation, as microglia cultures fail to produce
cytokines in response to paraquat (60,126). However, inhibition of iNOS (127) and NOX2
(60,123,128), as well as co-treatment with a superoxide dismutase mimetic (128), decreases
paraquat-induced microglial activation. While microglial activation appears to be key for
paraquat-induced effects in vivo and in vitro, the molecular mechanisms triggering this
process are largely unknown.

In the process of redox cycling, paraquat exchanges electrons with a reductant (ex. NADPH
of NOX2) and molecular oxygen to continuously generate the paraquat radical and
superoxide (129) . More specifically, the paraquat dication (PQ2+) accepts an electron from
a reductant to form a paraquat radical cation (PQ+•), which in turn reacts with O2 to create
the superoxide radical (O2

−•) and regenerate PQ2+. This cycle repeats continuously in the
presence of a reductant and molecular oxygen (130). As a flavoprotein, NOX2 is predicted
to redox cycle with paraquat (119,125). In normal physiology, NOX2 functions to transfer
electrons across biological membranes (102), where traditional activation of the enzyme
complex results in the electron from NADPH being shuttled to molecular oxygen across the
membrane and outside of the cell to produce extracellular superoxide. As such, NADPH is
sequestered inside of the cell and is located on the COOH tail of NOX2 (102). One
hypothesis holds that paraquat can gain entry to microglia, presumably through transport, to
directly interact with NADPH on NOX2 to cause redox cycling and initiate the production
of superoxide. However, this reaction would predict intracellular formation of both the
paraquat radical and superoxide, which contradicts numerous reports that paraquat causes
extracellular superoxide production from microglia (60,119). To further test this hypothesis,
it will be important to discern whether the paraquat radical forms inside microglia and
whether this paraquat radical is somehow shuttled out of the cell. Notably, functional
interaction of the radical form of paraquat with a transporter may be difficult in normal
physiology, as anaerobic conditions are mandatory to prevent immediate oxidation of the
radical to the parent paraquat dication (130,131). Another redox-cycling hypothesis is that
paraquat remains extracellular to microglia and takes the electron transferred across the
membrane from NOX2 before it interacts with molecular oxygen, producing superoxide at
more efficient and faster rate with redox cycling when compared to the NOX2 enzyme
complex alone. In this case, rather than initiating superoxide production, paraquat would be
a means of amplifying a low grade basal activation of NOX2. At this time, none of the
proposed redox cycling hypotheses have been directly tested or confirmed.
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Finally, a third hypothesis is that NOX2 activation occurs through traditional intracellular
signaling and assembly of the entire NOX2 enzyme complex in response to paraquat. In
fact, paraquat has been shown to cause translocation of p67PHOX to the membrane in
microglia treated with paraquat, which was inhibited by rottlerin, a selective PKC delta
inhibitor, implicating PKC in the assembly of the NOX2 complex (132). This is particularly
intriguing, as this signal may be an initiating trigger for paraquat-induced NOX2 activation
that could serve as base signal to be amplified by the extracellular redox signaling proposed
in the previous hypothesis. Thus, while it is clear that paraquat activates microglia to
produce extracellular superoxide and that NOX2 plays a key role in DA neurotoxicity, the
mechanisms initiating NOX2 activation are likely complex, remain poorly understood, and
significant additional research is necessary.

VIII. Rotenone
Rotenone is an extensively used plant-derived pesticide and chronic exposure has been
associated with an increased risk for PD (133,134). Rotenone is lipophilic and readily
traverses the blood-brain barrier and cellular membranes (135). Once inside cells, rotenone
impedes mitochondrial function (136) by inhibiting the transfer of electrons from iron-sulfur
centers in complex I to ubiquinone (Coenzyme Q10), resulting in intracellular oxidative
stress (137). These rotenone-induced deficits in the mitochondrial respiratory chain are
linked to decreased ATP synthesis, mitochondrial depolarization, generation of ROS, and
neurotoxicity (137) which is thought to be essential to neurodegenerative disorders, such as
PD. However, several reports indicate that rotenone can also activate microglia to mediate
DA neuron damage (80,138).

