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A B S T R A C T

Microglial NADPH oxidase (Nox2) plays a key role in chronic neuroinflammation and related dopaminergic
neurodegeneration in Parkinson's disease (PD). However, the mechanisms behind Nox2 activation remain un-
clear. Here, we revealed the critical role of complement receptor 3 (CR3), a microglia-specific pattern re-
cognition receptor, in Nox2 activation and subsequent dopaminergic neurodegeneration by using paraquat and
maneb-induced PD model. Suppression or genetic deletion of CR3 impeded paraquat and maneb-induced acti-
vation of microglial Nox2, which was associated with attenuation of dopaminergic neurodegeneration.
Mechanistic inquiry revealed that blocking CR3 reduced paraquat and maneb-induced membrane translocation
of Nox2 cytosolic subunit p47phox, an essential step for Nox2 activation. Src and Erk (extracellular regulated
protein kinases) were subsequently recognized as the downstream signals of CR3. Moreover, inhibition of Src or
Erk impaired Nox2 activation in response to paraquat and maneb co-exposure. Finally, we found that CR3-
deficient mice were more resistant to paraquat and maneb-induced Nox2 activation and nigral dopaminergic
neurodegeneration as well as motor dysfunction than the wild type controls. Taken together, our results showed
that CR3 regulated Nox2 activation and dopaminergic neurodegeneration through a Src-Erk-dependent pathway
in a two pesticide-induced PD model, providing novel insights into the immune pathogenesis of PD.

1. Introduction

Parkinson's disease (PD) is the most common neurodegenerative
movement disorder and affects more than 1.7% population over 65
years [1]. The pathological hallmark of PD is the progressive dopami-
nergic neurodegeneration in the substantia nigra (SN) coupled with
inclusions known as Lewy bodies and Lewy neuritis [2]. Dopamine
replacement intervention is still the gold standard therapy for PD,
which provides temporary symptomatic relief but fails to stop disease
progression. The therapeutic strategies aimed at arresting dopaminergic

neurodegeneration are lacking due to the obscure of the mechanisms of
PD. Therefore, elucidating the potential mechanisms of dopaminergic
neurodegeneration and developing related therapeutic interventions
are urgently needed.

Neuroinflammation mediated by glia cells, especially microglia, is a
common feature shared by multiple neurodegenerative disorders in-
cluding PD [3]. Activation of glial cells including microglia and astro-
glia and accumulation of proinflammatory factors are observed in the
area of SN and striatum in PD patients and animal models [4,5]. Ex-
perimental animals treated with inflammogen lipopolysaccharide (LPS)
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display progressive dopaminergic neurodegeneration and L-dopa-re-
versible motor impairments [6–9]. Humans exposed to LPS also develop
parkinsonian syndromes [10], supporting an etiologic role of neuroin-
flammation in PD. Although the exact mechanisms for neuroin-
flammation in PD remain unclear, recent studies revealed an essential
role of NADPH oxidase (Nox2) in the initiation and maintenance of
neuroinflammation. Nox2 is a superoxide-producing enzyme and is
highly expressed in microglia [11]. We found that pharmacological
inhibition or genetic deletion of Nox2 markedly reduced microglia-
mediated neuroinflammation as well as dopaminergic neurodegenera-
tion in multiple in vivo and in vitro PD models [8,9,12–14]. In addition,
Nox2-derived H2O2 was further identified as a key mediator for the
regulatory effects of microglia on astroglial activation in experimental
models of PD [15]. Given the high level of Nox2 in the SN of PD pa-
tients compared with control subjects [16], elucidating the mechanisms
of Nox2 activation is particularly important, which may help us to
better understand the immune pathogenesis of PD and thus, develop
novel therapeutic strategies.

Pattern recognition receptors (PRRs) play important roles in innate
immune responses by recognizing and binding to pathogen associated
molecular patterns (PAMPs) or damage associated molecular patterns
(DAMPs) [17]. Activation of PRRs induces the release of inflammatory
cytokines that help remove pathogens or restore tissue homeostasis.
However, chronic activation of these receptors can cause inflammatory
disease [18]. Previous studies indicated that scavenger receptors (SRs)
and complement receptor 3 (CR3, also called αMβ2 or CD11b/CD18),
two members of PRR family [19,20], are involved in regulating Nox2
activation. Genetic deletion or antibody neutralization of CD36, one of
the extensively studied SRs, significantly decreased Nox2-generated
superoxide induced by oxidized low-density lipoprotein (oxLDL)

[21,22] and β-amyloid (Aβ), the main component of senile plaques in
Alzheimer's disease (AD) [23–25]. By contrast, CR3 was essential for
LPS [26], high-mobility group box 1 (HMGB1) [27] and diesel exhaust
particles [28]-induced Nox2 activation. However, whether SRs or CR3
is involved in Nox2 activation in PD remains unknown. In this study, by
using a two pesticide (paraquat/maneb)-induced PD model, we in-
vestigated the role of SRs and CR3 in Nox2 activation and related do-
paminergic neurodegeneration.

