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ARTICLE INFO ABSTRACT

The activation of NADPH oxidase contributes to dopaminergic neurodegeneration and motor deficits in
Parkinson's disease (PD). However, whether NADPH oxidase is involved in non-motor symptoms, especially
cognitive dysfunction in PD remains unknown. This study is undertaken to characterize the effects of inhibition
of NADPH oxidase by a widely used NADPH oxidase inhibitor apocynin on learning and memory deficits in
paraquat and maneb-induced mouse PD model. Results showed that mice injected with paraquat and maneb
displayed impairments of spatial learning and memory, which was associated with reduced tyrosine hydroxylase
expression as well as increased neurodegeneration, synaptic loss, a-synuclein expression and Serl29-phos-
phorylation in the hippocampus. Interestingly, apocynin treatment significantly ameliorated learning and
memory deficits as well as hippocampal neurodegeneration and a-synuclein pathology in mice treated with
these two pesticides. Mechanistically, we found that apocynin mitigated paraquat and maneb-induced NADPH
oxidase activation and related oxidative stress. Furthermore, reduced microglial activation and M1 polarization
were observed in apocynin and paraquat and maneb co-treated mice compared with paraquat and maneb alone
group. Finally, apocynin inhibited the activation of signal transducers and activators of transcription 1 (STAT1)
and nuclear factor kappa B (NF-kB) pathways, two key regulatory factors for microglial M1 inflammatory re-
sponses, in paraquat and maneb-treated mice. Altogether, our findings implied that NADPH oxidase mediates
learning and memory deficits in PD, and inhibition of NADPH oxidase by apocynin blocks impairments of
learning and memory via the suppression of oxidative stress and neuroinflammation.
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patients but also contributes to distress amongst the care givers and
problems in treatment [4,5]. However, at present, motor dysfunction is

1. Introduction

Parkinson's disease (PD) is traditionally considered as a movement
disorder, which is attributed to the degeneration of dopaminergic (DA)
neurons in the substantia nigra pars compacta (SNpc) and resulted
dopamine deletion in the striatum [1]. Aside from classical motor
deficits, PD patients also experience various nonmotor symptoms, in-
cluding cognitive deficits [2]. Strong evidence revealed that mild cog-
nitive impairments are extremely common in the early stage of PD, and
dementia is a major disability particularly later in the course of disease
[3]. Cognitive disturbance not only reduces the life quality of PD

still the focus in clinic and cognitive deficits are often neglected and left
untreated. Thus, exploring the mechanisms and novel therapeutic
strategies behind the cognitive disturbance is urgently needed.
Microglia-mediated neuroinflammation is gradually recognized to
be involved in the pathogenesis of PD, whereby cytotoxic factors re-
leased from activated microglia have been shown to damage DA neu-
rons in the SNpc and therefore resulting in motor deficits [6]. Inter-
estingly, more and more evidence revealed that neuroinflammation also
contributes to non-motor symptoms [7]. PET study and post-mortem
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analysis in patients with PD showed microglial activation in the hip-
pocampus [8,9]. Furthermore, the levels of inflammatory cytokines in
serum [10], plasma [11] and cerebrospinal fluid [12] of PD patients
have been found to correlate with multiple non-motor symptoms, in-
cluding cognitive difficulties. Moreover, directly stimulating neuroin-
flammation by inflammogen lipopolysaccharide (LPS) induces spatial
learning and memory impairments in experimental animals [13,14].

NADPH oxidase, a superoxide-producing enzyme, is highly ex-
pressed in microglia [15,16]. The activation of NADPH oxidase pro-
duces both extracellular and intracellular reactive oxygen species,
which play important roles in mediating chronic neuroinflammatory
responses and related neuronal damage [17-19]. Previous study
showed that the expression and activation of NADPH oxidase are
greatly up-regulated in the brain of PD patients [20]. Moreover, phar-
macological inhibition or genetic deletion of NADPH oxidase mitigated
microglial activation and degeneration of DA neurons in multiple PD
models [19]. However, whether NADPH oxidase is involved in non-
motor symptoms, especially cognitive dysfunction remains to be in-
vestigated.