Rotenone & Animal Studies
Animal research suggests that the ability of rotenone to repeatedly cause a PD-like
phenotype with consistent lesions in the SN is closely linked to the route of exposure and the
chronic nature of the exposure (135,139). For example, oral rotenone administration has
resulted in both failure and success with SN lesions with evidence of α synuclein pathology
(140). However, chronic systemic administration of rotenone at lower concentrations using
osmotic pumps has been one of the most popular delivery regimens inducing both DA
neurodegeneration and the formation of cytoplasmic inclusions in nigral DA neurons, but
not all animals exposed demonstrate SN effects (141-143). Chronic intraperitoneal rotenone
injections have since been modified to produce consistent behavioral deficits, decline in DA
neurochemistry (144), and lewy body like inclusions (145). Aging has been shown to
increase vulnerability to rotenone (146) and prenatal rotenone exposure has been shown to
potentiate DA neuron damage in response to LPS with adult animals (147). Importantly,
rotenone has been shown to cause a PD-like phenotype across several species, including
mice, rat, zebrafish, Drosophila, and C. elegans, models (139).

Microglia & Rotenone
Rotenone activates microglia in vivo(148) and in vitro evidence demonstrates that at low
concentrations, rotenone is selectively toxic to DA neurons, but only in the presence of
microglia (138)(149). Further analysis showed that microglia are activated by rotenone to
produce superoxide, which is selectively toxic to DA neurons, and dependent on NOX2, as
genetic deletion of NOX2 (80) was neuroprotective against rotenone (80). Supporting the
importance of microglial activation in rotenone-induced DA neuron damage, IFNγ receptor
deficient microglia failed to cause DA cell loss when exposed to rotenone (71). Consistent
with these findings, the anti-inflammitory compounds iptakalim (150) and minocycline
(151) attenuate microglia activation and protect against rotenone neurotoxicity in vivo. In
addition, rotenone has also been implicated in microglial priming, where pretreatment
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enhances the microglial M1 response to pro-inflammatory stimuli such as LPS and
associated DA neurotoxicity (105). Thus, while neuroinflammation, microglial activation,
and NOX2 actvation appear to be important for rotenone-induced neurotoxicity, the
mechanisms responsible are poorly understood.

There are several potential mechanisms through which rotenone can activate microglia. The
ability of rotenone to activate microglia supports a potential role for the importance of
mitochondrial function in microglial activation. In fact, recent reports reveal that mito-
K(ATP) channels participate in the regulation of the morphology changes linked to
rotenone-induced microglial activation (152). Several recent studies have also specifically
targeted mitochondrial dysfunction in microglia with multiple toxins including rotenone and
have shown an inhibition of the IL-4-induced M2 response (153). Interestingly, a study
performed in human lymphoblasts and whole blood demonstrated that several mitochondrial
inhibitors impaired NOX2 activation through a PKC dependent pathway (80). Importantly,
rotenone has been shown to cause a dose dependent increase in extracellular superoxide
production from microglia, which is dependent on NOX2 (138), where NOX2 activation is
implicated in both rotenone microglial priming and synergistic DA neurotoxicity (105).

Mechanistically, a recent report performing binding studies using membrane preparations
from cells suggests that rotenone may directly interact with NOX2, the membrane bound
catalytic subunit of the NOX2 enzyme complex, to affect the production of superoxide
(154). Rotenone binding to NOX2 was inhibited by diphenyleneiodonium, a non-specific
PHOX inhibitor with a binding site on gp91phox(154). Interestingly, further functional
assays revealed that both the membrane catalytic subunit (NOX2) and the cytosolic subunits,
with the exception of p47PHOX, were required for rotenone-induced superoxide production
in cell-free systems (154). This is surprising, as p47 PHOX is considered to be an organizing
subunit that recruits the activator subunit p67PHOX during the classical assembly of the
NOX2 enzyme complex (155). Previously, both p47PHOX and p67PHOX were believed to be
mandatory for microglial activation of NOX2 (156). While rotenone binding is hypothesized
to facilitate the interaction of all of the subunits (except p47PHOX) with NOX2 to produce a
functional enzyme that produces superoxide, it is unclear how binding of rotenone to NOX2
would signal/initiate translocation of the cytosolic proteins to the membrane in response to
rotenone. Thus, these findings support the possibility of another additional intracellular
signaling pathway caused by rotenone that would be responsible for the classical
translocation of the cytosolic subunits to the microglial membrane. While the potential
signaling pathways in microglia induced by rotenone have been largely overlooked,
rotenone has been shown to cause p38 MAPK and ERK signaling in THP-1 monocytes,
where blocking these pathways inhibited neurotoxicity in co-cultures. Clearly, the
mechanisms of rotenone-induced microglial activation are complex and additional inquiry is
warranted.