2. Materials and methods

2.1. BV2 microglial cells

The mouse microglia BV2 cell line was maintained as described
previously [29]. Briefly, BV2 microglial cells were maintained at 37 °C
in DMEM supplemented with 10% fetal bovine serum, 50 U/ml peni-
cillin and 50 μg/ml streptomycin in a humidified incubator with 5%
CO2 and 95% air. The cells were split or harvested every 3–5 days.

2.2. Primary cell cultures

Mesencephalic neuron-glia culture was prepared from the ventral
mesencephalon of embryonic day 14±0.5 SD rats according to pre-
viously published protocol [30]. The culture was maintained at 37 °C in
a humidified atmosphere of 5% CO2 and 95% air in minimum essential
medium (MEM) containing 10% heat-inactivated fetal bovine serum
(FBS), 10% heat-inactivated horse serum (HHS), 1 g/L glucose, 2 mM L-
glutamine, 1 mM sodium pyruvate, 100 µM nonessential amino acids,
50 U/ml penicillin, and 50 µg/ml streptomycin. Seven days after initial
seeding, immunocytochemical analysis indicated that neuron-glia

Fig. 1. Paraquat and maneb co-exposure activates NOX2 in microglia. (A) The production of intracellular superoxide was assessed by DHE in BV2 microglial cells treated with
different concentrations of P+M. The representative images of DHE oxidation were shown. (B) The density of red fluorescence of DHE oxidation was quantified. (C) Cell viability of BV2
microglial cells treated with different concentrations of P+M was detected using MTT assay. (D) BV2 microglial cells were pre-treated with apocynin or DPI, two widely used NOX2
inhibitors, and then P+M-induced production of intracellular superoxide was measured using DHE. (F) The density of red fluorescence of DHE oxidation was quantified. (F) P+M-
induced production of extracellular superoxide was measured as described in “Materials and Methods”. (G) The membrane translocation of NOX2 cytosolic subunit, p47phox was detected
after 15 mins of P+M stimulation by using Western blot and the density of blots was quantified. Gp91phox and GAPDH were used as internal membrane and cytosolic control,
respectively. Results were expressed as a percentage of controls from three experiments performed in duplicate. *p<0.05, **p<0.01. Bar = 30 µm.
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cultures consisted of 10% microglia, 50% astrocytes, 40% neurons, and
1% dopaminergic neurons.

Mixed-glia culture was prepared from whole brains of 1-d-old wild
type (WT, C57BL/6J) and CR3-/- mice pups [30]. Disassociated brain
cells were seeded onto 24- or 96-well plate and maintained in DMEM/F-
12 medium supplemented with 10% FBS, 2 mM L-glutamine, 1 mM
sodium pyruvate, and 0.1 mM nonessential amino acids. The medium
was changed every 3 days.

2.3. Measurement of extracellular and intracellular superoxide

The production of extracellular superoxide was determined by
measuring the superoxide dismutase (SOD)-inhibitable reduction of
WST-1 as described previously [8,14]. Briefly, microglial cells (1 ×
105/well) were grown overnight in 96-well plates in DMEM/F12
medium containing 10% FBS and switched to phenol red–free HBSS
(50 μl/well). Subsequently, 50 μl HBSS with and without SOD (50 U/
ml) was added to each well along with 50 μl WST-1(1 mM) in HBSS and
50 μl vehicle or α-synuclein. The absorbance at 450 nm was read with a
SpectraMax Plus microplate spectrophotometer (Molecular Devices).
The difference between the absorbance in the presence and absence of
SOD was considered to be the amount of produced superoxide.

The production of intracellular superoxide was measured by the
fluorescence probe dihydroethidium (DHE, Invitrogen Life
Technologies, Grand Island, NY, USA) as described previously [31].
Briefly, cells were incubated with paraquat and maneb overnight in 24-
well plates, and then were incubated with 10 μM DHE for 30 mins at
37 °C. The fluorescence images were captured using a fluorescence
microscopy (excitation 534 nm; emission 580 nm).

