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Background: Chronic exposure to the insecticide rotenone can damage dopaminergic neurons
and lead to an increased risk of Parkinson’s disease (PD). Whereas it is not clear whether rotenone
induces neurodegeneration of noradrenergic locus coeruleus (LC/NE) neurons. Chronic neuroin-
flammation mediated by microglia has been involved in the pathogenesis of PD. Evidence shows
that complement receptor 3 (CR3) is a crucial regulator of microglial activation and related
neurodegeneration. However, it is not clear whether CR3 mediates rotenone-elicited degeneration
of LC/NE neurons through microglia-mediated neuroinflammation.

Materials and Methods: Wild type (WT) and CR3 knockout (KO) mice were treated with
rotenone. PLX3397 and minocycline were used to deplete or inactivate the microglia.
Leukadherin-1 (LA-1) was used to modulate CR3. LC/NE neurodegeneration, microglial
phenotype, and expression of CR3 were determined by using immunohistochemistry,
Western blot and real-time polymerase chain reaction (PCR) techniques. The glutathione
(GSH) and malondialdehyde (MDA) contents were measured by using commercial kits.
Results: Rotenone exposure led to dose- and time-dependent LC/NE neuronal loss and microglial
activation in mice. Depletion of microglia by PLX3397 or inhibition of microglial activation by
minocycline significantly reduced rotenone-induced LC/NE neurodegeneration. Mechanistic stu-
dies revealed that CR3 played an essential role in the rotenone-induced activation of microglia and
neurodegeneration of LC/NE neurons. Rotenone elevated the expression of CR3, and genetic
ablation of CR3 markedly reduced rotenone-induced microglial activation and M1 polarization.
LA-1 also suppressed rotenone-induced toxic microglial M1 activation. Furthermore, lack of CR3
or treatment with LA-1 reduced oxidative stress in the brainstem of rotenone-intoxicated mice.
Finally, we found that mice deficient in CR3 or treated with LA-1 were more resistant to rotenone-
induced LC/NE neurodegeneration than WT or vehicle-treated mice, respectively.

Conclusion: Our results indicate that CR3-mediated microglial activation participates in
rotenone-induced LC/NE neurodegeneration, providing novel insight into environmental
toxin-induced neurotoxicity and related Parkinsonism.

Keywords: pesticide, noradrenergic neuron, Parkinson’s disease, neuroinflammation, CR3,

locus coeruleus

Introduction

Rotenone is a widely used insecticide in home gardening and agriculture.! Because
of its high lipophilicity and ability to easily cross the blood-brain barrier, the
neurotoxic damages of rotenone exposure to the central nervous system (CNS)
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have gained attention." Chronic exposure to rotenone has
been shown to increase the risk of Parkinson’s disease
(PD) in a variety of epidemiological studies.” In experi-
mental animals, rotenone causes dopaminergic neurode-
generation in the substantia nigra pars compacta (SNpc),
a characteristic pathological change observed in PD.*”
Clinical studies revealed that in addition to nigral dopami-
nergic neurodegeneration, the pathology of PD follows
a caudo-rostral pattern in which loss of neurons in the
locus coeruleus (LC) occurs earlier than that of neurons
in the SNpc.®” Strong evidence suggests that LC noradre-
nergic (LC/NE) neurodegeneration is critical to producing
most nonmotor symptoms and exacerbating the dopami-
in PD
Whereas, whether rotenone exposure could injure LC/NE

nergic neurodegeneration rodent models.®’
neurons needs further study.

Chronic neuroinflammation mediated by microglia has
been involved in the pathogenesis of PD.'*!" Activated micro-
glia have been detected near the degenerating neurons in the
SN and other brain regions such as the LC of PD patients.'?
Consistent with these findings, microglial activation was pre-
sent in the LC in experimental PD models generated by LPS or
combined paraquat and maneb.'>'* Previous studies demon-
strated that depletion of microglia in cocultures of mesence-
phalic neurons and glia significantly mitigated dopaminergic
neurodegeneration induced by various toxins associated with
PD, such as 2,5-hexanedione, 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) and paraquat.'>™"” In addition, inhibi-
tion of microglial activation showed dopaminergic
neuroprotection in vivo. Chen and colleagues found that trans-
forming growth factor (TGF)-f inhibited microglial activation
and thus protected dopaminergic neurons in a PD rat model
generated by injecting 1-methyl-4-phenylpyridinium (MPP")
unilaterally into the striatum.'® Similarly, inhibition of the
proinflammatory microglial phenotype by taurine also attenu-
ated dopaminergic neuronal loss in the PD mouse model
generated by paraquat and maneb,' indicating that chronic
microglial activation participates in dopaminergic neurodegen-
eration. There were activated microglia in the SN of rotenone-

intoxicated experimental rodents as well.”**!

However,
whether rotenone exposure induces microglial activation in
the LC and subsequent NE neuronal degeneration has
remained unclear.

Complement receptor 3 (CR3) belongs to the B2 integrin
family and is expressed at high levels in microglia.”* Strong
evidence shows that CR3 is a crucial regulator of microglial
activation and related neurodegeneration. Das et al found that

intranasal administration of CR3-targeting small interfering

RNA (siRNA) significantly reduced proinflammatory micro-
glial activation and the production of cytotoxic factors, and
these effects were accompanied by mitigation of hypoxia-
induced working memory deficits in mice.” Knockout of
CR3 also suppressed hypoxia, and LPS cotreatment induced
microglial activation and inhibited long-term synaptic depres-
sion in hippocampal brain slice cultures.?* Elevated expression
of CR3 was detected in postmortem PD patients and multiple
experimental animal models.*>® Genetic ablation or pharma-
cological inhibition of CR3 suppresses microglial activation
elicited by a-synuclein, the major component of Lewy bodies
in PD.*” We recently reported that blocking CR3 with an
inhibitory antibody also mitigated microglia-mediated neu-
roinflammation and dopaminergic neurodegeneration in pri-
mary midbrain cultures treated with combined paraquat and
maneb.”® However, it is not clear whether CR3 mediates
rotenone-elicited degeneration of LC/NE neurons through
microglia-mediated neuroinflammation.