IX. Organochlorine Pesticides
Organochlorine pesticides are highly lipophilic compounds that readily cross the blood brain
barrier (157), are persistently available in the environment (158), and are associated with
DA neurotoxicity and oxidative stress (159,160). Postmortem analysis of PD brains have
discovered the presence of organochlorine pesticides in the brain (161-163), particularly
dieldrin (161,162). Importantly, case control studies indicate that serum levels of the
organochlorine pesticide beta-HCH (158) and dieldrin (164) are associated with an increased
risk of PD diagnosis.

Animal studies demonstrate that organophosphate pesticides impair striatal DA activity
(160,165-168) and promote α-synuclein aggregation (160,168). However, specific lesions in

Taetzsch and Block Page 9

J Biochem Mol Toxicol. Author manuscript; available in PMC 2014 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the SN combined with motor behavior deficits have yet to be reported with organophosphate
murine models in vivo(157). Dieldrin exposure early in life was found to amplify the
neurotoxic effects of MPTP in adult animals, indicating that organochlorine pesticides have
the ability to developmentally enhance DA neuron cell death in adult animals (169).

Mechanistically, organochlorine pesticides are known to induce oxidative damage to DA
neurons, where many potential pathways including mitochondrial complex III dysfunction
(170)(171) and ubiquitin-proteasome dysfunction (168) have been implicated. Recent
studies have also shown that both dieldrin (104,108) and lindane (104) activate microglia to
produce H2O2, which is inhibitable by NOX2 inhibitors. Further, combination of the
pesticides results in synergistic amplification of H2O2(104). At this time, how dieldrin and
lindane activate microglial NOX2 and the role of microglial NOX2 in DA neurotoxicity is
unknown. However, consistent with rotenone, the organochlorine pesticides support the
possibility of mitochondrial function and consequent intracellular ROS production
regulating NOX2 and microglial activation.

X. Conclusions & Implications
Increasing evidence supports that both microglial activation and environmental toxicants
may play a critical role in PD etiology as chronic sources of oxidative stress. Several
pesticides associated with an elevated PD risk have been shown to directly damage DA
neurons at high concentrations and activate microglial NOX2 at lower concentrations to
cause DA neurotoxicity. More specifically, lindane, dieldrin, paraquat, and rotenone
converge on a final pathway of NOX2-mediated ROS production in microglia. While
current works suggests mitochondrial function may potentially modulate microglial NOX2
activation in some fashion, the mechanisms initiating activation of the NOX2 enzyme
complex appears to be unique for each pesticide. Additional research centered on
understanding how these pesticides activate microglial NOX2 will be necessary to
effectively halt these environmentally-induced neurotoxic processes, as the anti-
inflammatory and neuroprotective function of NOX2 inhibitors will depend on the
mechanistic target in each of these unique triggers of microglial activation.
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List of Abbreviations

CNS Central Nervous System

DA Dopamine

DAT Dopamine Active Transporter

H2O2 Hydrogen Peroxide

iNOS Inducible Nitric Oxide Synthase

IFNγ Interferon gamma

LPS Lipopolysaccharide

MPP+ 1-methyl-4-phenylpyridinium

MMP3 Matrix Metalloproteinase 3

MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine

NOX2 NADPH Oxidase 2

NO Nitric Oxide

PD Parkinson's disease

PHOX Phagocytic Oxidase

PET Positron Emission Tomography

ROS Reactive Oxygen Species

SN Substantia Nigra

TNFα Tumor Necrosis Factor α
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Figure 1. The Unique Morphology of Resting & Activated Microglia
Resting microglia stained with the ionized calcium binding adaptor molecule 1 (IBA-1)
microglial marker in the mouse substantia nigra are shown in Panel A at 10× magnification.
Panel B focuses on the boxed in segment of Panel A at a higher magnification of 40×. The
ramified morphology depicted by extensive branching is readily visible. In panels C and D,
activated microglia from mice injected with 5mg/kg lipopolysaccharide were stained with
the IBA-1 microglial marker. Activated microglia in the mouse substantia nigra are shown
in Panel C at 10× magnification. Panel D focuses on the boxed in segment of Panel C at a
higher magnification of 40×. Note that the microglia from mice treated with
lipopolysaccharide have thickened cell bodies and the cell has retracted its processes, a
characteristic of microglial activation in response to general neuroinflammation triggers,
such as lipopolysaccharide and pesticides. The scale bar depicts 50μm.
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