2.4. MTT assay

Culture media were removed 4 h before completion of the

incubation time and then, 200 μl of 0.25 mg/ml MTT was added to each
well. Additional 4 h later, the supernatants were removed and 200 μl
DMSO was added to the wells, and the plates were shaken for 10 min.
The absorbance was measured at 540 nm by a plate reader (Molecular
Devices).

2.5. Immunocytochemistry

Immunocytochemistry was performed as described previously
[8,14]. Briefly, cells were fixed in 4% formaldehyde and followed by
treatment with 1% hydrogen peroxide. After 20 mins of incubation in
blocking solution (PBS containing 1% bovine serum albumin, 0.4%
Triton X‐100 and 4% serum), cultures were incubated with rabbit an-
tibody against tyrosine hydroxylase (TH, Chemicon, 1:5000) or ionized
calcium binding adaptor molecule 1 (Iba1, Wako Chemicals, 1:5000)
for 24 h at 4 °C and followed by biotinylated secondary antibody for 2 h
at room temperature. Antibody binding was visualized using a Vec-
tastain ABC Kit (Vector Laboratories, Inc) and diaminobenzidine sub-
strate. TH-immunoreactive (THir) cells per well were counted. For each
experiment, three wells per treatment condition were used, and results
from three independent experiments were obtained.

2.6. Animal dosing

Combined paraquat (10 mg/kg, Sigma-Aldrich, St. Louis, MO, USA)
and maneb (30 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) were ad-
ministrated (i.p) to WT and CR3-/- mice (Jackson laboratory) according
to our previous report [12]. Mice in control group received an
equivalent volume of 0.9% saline. Six weeks later, mice were eu-
thanized and brains were dissected. Experiments were performed in
accordance with the Animal Guideline of Dalian Medical University.
Housing and breeding of animals were performed strictly with Dalian
Medical University's Guide for the Care and Use of Laboratory Animals.

Fig. 2. SRs inhibitor fucoidan fails to interfere with paraquat and maneb-induced NOX2 activation. (A) The production of intracellular superoxide induced by P+M was assessed
in BV2 microglial cells with or without fucoidan pre-treatment. (B) The density of red fluorescence of DHE oxidation was quantified. (C) P+M-induced production of extracellular
superoxide was measured in the presence of fucoidan. (D) The effects of fucoidan on P+M-induced membrane translocation of p47phox was detected using Western blot and the density of
blots was quantified. Results were expressed as a percentage of controls from three experiments performed in duplicate. N.S, not significant. Bar = 30 µm.
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All experimental protocols were approved by and in agreement with the
Ethical Committee of Dalian Medical University.

2.7. Membrane extraction

The membrane fractions of microglia and midbrain tissue were
prepared using the membrane protein extraction kit (Beyotime,
Jiangsu, China). Briefly, microglia and midbrain tissue were lysed in
lysis buffer A provided by the kit and then subjected to Dounce
homogenization (20–25 St, tight pestle A). The lysates were centrifuged
at 700×g for 10 mins; the supernatant was collected and centrifuged at
14,000×g for 30 mins. The pellets were suspended using extraction
buffer B and incubated for 20 mins. After centrifugation at 14,000×g
for 5 mins, the supernatant was used as membranous fraction.

2.8. Western blot

For western blot analysis, equal amounts of protein were separated
by 4–12% Bis-Tris Nu-PAGE gel and transferred to polyvinylidene di-
fluoride membranes. The membranes were blocked with 5% non-fat
milk and incubated with primary antibodies (1:1000) against p47phox,
gp91phox, phosphorylated Src, total Src, phosphorylated Erk, total Erk,
GAPDH and HRP-linked anti-rabbit or mouse IgG (1:3000) for 2 h. ECL
reagents (Amersham Biosciences) were used as a detection system.

2.9. Immunohistochemistry

For immunohistochemistry, whole brains of mice were removed and
processed for frozen sections as described previously [9,32] and serially
sectioned at 30 µm for systematic analysis. The boundary of SN was

outlined under magnification of the 4 × objective as per the atlas. The
sections encompassing the entire midbrain were immunoblocked with
4–10% NGS and then incubated with rabbit antibody to TH or Iba-1 for
24 h at 4 °C. Antibody binding was visualized using a Vectastain ABC
Kit (Vector Laboratories, Inc) and diaminobenzidine substrate. The
sections were mounted permanently with Permount. Coded slides were
used to ensure unbiased counting of TH-positive (THir) neurons in
every three serial section. The number of THir neurons was counted
bilaterally using a Metamorph image analysis tool [33]. THir neuron
counts were performed by two individuals blind to the treatment.