The purpose of this research was to investigate whether
microglial activation is associated with LC/NE neurode-
generation in rotenone-intoxicated mice by depleting or
inactivating microglia with PLX3397, an antagonist of
colony-stimulating factor receptor 1 (CSFIR)* or the
antibiotic minocycline, respectively. Furthermore, the
effect of CR3 on rotenone-induced microglial activation
and LC/NE neuronal degeneration was further explored by
using CR3™" mice and the CR3 modulator leukadherin-1
(LA-1). These results indicated that CR3 regulates micro-
glial activation and M1 polarization to mediate degenera-
tion of LC/NE neurons in rotenone-intoxicated mice.

Materials and Methods

Animal Dosing

Two-month-old adult male C57BL/6 mice were randomly
divided into three groups, ie, a control group and two rotenone
groups with different doses (n = 14 in each group). Rotenone
was freshly prepared every day in a solution of 0.1% DMSO
(diluted with PBS) and injected (i.p.) into mice at a dose of 0.75
or 1.5 mg/kg/day for 3 consecutive weeks as described
previously.***? The mortality rate of mice treated with 0.75
or 1.5 mg/kg/day rotenone was 0% and 14.3%, respectively.
Control mice received an equivalent volume of 0.1% DMSO
(diluted with PBS). CR3 ™~ mice were also randomly divided
into control and rotenone groups (n = 10 in each group). CR3 ™
mice in the control and rotenone groups were treated (i.p.) with
vehicle and 1.5 mg/kg/day rotenone, respectively, for 3 con-
secutive weeks. CR3™" mice treated with rotenone did not
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show any mortality during experiments. After 1, 2, and 3
weeks of initial rotenone injection, mice (n = 4 in each time
point) were sacrificed. Mice were anesthetized by intraperito-
neal injection of 10% chloral hydrate. All animal procedures
and their care were implemented in accordance with the
National Institute of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of Dalian Medical
University.

PLX3397, Minocycline and LA-I

Treatment

PLX3397, a selective antagonist of CSFIR, significantly
reduces microglial number in the brain.*” Mice were randomly
divided into three groups, ie, control, rotenone and rotenone
plus PLX3397 group (n = 12 in each group). PLX3397 were
dissolved in 0.1% DMSO (diluted with PBS). To deplete brain
microglia, mice received PLX3397 (40 mg/kg/day, S7818,
Selleck, China) by gavage. After 1 week of PLX3397 admin-
istration, the mice were treated with PLX3397 followed by
rotenone (i.p.) 30 min later until the end of the experiment.
Other than a slight increase in body weight, no deleterious side
effects were detected in the PLX3397-treated mice, which is in
agreement with that of a previous study.>?

Mice were randomly divided into three groups, ie, control,
rotenone and rotenone plus minocycline group (n= 11 in each
group). Minocycline was dissolved in PBS. Mice received (i.
p.) minocycline (Sigma-Aldrich, St. Louis, MO, USA) before
2 days of rotenone treatment. Minocycline was injected daily at
a dose of 50 mg/kg/day for 3 continuous weeks. The dose of
minocycline was selected according to a previous report.**

Mice were randomly divided into four groups, ie, con-
trol, rotenone, rotenone plus LA-1 and LA-1 group (n =12
in each group). LA-1 were dissolved in 0.1% DMSO
(diluted with PBS). Mice received (i.p.) 500 pL of 50
uM LA-1 (S8306, Selleck, China) or vehicle 1 h after
rotenone injection for 3 continuous weeks. The dose of
LA-1 was selected according to a previous study.>

PLX3397, minocycline and LA-1 treatment reduced
1.5 mg/kg/day rotenone-induced mortality of mice and
a similar mortality rate (7.1%) of mice treated with combined
PLX3397, minocycline, LA-1 and rotenone (1.5 mg/kg/day)
was observed.

Immunohistochemistry
Immunohistochemistry was performed based on a previous
protocol.***’ Briefly, mice were perfused transcardially with

PBS and then with 4% paraformaldehyde (PFA). The brains
were then postfixed with 4% PFA at 4 °C for 48 h. The brains
were dehydrated with 30% sucrose in PBS for an additional 2
days. Free-floating sections (30 pm) were collected and incu-
bated with 0.25% Triton/PBS containing 4% goat serum for 2
h. After that, a primary antibody against tyrosine hydroxylase
(TH, 1:1000, EMD Millipore, Temecula, CA, USA) or ionized
calcium-binding adaptor molecule-1 (Iba-1, 1:1000, Wako
Chemicals, Richmond, VA, USA) was used to stain the sec-
tions at 4 °C overnight. On the next day, the sections were
washed three times with PBS and then incubated with biotin-
conjugated goat anti-rabbit IgG antibody at room temperature
for 2 h. Antibody binding was visualized by using a Vectastain
ABC Kit (Vector Laboratories, Inc, CA, USA) and 3,3"-
diaminobenzidine (DAB, Sigma, MO, USA) as substrate.