This study is therefore undertaken to characterize the effects of
inhibition of NADPH oxidase on learning and memory deficits in a
mouse PD model induced by paraquat and maneb (referred to subse-
quently as P + M). Apocynin, a plant-derived antioxidant originally
isolated from the medicinal plant Picrorhiza kurroa, has been widely
used as an NADPH oxidase inhibitor in experimental PD models
[21,22]. Apocynin is well-known to acquire its selective inhibitory ca-
pacity on NADPH oxidase activation via metabolic activation by mye-
loperoxidase (MPO) [23]. We recently reported that apocynin can also
reduce membrane translocation of NADPH oxidase cytosolic subunits,
leading to inactivation of NADPH oxidase [24]. The present study
showed that paraquat and maneb injection resulted in impairments of
spatial learning and memory in mice, which were significantly miti-
gated by apocynin. Inhibition of oxidative stress and neuroinflamma-
tion via signal transducers and activators of transcription 1 (STAT1)
and nuclear factor kappa B (NF-kB) pathways contributed to apocynin-
afforded protection.

2. Materials and methods
2.1. Animal dosing

Three-month old male C57BL/6 J mice were randomly divided into
2 groups, i.e. control and P + M group (n = 45 in each group). Mice in
P + M group were administrated (i.p., 5 ul/g body weight) with com-
bined paraquat (10 mg/kg) and maneb (30 mg/kg) for consecutive 6
weeks (twice per week) according to our previous report [24]. Mice in
control group received an equal volume of 0.9% saline. After 2, 4 and 6
weeks of initial P + M treatment, the morris water maze (MWM) test
was performed in these mice (n = 8-15 in each group for each time
point). After MWM test, mice were euthanized and brains were col-
lected. Housing and breeding of animals were performed strictly with
Dalian Medical University's Guide for the Care and Use of Laboratory
Animals. All animal procedures and their care were carried out in ac-
cordance 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.

2.2. Apocynin treatment

Apocynin was administrated to mice 2 days before P + M or saline
treatment for consecutive 6 weeks. The concentration of apocynin in
drinking water was 1 mg/ml. The conversion to mg/kg was estimated
based on the average daily water intake of approximately 4 ml/mouse
[25], giving rise to dosing of approximately 150 mg/kg/d. Apocynin at
this concentration has been found no significant effect on water con-
sumption of mice [26]. Water was changed every 5 days, a time point
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that no detectable decay of apocynin was detected [26].
2.3. MWM test

Mice were tested for their spatial learning and memory abilities
using the MWM test. The device is geographically divided into four
quadrants (N, S, E, and W) with equal size. The test included the na-
vigation test and the spatial probe test [27]. Briefly, in spatial naviga-
tion test, a circular escape platform hidden approximately 1 cm below
the water surface, was placed in the middle of one quadrant and re-
mained unmoved during the spatial navigation test. The spatial navi-
gation test consisted of four trials per day for each mouse and lasted for
four training days. Mice were released into water with their heads
pointing towards the pool wall randomly at the four starting positions
of N, E, S and W. They were required to escape from the water and
arrive onto the platform hidden beneath the water surface. The swim
paths of mice were recorded through the camera and analyzed on the
computer by the tracking software. Different parameters describing the
spatial learning function could be calculated, such as escape latency
(time to locate the hidden platform), distance travelled (path length to
reach the platform) and swimming speed. In one trial, mice were al-
lowed to swim until they found the platform or for 90s at the most.
Mice that did not find the platform were gently guided onto it and their
latencies were recorded as 90 s. All mice were given a break of 5 mins
on the platform between trials.

On the fifth day, mice were given a spatial probe test, in which the
platform was taken away, and each mouse was allowed to navigate
freely in the pool for 60s. The percentage of time spent in target
quadrant and the latency for first time crossing the location where the
platform was previously located were recorded. The swimming time
and movement paths of mice were recorded and analyzed using a smart
video tracing system (NoldusEtho Vision system, version 5, Everett,
WA, USA).