2.10. Statistical analysis

All values are expressed as the mean± SEM. Differences among
means were analyzed using one- or two-way ANOVA with treatment as
the independent factors. When ANOVA showed significant differences,
pairwise comparisons between means were tested by Newman–Keuls
post hoc testing. In all analyses, a value of p<0.05 was considered
statistically significant.

3. Results

3.1. Paraquat and maneb co-exposure activates Nox2

Nox2, a superoxide-producing enzyme, is composed of membrane
(gp91phox, p22phox) and cytosolic (p47phox, p67phox, p40phox and Rac1/
2) subunits. Membrane translocation of cytosolic subunits is necessary
for the activation of Nox2 [34]. The effects of combined paraquat and
maneb (referred to subsequently as P+M) on Nox2 were therefore
examined by measuring the production of superoxide and membrane

Fig. 3. CR3 mediates paraquat and maneb-induced NOX2 activation. (A) BV2 microglial cells were pre-treated with RGD or anti-CD11b antibody and then P+M-induced production
of intracellular superoxide was measured using DHE. (B) The density of red fluorescence of DHE oxidation was quantified. (C) P+M-induced production of extracellular superoxide was
measured with or without RGD or anti-CD11b antibody pre-treatment. (D) The effects of RGD or anti-CD11b antibody on P+M-induced membrane translocation of p47phox was detected
using Western blot and the density of blots was quantified. (E) P+M-induced production of intracellular superoxide was measured in mixed glial cultures prepared from WT and CR3-/-

mice using DHE and the density of red fluorescence of DHE oxidation was quantified. (F) P+M-induced production of extracellular superoxide was measured in WT and CR3-/- mixed glial
cultures. Results were expressed as a percentage of controls from three experiments performed in duplicate. *p<0.05, **p<0.01. Bar = 30 µm.
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translocation of cytosolic subunit. In situ visualization of intracellular
superoxide production was performed using DHE, a reactive oxygen
species (ROS)-sensitive dye that can exhibit red fluorescence through
interactions with superoxide and other free radicals. As shown in
Fig. 1A, compared with vehicle controls, P+M exposure significantly
increased the levels of red fluorescence in BV2 microglia in a con-
centration-dependent manner, indicating elevated superoxide produc-
tion. Quantitative analysis supported the immunofluorescence ob-
servation by showing 66.1%, 119.9% and 141.5% increase of red
fluorescence density in 5 + 0.3, 10 + 0.6 and 50 + 3 μM P+M-treated
microglia, respectively, compared with vehicle controls (Fig. 1B). The
dosage of paraquat or maneb was chosen based on previous report [35].
To rule out the possibility that the increase of superoxide production
was attributed to nonspecific toxicity of P+M, we evaluated effects of P
+M on the viability of microglia. P+M at concentrations of 10 +
0.6 μM and lower did not show significant toxicity (Fig. 1C). Therefore,
10 + 0.6 μM P+M was used in the subsequent experiments. P+M-
induced increase of superoxide production was almost abolished by
diphenyleneiodonium (DPI) and apocynin, two widely used Nox2 in-
hibitors, in microglia (Fig. 1D and E), indicating that Nox2 is the major
source of superoxide stimulated by P+M. Nox2 activation increases
both intracellular and extracellular superoxide [34]. The production of
extracellular superoxide was further determined. Consistently, upre-
gulated production of extracellular superoxide was also observed in P

+M-treated microglia, which was significantly mitigated by Nox2 in-
hibitor, apocynin (Fig. 1F). In agreement with elevated superoxide
production, exposed to P+M also induced membrane translocation of
Nox2 cytosolic subunit, p47phox. Western blot analysis showed that
compared with vehicle controls, the levels of p47phox in membrane
fractions of P+M-treated microglia were significantly increased and
coincidently, were significantly decreased in cytosolic fractions
(Fig. 1G). No significant difference of p47phox expression in whole cell
lysates prepared from vehicle and P+M-treated microglia was observed
(Data not shown).