The number of TH immunoreactive (THir) neurons in the
LC region was visually counted in both hemispheres of mice
under a microscope (200x) as described previously.®® The
boundary of LC was outlined under magnification of the 4x
objective as per the atlas.*® Every three sections from the
rostral of a series of 36 sections that cover the entire extent of
LC were selected for immunostaining.'* The total number of
THir neurons in the LC was counted manually by two indivi-
duals blinded to the treatments. Previous reports demonstrated
that it’s rather consistency for quantification of THir neurons in
mice between manual and stereology counts.'**

ImagelJ software was used to carry out the quantitative
analysis of Iba-1 immunostaining as described previously.’
Briefly, the image was first converted into the grayscale
picture, and the background was adjusted before the quan-
tifying area was selected for the measurement of the total
pixels. The relative density of the staining was compared
based on the density of the total pixels of a certain brain
region (total pixels/area).

Real-Time Polymerase Chain Reaction
Analysis

For real-time polymerase chain reaction (PCR), mice were
perfused transcardially with PBS to remove blood. The brains
were collected and different brain regions were dissected on
ice. All the samples were stored at —80 °C. Total RNA was
extracted from the brainstem samples with TRIzol reagent.
Then, the RNA was reverse transcribed with MuLV reverse
transcriptase and oligo (dT) primers as described previously.*®
Real-time PCR amplification was carried out with SYBR
Premix Ex Taq™ II (Takara Bio Inc., Kusatsu, Shiga, Japan)
and a Takara Thermal Cycler Dice™ Real Time System based
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on the manufacturer’s protocols. The sequences of primers
used are listed in Table 1. Amplification was performed at 95
°C for 10 seconds, 55 °C for 30 seconds, and 72 °C for 30
seconds for 40 cycles. The glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) gene was used as the internal control. All
samples were normalized to GAPDH using the 2744¢'
method.*! Fold changes for each treatment were normalized

and are shown as percentages of the control.

Glutathione and Malondialdehyde

Measurement

Mice were perfused transcardially with PBS to remove
blood. The brainstem samples were collected and were
homogenized in ice-cold lysis buffer containing 20 mM
Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, and
protease inhibitor mixture. After 10 min of centrifugation
at 10,000xg (4 °C), the contents of GSH and MDA in the
collected supernatant were measured with commercial kits
(GSH, S0052; MDA, S0131, Beyotime, Shanghai, China)
according to the protocol provided by the manufacturer
and previous studies.*** The rationale for the measure-
ment of GSH based on that GSH reacts with chromogenic
substrate DTNB to produce yellow products and the
amount of GSH can be detected by measuring absorption
at A412. While, MDA can react with thiobarbituric acid
(TBA) in high temperature and acidic environment to form
red MDA-TBA adduct. The MDA-TBA adduct has the
maximum absorption at 535nm, which can be detected
by colorimetric method.

Western Blot Analysis

For Western blot, mice were perfused transcardially with
PBS to remove blood. The brains were collected and differ-
ent brain regions were dissected on ice. All the samples were
stored at —80 °C. The brainstem samples were homogenized

Table | Real-Time PCR Primer Sequences

in cold RIPA lysis buffer containing proteinase and phospha-
tase inhibitors.?**® Equivalent amounts of protein from each
group were added to a 4-12% Bis-Tris-polyacrylamide elec-
trophoresis gel. Then, the proteins were transferred to poly-
vinylidene fluoride (PVDF) membranes. We blocked the
membranes with 5% skim milk and then incubated them
with primary antibodies against TH (1:1000, ab129991,
Abcam, Cambridge, MA, USA), Iba-1 (1:1000,
019-19,741, Abcam, Cambridge, MA, USA), CR3 (1:1000,
ab128797, Abcam, Cambridge, MA, USA) or GAPDH
(1:5000, ab181602, Abcam, Cambridge, MA, USA) at 4 °C
overnight. The membranes were then washed three times
with PBST and incubated with horseradish peroxidase-
linked anti-rabbit IgG (1:3000) antibody at room temperature
for 2 h. The blot signals were detected by ECL reagents
(Biological Industries, Cromwell, CT, USA). The densito-
metry of blots was quantified based on previous report.*®
GAPDH was used as an internal control for each blotting.
All blots were normalized to GAPDH. Fold changes for each
treatment were normalized and are shown as percentages of
the control.

Statistical Analysis

All data are shown as the mean + SEM. The normally
distributed and equal variance data were analyzed by
Shapiro—Wilk and Bartlett’s tests, respectively. For normally
distributed data, one-way (one parameter) or two-way (two
or more independent parameters) ANOVA was used for
comparisons among groups. Otherwise, the data were ana-
lyzed by a nonparametric test. Pairwise comparisons were
done by Tukey’s post hoc test for variance homogeneity or
Tamhane’s T2 test for variance. The value of p less than 0.05
was considered statistically significant. The software SPSS

was used for statistical analysis.