2.4. Immunohistochemistry

Brains samples were fixed in 4% paraformaldehyde and processed
for immune-staining as described previously [19,28]. We used the fol-
lowing primary antibodies for immunohistochemistry: antibodies
against Neu-N, PSD-95 (EMD Millipore, Temecula, CA, USA), ionized
calcium binding adaptor molecule-1 (Iba-1, Wako Chemicals, Rich-
mond, VA, USA) and CD11b (Dako, Santa Clara, CA, USA). Immuno-
staining was visualized by using 3,3’-diaminobenzidine (DAB) ac-
cording to manufacturer's instruction. The densities of PSD-95, Iba-1
and CD11b immunostaining were measured using ImageJ software
(National Institutes of Health) [29]. Quantification was performed from
four adjacent brain sections, spaced 120 um apart, and was subse-
quently averaged for each animal.

2.5. Automated counting assessment of neurodegeneration

Free-floating 35 pm coronal sections containing the hippocampus
and cortex were cut on a horizontal sliding microtome. Neu-N" neu-
rons in the hippocampus were enumerated by automated counting in
ImageJ using mono-colored immunographs [30]. Briefly, im-
munographs images were converted to gray scale and threshold ad-
justed to optimize to distinguish individual neurons. The binary wa-
tershed filter was used to separate clustered groups of neurons (by
adjusting target particles size in attempts to reduce false-positive
“noise” particles) and the total cell numbers were analyzed. Threshold
and size parameters were consistently maintained among the images of
all subjects.

2.6. Superoxide detection

The production of superoxide was determined by measuring the
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Table 1
Quantitative RT-PCR primer sequences.
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Gene Forward primer Reverse primer

iNOS CTGCCCCCCTGCTCACTC TGGGAGGGGTCGTAATGTCC
TNFa GACCCTCACACTCAGATCATCTTCT CCTCCACTTGGTGGTTTGCT

IL-18 CTGGTGTGTGACGTTCCCATTA CCGACAGCACGAGGCTTT

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

superoxide dismutase (SOD)-inhibitable reduction of WST-1 as de-
scribed previously [31,32]. Briefly, membrane fractions were prepared
from the hippocampus of P + M-injected mice with or without apoc-
ynin pre-treatment. Equal amount of membrane fractions among groups
was added to a 96-well plate with and without SOD (50 U/ml). Then,
50 ul WST-1 (1 mM) in HBSS buffer was added to each well and 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.

2.7. In situ visualization of superoxide and superoxide-derived oxidant
production

In situ visualization of oxidative stress was assessed by dihy-
droethidium (DHE) according to a previous report [19]. Briefly, mice in
each group (n = 3) were administered single injections (i.p.) of DHE
(20 mg/kg). Eighteen hours later, mice were perfused transcardially
with PBS, and coronal hippocampal sections were examined for the
DHE oxidation using fluorescence microscopy (excitation 534 nm;
emission 580 nm).

2.8. BV2 microglial cells

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

2.9. Membrane extraction

The membrane fractions of microglia and midbrain tissue were
prepared using the membrane protein extraction kit (Beyotime,
Jiangsu, China) as described previously [15]. Briefly, microglia and
hippocampal tissues 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 x g for 10 mins; the supernatant
was collected and centrifuged at 14,000 x g for 30 mins. The pellets
were suspended using extraction buffer B and incubated for 20 mins.
After centrifugation at 14,000 X g for 5 mins, the supernatant was used
as membranous fraction.

2.10. Western blot analysis

Equal amounts of protein were separated by 4-12% Bis-Tris-poly-
acrylamide electrophoresis gel and transferred to polyvinylidene di-
fluoride membranes. The membranes were incubated with primary
antibody Neu-N, PSD-95, tyrosine hydroxylase (TH, EMD Millipore,
Temecula, CA, USA), o-synuclein, signal transducers (Abcam,
Cambridge, MA,USA) and activators of transcription 1 (STAT1), p-p65,
p65, p-IkBa and IkBa (Cell Signaling Technology, Danvers, MA, USA)
overnight at 4°C and followed by horseradish peroxidase-linked anti-
rabbit IgG (1:3000) for 2 h at 25 °C. ECL reagents (Biological Industries,

Cromwell, CT, USA) were used as a detection system.
2.11. Malondialdehyde assay

The hippocampal tissues dissected from P + M-intoxicated mice
with or without apocynin pre-treatment were homogenized and cen-
trifuged at 10,000 X g for 10 min at 4 °C. The levels of malondialdehyde
(MDA) in the collected supernatant were determined spectro-
photometrically with commercial kit (Beyotime, Shanghai, China) ac-
cording to the manufacturer's instruction.