3.2. Blocking SRs fails to interfere with paraquat and maneb-induced Nox2
activation

SRs are highly expressed in microglia [19]. To determine whether
SRs are involved in P+M-induced Nox2 activation, fucoidan, a widely
used inhibitor of SRs was used. As seen in Fig. 2A, a similar level of red
DHE fluorescence was observed in P+M-treated microglia with or
without fucoidan, indicating that fucoidan fails to block P+M-induced
production of intracellular superoxide. Quantitative analysis of red
fluorescence density supported our observation (Fig. 2B). Consistently,
fucoidan also failed to interfere with production of extracellular su-
peroxide and membrane translocation of p47phox induced by P+M
(Fig. 2C and D), suggesting that SRs are not required for P+M-induced

Fig. 4. Src and Erk, the downstream signals of CR3, mediate paraquat and maneb-induced NOX2 activation. (A) The levels of phosphorylated and total Src and Erk were
determined in paraquat and maneb-treated BV2 microglia by Western blot using specific antibodies and the representative blots were shown. (B) The activation of Src and Erk was
quantified by analysis of the blot density. (C) The effects of saracatinib (Src inhibitor) and U0126 (Erk inhibitor) on P+M-induced production of intracellular superoxide were measured
using DHE and the density of red fluorescence was quantified. (D) The effects of saracatinib and U0126 on P+M-induced production of extracellular superoxide was measured. (E) The
effects of saracatinib and U0126 on P+M-induced membrane translocation of p47phox was detected using Western blot and the density of blots was quantified. Results were expressed as a
percentage of controls from three experiments performed in duplicate. *p<0.05, **p<0.01. Bar = 30 µm.
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Nox2 activation.

3.3. CR3 mediates Nox2 activation in response to paraquat and maneb co-
exposure

Next, we investigated the role of CR3 in P+M-induced Nox2 acti-
vation. Since CR3 belongs to a family known as integrins, RGD peptide,
a cell adhesion motif that can bind to integrins, was initially used to
block CR3. Interestingly, RGD treatment markedly reduced the red
fluorescence of DHE oxidation in P+M-treated BV2 microglia (Fig. 3A
and B). Consistently, P+M-induced production of extracellular super-
oxide and membrane translocation of p47phox were also mitigated by
RGD peptide (Fig. 3C and D). In agreement with RGD peptide, antibody
against CR3 subunit, CD11b also impeded P+M-induced production of
both intracellular and extracellular superoxide as well as p47phox

membrane translocation (Fig. 3A–D).
To further confirm the role of CR3 in P+M-induced Nox2 activa-

tion, primary mixed-glia cultures containing ~20% microglia were
prepared from wild type (WT) and CR3-deficient mice. The reasons for
using mixed-glia cells instead of purified microglia are as follows: 1)
primarily enriched microglia are known to be short lived and become
activated in the condition without the presence of either neurons or
astrocytes; 2) it is difficult to harvest a sufficient amount of enriched
primary microglia for experiments; 3) we previously reported that mi-
croglial Nox2 is the major source of superoxide production in mixed
glial culture [8,13]. As illustrated in Fig. 3E, P+M stimulated pro-
duction of intracellular superoxide in WT mixed-glia cultures, which

was markedly reduced by Nox2 inhibitor apocynin, indicating that P
+M activate Nox2 in primary cultures. Interestingly, P+M-induced
Nox2 activation was abrogated in CR3-/- cultures by showing a com-
parable level of DHE red fluorescence between P+M and vehicle con-
trol (Fig. 3E). The requirement of CR3 in P+M-induced activation of
Nox2 was further confirmed by measuring extracellular superoxide. As
shown in Fig. 3F, P+M induced production of extracellular superoxide
in WT but not in CR3-/- cultures.

3.4. Src-Erk pathway is the downstream signal of CR3 for Nox2 activation

We subsequently explored the downstream signals of CR3 re-
sponsible for Nox2 activation. The kinase of Src is well-known to be a
downstream target of CR3 [19]. Previous study revealed that Src is able
to activate Erk [19], a kinase that can phosphorylate p47phox and then
induce its membrane translocation [36]. To investigate whether Src and
Erk underlay P+M-induced Nox2 activation, we firstly examined the
activation of Src and Erk in P+M-treated microglia. As seen in Fig. 4A,
compared with vehicle controls, P+M significantly elevated the levels
of phosphorylated Src and Erk, indicating activation of both Src and
Erk. Time-course study revealed that the activation of Src and Erk in-
duced by P+M peaked at 90 and 30 mins after treatment, respectively
(Fig. 4B).