Gene Forward Primer (5'—3’) Reverse Primer (5'—3')

iNOS CTGCCCCCCTGCTCACTC TGGGAGGGGTCGTAATGTCC
TNFo GACCCTCACACTCAGATCATCTTCT CCTCCACTTGGTGGTTTGCT

IL-15 CTGGTGTGT GACGTTCCCATTA CCGACAGCACGAGGCTTT

Arg-1 GAACACGGCAGTGGCTTTAAC TGCTTAGCTCTGTCTGCTTTGC
Ym-1| AGGAAGCCCTCCTAAGGACAAACA ATGCCCATATGCTGGAAATCCCAC
CD206 AAGGAAGGTTGGCATTTGT CCTTTCAATCCTATGCAAGC
GAPDH TTCAACGGCACAGTCAAGGC GACTCCACGACATACTCAGCACC

Abbreviations: iINOS, inducible nitric oxide synthase; TNFa, tumor necrosis factor o; IL-1B, interleukin-1pB; Arg-1, arginase-1; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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Results

Rotenone Dose-Dependently Damages
LC/NE Neurons in Mice

To investigate whether rotenone injures LC/NE neurons, mice
were administered rotenone at a dose of 0.75 or 1.5 mg/kg/day
for 3 consecutive weeks, and LC/NE neurons were immunos-
tained with an antibody against TH. Our previous study
showed high consistency for NE neuron quantitation by
using TH" and NeuN" cell counts in mice.'* To employ an
easier and more precise method, THir neurons counts were
performed in this study. As shown in Figure 1A and B, com-
pared with vehicle, rotenone dose-dependently damaged LC/
NE neurons in mice, as shown by the gradual decrease in the
number of TH' cell number in the 0.75 and 1.5 mg/kg/day
rotenone-treated mice. Dopaminergic neurodegeneration in the
SNpc is an important pathological hallmark of PD, and nigral
dopaminergic neurons were also quantified in the rotenone-
intoxicated mice. Consistent with previous studies,’*""'

a decreased number of dopaminergic neurons in the SNpc

was noted in the rotenone-injected mice (Supplementary
Figure 1A and B). Gait abnormality is one of the primary
symptoms in PD."” As seen in Supplementary Figure 2A—C,

compared with vehicle, the mice exposed to rotenone per-

formed shorter stride length and wider stride distance of limbs.

Rotenone Time-Dependently Induces
Microglial Activation and LC/NE
Neurodegeneration in Mice

Iba-1 is one of the markers for microglia and can be upregu-
lated upon microglial activation. To determine whether micro-
LC/NE

neurodegeneration, microglia were immunostained by using

glia participate in rotenone-induced
an antibody against Iba-1. As illustrated in Figure 1C, micro-
glia in both 0.75 and 1.5 mg/kg/day rotenone-intoxicated mice
showed morphological hypertrophy and enhanced Iba-1 stain-
ing, indicating microglial activation. We quantitatively ana-
lyzed the density of Iba-1 staining. The quantitative analysis

results supported the morphological observations (Figure 1D).
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Figure | Rotenone dose-dependently induces LC/NE neurodegeneration and microglial activation in mice. (A) Mice were injected with the indicated dose of rotenone for 3
weeks. Immunohistochemistry with an anti-TH antibody was performed to stain NE neurons in the LC of mice, and representative images are presented. (B) Quantification of the
number of THir neurons. (C) Immunohistochemistry with an anti-Iba- | antibody was performed to stain microglial cells in the LC of mice, and representative images are presented.
(D) Quantification of the density of Iba-1 immunostaining. Results were mean * SEM from six mice for each group and were analyzed by one-way ANOVA (THir neurons counts:
Fe,15 = 50.221, P = 0.000; Iba-1 density: F( 5, = 8.158, P = 0.004; post hoc analysis by Tukey’s multiple comparisons test). **P<0.01; Scale bar = 100 pm.
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Figure 2 Rotenone time-dependently induces microglial activation and LC/NE neurodegeneration in mice. (A) Microglial cells and LC/NE neurons from mice at the
indicated time points after rotenone treatment were immunostained with anti-lba-1 and anti-TH antibodies, respectively, and representative images are shown. (B)
Quantification of the density of Iba-1 immunostaining. (C) Quantification of the number of THir neurons. Results were mean * SEM from four mice for each group and were
analyzed by one-way ANOVA (Iba- | density: F(3 15 = 21.464, P = 0.000; THir neurons counts: F ) = 8.849, P = 0.002; post hoc analysis by Tukey’s multiple comparisons
test). (D) The expression levels of Iba-1 and TH in the brainstem of mice were determined by Western blotting with specific antibodies, and representative blots are shown.
(E and F) Quantification of the band densities of Iba-1 (E) and TH (F). Results were mean * SEM from four mice for each group and were analyzed by one-way ANOVA (Iba-
I: F3,12) = 6.744, P = 0.006; TH: F3 2 = 20.506, P = 0.000; post hoc analysis by Tukey’s multiple comparisons test). *P<0.05, **P<0.01; Scale bar = 100 pm.

Consistent with our results, similar microglial activation with
hypertrophy morphology and enhanced Iba-1 staining was
observed in rotenone-induced rodent models of PD in previous
studies.*” ™

The temporal patterns of microglial activation and loss of
LC/NE neurons were subsequently determined. After 1
week of rotenone injection, microglial activation in the LC
was observed and remained until the end of the experiment
(Figure 2A). Quantitative analysis showed that the density of
Iba-1 immunostaining was increased after 1 week of rote-
none treatment and continued to increase up until the study
end-point (Figure 2B). In contrast, the number of LC/NE
neurons decreased gradually during rotenone intoxication
(Figure 2A and C). However, we did not detect significant
difference in LC/NE neuron number between the control and
rotenone group mice until 2 weeks after the initiation of
rotenone treatment (Figure 2A and C). Compared with that
of 2-week time point, a high degree of THir neuron loss was
observed after 3 week of rotenone treatment; however, the
difference was not statistical significant (Figure 2A and C).