To determine whether the activation of Src and Erk contributes to
Nox2 activation in response to P+M, BV2 microglial cells were treated
with saracatinib (an inhibitor of Src) or U0126 (an inhibitor of Erk)
prior to P+M stimulation. Interestingly, both saracatinib and U0126

Fig. 5. Blocking CR3 alleviates paraquat and maneb-induced microglial activation and dopaminergic neurodegeneration. Rat mesencephalic neuron-glia cultures were pre-
treated with anti-CD11b antibody or apocynin for 30 min before the addition of P+M. (A) Microglia and dopaminergic neurons were stained with antibody against Iba-1 or TH,
respectively, and the representative images were shown. (B) The density of Iba-1 was quantified. (C) The effects of anti-CD11b antibody or apocynin on P+M-induced dopaminergic
neurodegeneration were assessed by THir neuron counts. Results were expressed as a percentage of controls from three experiments performed in duplicate. *p<0.05, **p<0.01. Bar =
50 µm.
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blocked P+M-induced superoxide production (Fig. 4C and D). In
agreement, P+M-induced membrane translocation of p47phox was also
mitigated by saracatinib and U0126 (Fig. 4E), indicating the involve-
ment of Src and Erk in P+M-induced Nox2 activation.

3.5. Antagonizing CR3 protects dopaminergic neurons against paraquat and
maneb-induced degeneration in vitro

To investigate whether Nox2 inhibition by antagonizing CR3 is
functional, we determined the effects of CR3 blocking on P+M-induced
microglial activation and dopaminergic neurodegeneration in primary
midbrain neuron-glia cultures. Immunostaining with antibody against
Iba-1, a microglial marker, was performed to observe changes in mi-
croglial morphology. Fig. 5A depicted microglial activation in response
to P+M when compared to vehicle controls. Activated microglial cells
displayed larger cell bodies and irregular amoeboid morphology, as
well as increased immunoreactivity to Iba-1 antibody. Interestingly,
such activated microglia were not observed in P+M-treated cultures
once CR3 was blocked by anti-CD11b antibody (Fig. 5A and B). No-
tably, the inhibitory effects of CR3 blocking against P+M-induced
microglial activation were comparable with inactivation of Nox2 by
apocynin (Fig. 5A and B).

Dopaminergic neuron was identified by immunostaining with anti-
body against TH, a marker for dopaminergic neuron. THir neuron
counts showed that P+M treatment resulted in a significant loss of
dopaminergic neurons in midbrain neuron-glia cultures, which was
significantly reduced by antibody against CD11b (Fig. 5A and C). In
addition to restoring the number of dopaminergic neuron, anti-CD11b
antibody treatment also rescued the dopaminergic neurite retraction
and degradation associated with P+M-mediated neurotoxicity
(Fig. 5A). Taken together, these measurements clearly demonstrated
the neuroprotective effects of blocking CR3.

3.6. Genetic deletion of CR3 attenuates paraquat and maneb-induced Nox2
activation and microglial activation in vivo

To verify the role of CR3 in P+M-induced Nox2 activation and
dopaminergic neurodegeneration in vivo, P+M were administrated to
CR3-deficient mice. Consistent with in vitro, compared with vehicle
controls, P+M stimulation significantly increased the levels of p47phox

in the membrane factions of midbrain tissues prepared from WT mice.
Coincidentally, a reduced level of p47phox in the cytosol was observed
(Fig. 6A and B), indicating p47phox membrane translocation and Nox2
activation. However, P+M-induced p47phox membrane translocation
was not detected in CR3-/- mice (Fig. 6A and B).

Consistent with inactivation of Nox2, activated microglia char-
acterized by a hypertrophied morphology and an elevated density of
Iba-1 staining were observed in the SN of WT but not CR3-deficient
mice (Fig. 6C). Quantitative analysis of Iba-1 density supported these
morphological observations. Compared with vehicle controls, a 62%
increase of Iba-1 density in the SN was observed in WT mice, which was
reduced to 7.5% in CR3-/- mice (Fig. 6D).

3.7. CR3 deficiency ameliorates paraquat and maneb-induced
dopaminergic neurodegeneration and motor deficits in mice

To determine whether the inactivation of Nox2 and neuroin-
flammation in P+M-treated CR3-/- mice was associated with attenua-
tion of dopaminergic neurodegeneration, the number of dopaminergic
neurons (THir) in the SN was counted. As shown in Fig. 7A, P+M
treatment resulted in a significant decrease in nigral THir neurons in
WT mice, which was consist with previous reports [33,37]. The loss of
nigral dopaminergic neurons was attenuated in CR3-/- mice. Quantita-
tive analysis showed that exposure to P+M resulted in a 24% loss of
nigral dopaminergic neurons in WT mice, which was reduced to a 7.5%
loss in CR3-/- mice (Fig. 7B).