To confirm the activation of microglia and loss of LC/NE
neurons in rotenone-injected mice, we determined the

expression levels of Iba-1 and TH, markers of microglia
and LC/NE neurons, respectively, at different time points
after rotenone injection. Consistent with the previous results,
Iba-1 expression in the brainstem of rotenone-intoxicated
mice increased gradually beginning at 1 week after rotenone
injection and remained distinctly higher than that of vehicle-
treated control mice (Figure 2D and E). Compared with
vehicle, rotenone decreased TH expression in the brainstem
of mice at 2 weeks after the initial injection (Figure 2D
and F).

PLX3397 and Minocycline Attenuate

Rotenone-Induced LC/NE Neuronal Loss
To clarify whether the activation of microglia mediates the
LC/NE neuronal loss in rotenone-intoxicated mice, we
employed two methods to block microglia: pharmacologi-
cal depletion of microglia by PLX3397 and inactivation of
microglia by minocycline, a semisynthetic tetracycline
antibiotic. Consistent with a previous report,”” PLX3397
treatment reduced Iba-1" microglia by approximately 90%
in the LC of mice (Figure 3A). The depletion of microglia
by PLX3397 in the group cotreated with rotenone and
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Figure 3 Microglial activation mediates rotenone-induced LC/NE neuronal loss in mice. (A) After 3 weeks of PLX3397 treatment, microglial cells in the LC of mice were
immunostained with an anti-Iba-1 antibody, and the number of Iba-1+ microglia was quantified. (B) After 3 weeks of rotenone treatment with or without minocycline, microglial
cells in the LC of mice were immunostained with an anti-Iba- | antibody, and the density of Iba-| in the brainstem was quantified. Results were mean + SEM from three mice for
each group and were analyzed by one-way ANOVA (lba-1" counts: Fiag = 251.733, P = 0.006; Iba-| density: Fo = 10.57, P = 0.011; post hoc analysis by Tukey’s multiple
comparisons test). (C) Immunohistochemistry with an anti-TH antibody was performed to stain LC/NE neurons of rotenone-intoxicated mice with or without PLX3397 and
minocycline, and representative images are shown. (D) Quantification of the number of THir neurons. Results were mean * SEM from six mice for each group and were
analyzed by one-way ANOVA (F320) = 62.255, P = 0.000; post hoc analysis by Tukey’s multiple comparisons test). *P<0.05, **P<0.01; Scale bar = 100 pm.

PLX3397 was less severe (70% of control) (Figure 3A).

1 . . .
50,5 mlcroglla In mice

Consistent with previous reports,
cotreated with minocycline and rotenone displayed rami-
fied morphology and decreased Iba-1 immunostaining den-
sity compared with those of the mice treated with rotenone
alone (Figure 3B), indicating reduced microglial activa-
tion. The LC/NE neuronal loss was also detected in rote-
none-intoxicated mice with or without PLX3397 or
minocycline. In accordance with the results shown in
Figures 1 and 2, the LC/NE neurons were lessened in
number in the rotenone-intoxicated mice, and this reduc-
tion was significantly mitigated by PLX3397 and minocy-

cline (Figure 3C and D).

CR3 Contributes to Rotenone-Induced

Microglial Activation

Subsequent experiments aimed to explore the potential
mechanisms of rotenone-induced microglial activation.
Integrin CR3 is expressed at high levels in microglia and is
involved in the pathogenesis of multiple degenerative neuro-
logical disorders."" To determine whether CR3 is essential for
the rotenone-induced microglial activation, we detected the
expression level of CR3 in rotenone-injected mice. Compared
with vehicle-treated controls, Western blot analysis revealed
increased CR3 expression in the brainstem of rotenone-
treated mice (Figure 4A and B). Rotenone exposure also
increased the mRNA levels of CR3 in mice (Figure 4C).
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Figure 4 CR3 contributes to microglial activation in rotenone-intoxicated mice. (A) The expression of CR3 in the brainstem was determined by Western blotting, and
representative blots are shown. (B) Quantification of the band densities of the CR3 blots. Results were mean + SEM from four mice for each group and were analyzed by
ttest (t = —9.098, V = 6, P = 0.000). (C) Real-time PCR was performed to detect the gene expression level of CR3 in the brainstem of mice. Results were mean + SEM from
six mice for each group and were analyzed by Wilcoxon (W =22, Z = —-2.722, P = 0.006). (D) Immunohistochemistry with an anti-lba-| antibody was performed to stain
microglial cells in the LC of rotenone-intoxicated WT and CR3™" mice, and representative images are shown. (E) Quantification of the density of Iba-| immunostaining.
Results were mean + SEM from six mice for each group and were analyzed by two-way ANOVA (F350) = |1.544, P = 0.000, post hoc analysis by Tukey’s multiple

comparisons test). **P<0.01; Scale bar = 100 um.

The role of CR3 in rotenone-elicited activation of micro-
glia was further studied by using CR3-deficient mice. Three
weeks after the initial rotenone injection, microglia in the
LC of wild type (WT) mice remained activated (Figure 4D
and E). In contrast, microglia in rotenone-intoxicated CR3 ™"~
mice showed ramified morphologies and reduced Iba-1
immunostaining, suggesting that CR3 is essential for rote-
none-induced microglial activation (Figure 4D and E).

Activated microglia have two polarization states, namely
neurotoxic (M1) and neuroprotective (M2) phenotypes. The
effects of CR3 deficiency on rotenone-elicited microglial
polarization were investigated. As shown in Figure 5A, rote-
none treatment elevated the mRNA levels of M1 markers,
including iNOS, TNFa and IL-1pB, in WT mice. The upregu-
lation of M1 marker genes was greatly mitigated in the CR3 ™"
mice (Figure SA). Compared with vehicle, rotenone exposure
decreased the mRNA levels of a number of M2 genes Arg-1
(Figure 5B). Although a decreased trend of CD206 and YM-1
genes in rotenone-treated WT mice was also observed, the

difference was not statistical significant. Consistent with the
previous results, the rotenone-induced decrease in M2 genes
was attenuated in the CR3 ™~ mice (Figure 5B).

LA-I, a Small Molecule Targeting CR3,
Attenuates Rotenone-Induced

Proinflammatory Microglial Activation

Our data above suggested that modulating CR3 could
attenuate rotenone-induced proinflammatory microglial
activation in mice. The small molecule leukadherins can
enhance cell adhesion by binding to CR3.>? As we
observed for the CR3-deficient mice, the mice treated
with LA-1 were more resistant to rotenone-elicited micro-
glial activation. As illustrated in Figure 6A, microglia with
morphological hypertrophy as well as enhanced Iba-1
staining were present in the rotenone-injected mice but
not in the LA-1 and rotenone-cotreated mice. Analysis of
Iba-1 density also confirmed that LA-1 mitigated rote-
(Figure 6B).

none-induced  microglial  activation
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Figure 5 Genetic deletion of CR3 reverses the rotenone-induced imbalance of microglial M1/M2 polarization in mice. (A) Real-time PCR was performed to detect the
mRNA levels of iNOS, TNFo and IL-1p in the brainstem of WT and CR3 ™ mice. Results were mean + SEM from six mice for each group and were analyzed by two-way
ANOVA (iNOS: F3 50y = 20.362, P = 0.000; TNFa: F320) = 25.809, P=0.000; IL-If: F(3 50, = 20.25, P = 0.000; post hoc analysis by Tamhane’s T2 multiple comparisons test).
(B) The mRNA levels of Arg-1, CD206 and YM- in the brainstem of WT and CR3 ™ mice were determined by real-time PCR. Results were mean + SEM from six mice for
each group. Data of Arg-1 were analyzed by Kruskal Wallis H-test (H() = 12.767, P = 0.005) and results of CD206 and YM-I were analyzed by two-way ANOVA (CD206:

Faao) = 2235, P = 0.116, YM-1: F320) = 1.768, P = 0.186). *P<0.05, **P<0.0I.

Consistent with these results, in contrast to treatment with
rotenone alone, cotreatment with LA-1 and rotenone sup-
pressed microglial M1 activation, as shown by reduced
gene expression levels of iNOS, TNFa and IL-1f in the
brainstem of mice (Figure 6C). The rotenone-induced
reduction in microglial M2 genes including Arg-1 and
YM-1 was also reversed by LA-1 (Figure 6D). The
above findings suggested that CR3 disrupts the microglial

M1/M2 balance in rotenone-treated mice.

CR3 Deficiency and LA-I Attenuate
Rotenone-Induced Lipid Peroxidation in
the Brainstem of Mice

Activated microglia, especially M1-polarized microglia,
leads to oxidative stress by producing proinflammatory
cytokines, chemokines and superoxide as well as other
free radicals. The effects of CR3 knockout and LA-1
treatment on MDA content and the level of the antioxidant

GSH, a product and a mediator of oxidative damage,
respectively, were determined. Rotenone exposure resulted
in increased MDA content and decreased GSH levels in
WT mice (Figure 7A). In contrast, rotenone-elicited oxi-
dative stress was significantly dampened in the CR3 ™"
mice, as shown by decreased MDA content and elevated
GSH levels compared with those in the WT mice
(Figure 7A). Consistent with our results, the rotenone-
induced increase in MDA content and reduction in GSH
levels in the brainstem of mice were also reversed by LA-1
(Figure 7B), suggesting that modulating CR3 mitigates
rotenone-induced oxidative damage.

CR3 Deficiency and LA-1 Ameliorate
Rotenone-Induced LC/NE Neuronal Loss

To explore whether CR3 mediates the rotenone-induced
loss of LC/NE neurons, we counted the LC/NE neurons in
rotenone-injected WT and CR3 ™" mice. As shown in
Figure 8A and B, rotenone induced a marked reduction
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Figure 6 LA-| abrogates rotenone-induced activation and M| polarization of microglia in mice. (A) Immunohistochemistry with an anti-lba-1 antibody was performed to
stain microglial cells in the LC of rotenone-intoxicated mice with or without LA-| treatment, and representative images are shown. (B) Quantification of the density of Iba-|
immunostaining. Results were mean + SEM from five mice for each group and were analyzed by one-way ANOVA (F3 1¢) = 10.109, P = 0.001). (C) The mRNA levels of
iNOS, TNFa and IL- 18 in the brainstem of rotenone-treated mice with or without LA-| treatment were determined by real-time PCR. Results were mean + SEM from five
mice for each group and were analyzed by one-way ANOVA (iNOS: F3 1¢) = 5.661, P = 0.008; TNFo: F3 ) = 7.439, P = 0.002; IL-1: F3,6) = 3.589, P = 0.037; post hoc
analysis by Tukey’s multiple comparisons test). (D) The mRNA levels of Arg-1, CD206 and YM-I in the brainstem of rotenone-treated mice with or without LA-| treatment
were determined by real-time PCR. Results were mean + SEM from five mice for each group and were analyzed by one-way ANOVA (Arg-1: F3 ) = 12.575, P = 0.000, post
hoc analysis by Tukey’s multiple comparisons test; CD206: F3 ) = 6.956, P=0.003, post hoc analysis by Tamhane’s T2 multiple comparisons test; YM-1: F3 ¢y = 10.109,
P=0.001, post hoc analysis by Tukey’s multiple comparisons test). ¥*P<0.05, **P<0.01; Scale bar = 100 pum.