Fig. 6. CR3 deficiency attenuates paraquat and maneb-induced NOX2 activation and microglial activation in vivo. (A) WT and CR3-/- mice were treated with P+M for 1 h and
then the membrane translocation of p47phox was determined in midbrain tissues using Western blot. (B) The density of blots was quantified. (C) WT and CR3-/- mice were treated with P
+M for 6 weeks. Microglia in the SN of mice were stained using Iba-1 antibody and the representative images were shown. (D) The density of Iba-1 staining was quantified. n = 4–5.
*p<0.05, **p<0.01. Bar = 100 µm.
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Fig. 7. CR3 deficiency ameliorates paraquat and maneb-induced dopaminergic neurodegeneration and motor deficits in mice. (A) WT and CR3-/- mice were treated with P+M
for 6 weeks. Dopamienrgic neurons in the SNpc of mice were stained using TH antibody and the representative images were shown. (B) The number of THir neurons was counted. (C) Gait
analysis was performed in WT and CR3-/- mice and schematic illustration of gait analysis measurements of stride length and stride distance were shown. (D-G) The distance between
subsequent limb placements (stride length) was measured. (H) The stride distance between hindlimb placements of the mice was detected. n = 6–9. *p<0.05, **p<0.01. Bar =
200 µm.

Fig. 8. Proposed model showing how CR3 med-
iates NOX2 activation and dopaminergic neuro-
degeneration in experimental PD. Consistent with
previous report, activation of microglial NOX2 was
observed in P+M-induced experimental model of
PD. Pharmacological inhibition or genetic deletion of
CR3 but not SRs attenuates P+M-induced super-
oxide production and p47phox membrane transloca-
tion, indicating a CR3-dependent activation of
NOX2. Our results show that P+M induce activation
of CR3 downstream Src and Erk, which can phos-
phorylate NOX2 cytosolic subunits including
p47phox, resulting in their membrane translocation
and subsequent NOX2 activation. Blocking CR3 sig-
nificantly reduces NOX2-related microglial activa-
tion and dopaminergic neurodegeneration.
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In addition to protecting dopaminergic neurons, CR3 deficiency
potently ameliorated P+M-induced motor deficits. WT mice treated
with P+M displayed shorter stride length and wider stride distance
than vehicle controls (Fig. 7C–H), indicating gait abnormality. Inter-
estingly, P+M-induced impairments of gait performance were not ob-
served in CR3-/- mice as shown by similar levels of stride length and
stride distance as vehicle control mice (Fig. 7C–H).

4. Discussion

In this study, we demonstrated that CR3 mediated Nox2 activation
and subsequent degeneration of dopaminergic neurons in a two pesti-
cide-induced PD model (Fig. 8). Pharmacological inhibition or genetic
deletion of CR3 attenuated P+M-induced superoxide production and
p47phox membrane translocation, which was associated with protection
of dopaminergic neurons in midbrain neuron-glia cultures. The in-
volvement of CR3 in Nox2 activation and related dopaminergic neu-
rodegeneration was also verified in vivo. This study pinpoints a major
contributor that mediates Nox2 activation and chronic dopaminergic
neurodegeneration, which may facilitate our understanding of the im-
mune pathogenesis of PD.

Nox2 is a membrane-bound, multi-subunit enzyme complex that
transfers electrons across the plasma membrane from NADPH to mo-
lecular oxygen and generate superoxide [34]. Although Nox2 is critical
for the integrity and the normal function of the central nervous system
(CNS), both postmortem observations and preclinical experiments have
implicated an important role of over-activated Nox2 in neurodegen-
erative diseases, such as PD [16], amyotrophic lateral sclerosis [38] and
multiple sclerosis [39]. Nox2 activation is an early event during mi-
croglial activation and has been implicated as a major contributor to
neuroinflammation-mediated oxidative stress and chronic neurode-
generation [40]. Additionally, Nox2-derived superoxide can also be
served as a paracrine signal to control chronic microglial activation and
cytotoxic factors production through various inflammatory signaling
pathways, such as mitogen-activated protein kinase, nuclear factor-
kappa B and protein kinase C [3,8]. Inhibition of Nox2 gradually be-
comes a promising therapeutic strategy for neurodegenerative disorders
[9,41]. Since current inhibitors of Nox2 lack clinical use due to non-
specificity and displays toxicity at regular used dose [42], elucidating
the mechanisms behind Nox2 activation are particular attracting. A
number of SRs, such as SR-A, SR-BI and CD36 has been identified in the
cell surface of microglia [43,44]. In AD, SR-A is upregulated and
mediates adhesion and endocytosis of Aβ as well as secretion of ROS by
microglia [44,45]. The class B SR, CD36 mediates Nox2-derived free
radical and tissue injury in cerebral ischemia [46,47]. In contrast, in
this study, we found that SRs were not required for the production of
superoxide by Nox2 in response to P+M. Consistent with our findings,
Levesque and colleague demonstrated that diesel exhaust particles
(DEPs)-induced Nox2 activation and dopaminergic neurodegeneration
in primary cultures are not affected by SRs inhibitor fucoidan [28].
Similarly, SRs-independent activation of Nox2 was also observed in Pei
et al.'s study by using LPS as a stimulator [48]. Notably, since SRs fulfill
multiple functions in microglia, we could not exclude the possibility
that SRs might be involved in the toxic effects of P+M, although they
appeared to be non-essential for P+M-induced Nox2 activation. SRs
have recently been identified as phagocytic receptors [49]. In previous
studies, SRs have been implicated in the internalization of both DEPs
and LPS in microglia, although they are not involved in DEPs and LPS-
induced Nox2 activation [28,48]. Due to the technic limitation, whe-
ther SRs are involved in phagocytosis of paraquat and/or maneb by
microglia was not investigated in the current study.