in THir neurons in the LC of WT mice that was signifi- LC/NE neurodegeneration. Five salient features were
cantly attenuated in CR3™" mice. Similarly, compared with ~ found in this study: 1) Rotenone dose- and time-
that of rotenone-treated mice, we observed an increased dependently induced LC/NE neuronal loss in mice; 2)
number of THir neurons in the LC of LA-1 and rotenone-  Rotenone-induced activation of microglia occurred
cotreated mice, indicating that LA-1 treatment attenuated pefore LC/NE neurodegeneration; 3) Microglial deple-

rotenone-induced LC/NE neurodegeneration (Figure 8C  tjon or inactivation attenuated rotenone-induced LC/NE
and D). These results indicated that CR3 contributes to  peyronal loss in mice; 4) CR3 was critical for rote-

rotenone-induced toxicity in LC/NE neurons. none-induced microglial activation, M1 polarization
and oxidative stress; and 5) Genetic ablation of CR3
Discussion or treatment with the CR3-modulating molecule LA-1

In this study, we revealed an essential effect of CR3- ameliorated LC/NE neurodegeneration in response to
dependent activation of microglia in rotenone-induced rotenone.
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Figure 7 Genetic deletion of CR3 or LA-| treatment mitigates oxidative stress in rotenone-intoxicated mice. (A) The MDA and GSH contents were determined in the
brainstem of WTand CR3™" mice after rotenone treatment by using commerecial kits. Results were mean + SEM from three mice for each group and were analyzed by two-
way ANOVA (MDA: F3 5 = 34.604, P = 0.000; GSH: F36) = 37.129, P = 0.000; post hoc analysis by Tukey’s multiple comparisons test). (B) The MDA and GSH contents
were determined in the brainstem of rotenone-treated mice with or without LA-1 treatment by using commercial kits. Results were mean + SEM from four mice for each
group and were analyzed by one-way ANOVA (MDA: F3 15 = 12.753, P = 0.000; GSH: F(3,12, = 10.373, P = 0.001; post hoc analysis by Tukey’s multiple comparisons test).

*P<0.05, **P<0.01.

Microglial activation has long been recognized in
a variety of neurological disorders. However, whether acti-
vated microglia are neurotoxic or neuroprotective remains
controversial since findings so far have yielded mixed results.
Minocycline, a semisynthetic tetracycline antibiotic, and
PLX3397, a CSFIR antagonist, have been extensively
applied to explore that how microglial activation contributes
to neurodegenerative disease since minocycline and
PLX3397 can efficiently block microglial activation and
deplete brain microglia, respectively.’>>* Sriram et al
reported that minocycline efficiently attenuates microglial
activation in single MPTP- or methamphetamine-injected
mice.” However, minocycline fails to block dopaminergic

1.55

neurotoxicity in the same mode In contrast, in

a subchronic dopaminergic neurodegenerative rodent

model, minocycline-inhibited microglial activation was
accompanied by reduced dopaminergic neuron loss.>
Similarly, microglial depletion by PLX3397 failed to protect
dopaminergic neurons against acute MPTP lesions but sig-
nificantly alleviated amyloid accumulation, plaque deposi-
tion and pre-fibrillar oligomers formation in a chronic
5XFAD Alzheimer’s disease (AD) mouse model.’””* In
a multiple sclerosis animal model, microglial depletion also
ameliorated demyelination, axonal pathology and neurode-
generation in the retinotectal system.** These results suggest
that blocking chronic and sustained microglial activation is
neuroprotective. In this study, rotenone treatment resulted in
sustained activation of microglia in the LC. Furthermore,
inactivation of microglia by minocycline and microglial
depletion by PLX3397 significantly ameliorated LC/NE
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Figure 8 CR3 deficiency or LA-1 treatment alleviates rotenone-induced degeneration of LC/NE neurons in mice. (A) Immunohistochemistry with an anti-TH antibody was
performed to stain LC/NE neurons of rotenone-intoxicated WT and CR3™ mice, and representative images are shown. (B) Quantification of the number of THir neurons.
Results were mean + SEM from five to six mice for each group and were analyzed by two-way ANOVA (F3,9) = 6.923, P = 0.002, post hoc analysis by Tukey’s multiple
comparisons test). (C) Immunohistochemistry with an anti-TH antibody was performed to stain LC/NE neurons of rotenone-intoxicated mice with or without LA-I
treatment, and representative images are shown. (D) Quantification of the number of THir neurons. Results were mean * SEM from five mice for each group and were
analyzed by one-way ANOVA (F3 i) = 27.527, P = 0.000, post hoc analysis by Tukey’s multiple comparisons test). **P<0.01; Scale bar = 100 um.

neurodegeneration in rotenone-injected mice. Consistent
with our findings, Gao et al found that rotenone was capable
of directly stimulating microglial activation in vitro.”
Consistent with this result, activation of microglial occurred
in the nigral regions of rotenone-treated mice.> Moreover,
Sun et al reported that minocycline attenuated rotenone-
induced dopaminergic neurodegeneration in rats.’' We
recently also found that the pesticides paraquat and maneb
intoxication led to activation of microglia and LC/NE neu-
ronal loss in mice,"® further supporting that microglial acti-
vation participates in LC/NE neurotoxicity. Two-month-old
mice treated with PLX3397 for 21 days or 2 months showed
no deficits in cognition, motor function, or behavior.?’
A previous study showed that PLX3397 (40 mg/kg) and
minocycline (50 mg/kg) had no effect on behavior, expres-
sion of pro-inflammatory cytokine or brain-derived neuro-
trophic factor levels in mesolimbic dopaminergic regions in
WT mice.’” Du et al reported that eight-week-old mice

administered minocycline (60, 90, or 120 mg/kg/day) did
not show the loss of TH-positive neurons and striatal
dopamine.®’ We thought that PLX3397 and minocycline
had no significant neuronal injury, so we did not set up
PLX3397 and minocycline per se groups.