CR3 is abundantly expressed by phagocytes, including microglia
and has been shown to mediate immune cell responses, such as adhe-
sion, migration, phagocytosis, chemotaxis and cytotoxicity [50]. CR3 is
both an adhesion molecular and a microglia-specific PRR. This receptor
recognizes a wide variety of structurally unrelated molecules, such as

complement C3 fragment (iC3b), intercellular adhesion molecule-1
(ICAM-1), fibrinogen, LPS, HMGB1 and double-stranded RNA to or-
chestrate the inflammatory response [27,48,51]. Gao et al. reported
that HMGB1, a non-histone DNA binding protein, induced Nox2 acti-
vation in microglia through a CR3-dependent manner [27]. CR3 was
also Nox2-dependently triggered long-term synaptic depression in the
hippocampus that might contribute to memory impairments and sy-
naptic disruptions in neuroinflammation-related brain disorders [52].
However, the role of CR3 in Nox2 activation in PD remained con-
troversial. Hu et al. reported that CR3 deficiency attenuates Nox2-de-
rived superoxide production induced by 1-methyl-4-phenyl-pyridium
iodide (MPP+), a toxin often used to create PD model [53]. By contrast,
in Kinugawa et al.'s study, MPP+-stimulated superoxide is not altered in
CR3-/- cultures [54]. Here, we provided direct experimental evidence
implicating the involvement of CR3 in Nox2 activation and dopami-
nergic neurodegeneration in P+M-induced PD models.

Mechanistically, the most critical question to address is how CR3
regulates Nox2 activation. The activation of Src family kinases (SFKs) is
one of the earliest biochemical events in CR3 signaling response [55].
Src is one of the mostly studied SFKs and is highly expressed in mi-
croglia. It has been reported that Src is involved in regulating Nox2-
derived ROS production. In the HT29 human colon carcinoma cell line,
Src induced Nox2-mediated ROS production by activating the reg-
ulatory subunit small GTPase Rac1 [56]. Down-regulation of Src by
siRNA reduced activation of Rac1 and therefore Nox2-generated ROS
[56]. In human adherent blood eosinophils, CR3-mediated Nox2 acti-
vation was inhibited by inhibitor of the Src [57]. Consistent with these
findings, our results showed that inhibition of Src also impeded P+M-
induced Nox2 activation. Although the exact mechanisms of how Src
regulates Nox2 remain unclear, Src is known to be able to phosphor-
ylate Erk [58], a kinase that can induce phosphorylation of p47phox at
Ser345 and subsequently result in its translocation to the cell mem-
brane, leading to Nox2 activation [36]. In this study, P+M treatment
induced activation of Erk. Moreover, inhibition of Erk abrogated Nox2
activation induced by P+M. Together, our findings lend strong cre-
dence to the conclusion that Src and Erk, two downstream signals of
CR3, could be critical for the regulatory effects of CR3 on Nox2 acti-
vation.

In conclusion, our studies reveal a new regulatory function of CR3 in
Nox2 activation and dopaminergic neurodegeneration by using para-
quat and maneb-induced PD model. We also identified Src and Erk
signals as potential novel signaling pathways that bridges CR3 and
Nox2 activation. These results help to expand our understanding for the
immune pathogenesis of PD. Our findings also suggest that CR3, espe-
cially its subunit CD11b, may be a promising target for the treatment of
patients suffering from PD and related disorders.
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