It is important to investigate the underlying mechanism of
how rotenone-induced proinflammatory microglial activation
drives progressive LC/NE neuronal loss. Here, we showed
strong experimental evidence indicating that integrin CR3 is
a critical mediator of the activation of microglia and the sub-
sequent degeneration of LC/NE neurons induced by rotenone.
First, rotenone elevated the expression and mRNA level of
CR3 in the LC of mice. Second, CR3 deficiency and the CR3
modulator LA-1 mitigated rotenone-induced microglial activa-
tion. Third, mice deficient in CR3 or treated with LA-1 were
more resistant to rotenone-induced LC/NE neurodegeneration
than WT or vehicle-treated control mice, respectively.
Consistent with our findings, Sherer®® and Shaikh® reported
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increased CR3 immunoreactivity in rats and CHME-5 human
microglial cells treated with rotenone. CR3 ™~ mice has been
found to display greater resistance against B-amyloid (Ap)-
elicited synapse loss and neuronal damage than WT control
mice in Hong et al’s report.** Similarly, CR3 also mediates
combined hypoxia and LPS-triggered neuroinflammation and
long-term synaptic depression,>* an important form of synaptic
plasticity related to cognition.®> These findings provide com-
pelling evidence to indicate that CR3-mediated microglial
activation could drive neurodegenerative processes in response
to rotenone exposure.

Strong evidence suggests that microglial M1 polarization
and the related production of cytotoxic factors are critical
mediators of neuronal damage induced by microglia-
mediated neuroinflammation.®® Yan et al reported that inhibi-
tion of microglial M1 activation by idebenone mitigated the
production of proinflammatory factors in the SN of MPTP-
treated mice and that this effect was associated with neuropro-
tection of dopaminergic neurons.®” Blocking microglial M1
polarization and the related production of reactive oxygen
species (ROS) by taurine also attenuated neuronal damage in
a paraquat- and maneb-generated PD mouse model.'®
Additionally, suppression of microglial M1 polarization abro-
gated environmental toxin-induced neurotoxicity. In
a 1-bromopropane-induced neurotoxic rat model, allyl sulfide
counteracted 1-bromopropane-induced neuronal apoptosis by
dampening microglial activation and oxidative stress.®” Here,
we found that genetic ablation of CR3 or LA-1 treatment
mitigated the rotenone-elicited microglial activation and gen-
eration of proinflammatory cytokines in mice. Furthermore,
decreased MDA contents and elevated GSH levels were also
observed in rotenone-intoxicated mice with LA-1 treatment or
CR3 deficiency compared with vehicle-treated or WT mice,
respectively. These results suggest that proinflammatory fac-
tors, ROS and related oxidative damage contribute to LC/NE
neurodegeneration mediated by microglia via CR3 in response
to rotenone.

However, at present, the mechanisms by which CR3 reg-
ulates rotenone-induced microglial activation and M1 polari-
zation remain unclear. Although this point has not yet been
explored, we could make a speculation. Src kinase is known to
be the downstream signal of CR3 that regulates the inflamma-
tory response.”® Activated Src kinase was found in rotenone-
treated microglial cells.”® Furthermore, inhibition of Src kinase
by SKI606 also efficiently prevented rotenone-induced accu-
mulation of a-synuclein, and this effect was associated with
attenuated neurotoxicity.”® These findings indicated that Src
kinase might be an underlying mechanism responsible for the

contribution of CR3 to activation and M1 polarization of
microglia in response to rotenone. In addition, NADPH oxi-
dase (NOX2), a superoxide-generating enzyme in microglia,”"
might be the other downstream signal of CR3 to regulate
inflammation induced by rotenone. Rotenone can stimulate
NOX2 activation to produce superoxide, resulting in oxidative
stress.”*”* Strong evidence indicates that CR3 can also regu-
late NOX2 activity. Gao et al reported that in microglial
cultures, high-mobility group box 1 (HMGB1) binds to CR3,
leading to an increase in NOX2 activity and subsequent micro-
glial activation.” Similar results were also reported in micro-
glia treated with LPS, a ligand of CR3. Once activated, NOX2
produces extracellular and intracellular ROS that participated
in the initiation and maintenance of chronic neuroinflamma-
tory responses mediated by microglia. Our results showed that
genetic deletion of CR3 or treatment with the CR3 modulator
LA-1 inhibited rotenone-induced oxidative stress, supporting
the contribution of NOX2 in mediating CR3-regulated micro-
glial activation in response to rotenone.

Conclusion

In conclusion, our study revealed that microglia-mediated
neuroinflammation played an important role in driving LC/
NE neuronal damage in a rotenone-elicited PD mouse model.
Further, integrin CR3 was identified as a principal factor in
microglial activation as well as the subsequent loss of LC/NE
neurons. Our results provide a new mechanistic view of the
pathogenesis of LC/NE neurodegeneration elicited by envir-
onmental toxins and may result in the development of new
tactics for combating this disease.
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