2.12. Lipid hydroperoxide assay

The contents of lipid hydroperoxide (LPO) were measured in hip-
pocampus prepared from P + M-treated mice with or without apocynin
pre-treatment using commercial LPO assay kit (Abcam, Cambridge, MA,
USA).

2.13. Mitochondrial complex I assay

The activities of complex I were measured in P + M-treated mice
with or without apocynin pre-treatment using commercial Complex I
enzyme activity assay kits (Abcam, Cambridge, MA, USA).

2.14. Real-time PCR analysis

Total RNA was extracted by using RNAiso Plus and reverse tran-
scribed with an oligodT primer according to our previous report
[24,33]. Real-time PCR amplification was performed using SYBR
Premix Ex Taq™ II (Takara Bio Inc. Kusatsu, Shiga, Japan) and Takara
Thermal Cycler Dice™ Real Time System according to manufacturer's
protocols. The primers were listed in Table 1. The PCR conditions were
95°C for 10s, 55°C for 30s, and 72 °C for 30s for 40 cycles. Relative
mRNA gene levels were normalized to the GAPDH mRNA level and
relative expressions were determined by the comparative Ct method.

2.15. Statistical analysis

All values were expressed as mean *= SEM. Differences among
means were analyzed using one-way or two-way ANOVA with treat-
ment/time as the independent factors. When ANOVA showed sig-
nificant differences, pair-wise comparisons between means were tested
by Tukey's post hoc testing. In all analyses, the null hypothesis was
rejected at the 0.05 level.

3. Results
3.1. P + M impair the spatial learning and memory abilities of mice

To investigate whether P + M-generated mouse PD model display
cognitive dysfunction, the spatial learning and memory abilities of mice
were detected after 2, 4 and 6 weeks of P + M treatment by using MWM
test (Fig. 1A). As seen in Fig. 1B, control mice exhibited normal spatial
learning function as indicated by their decreased escape latency
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Fig. 1. P + M progressively impair the spatial learning and memory capacity in mice. (A) Schematic presentation of the experimental paradigm. Mice were treated
with P + M. After 2, 4, and 6 weeks of initial treatment, the MWM tests were performed to analyze the learning and memory ability of mice. (B) Escape latency,
travelled distance (C) and swimming speed (D) to reach the platform were recorded in the navigation test. (E) The latency for first platform crossing and (F)
percentage of time spent in the target quadrant in the probe test were recorded in the probe test. *p < 0.05, **p < 0.01.

associated with training. There was no statistically significant differ-
ence in escape latencies between P + M-treated mice and vehicle con-
trols after 2 and 4 weeks of P + M injection. However, after 6 weeks of
P + M exposure, mice spent more time than vehicle controls to locate
the platform during the 4 days of acquisition trials. Consistently, P + M
also increased the swimming distance of mice to locate the platform
after 6 weeks exposure (Fig. 1C), indicating impairment of spatial
learning ability. To ensure that the differences in MWM performance by
P + M-treated mice were not confounded by locomotor deficit, we
compared average swim speed among groups and saw no significant
difference (Fig. 1D).

We next compared the performance of P + M-treated mice and
vehicle controls in probe trials. At the 5th day of the probe trial, the
platform was removed from the maze, and mice were allowed to swim
freely for 90 s. The latency of first platform crossing and the percentage
of time in the target quadrant were recorded to assess the retention of
spatial memory. As shown in Fig. 1E, compared with control group,
P + M exposure significantly increased the latency for first platform
crossing in mice after 6 weeks of treatment. In agreement, mice treated
with P + M for 6 weeks spent less time than vehicle controls in the
target quadrant where the hidden platform was previously located
(Fig. 1F), indicating impaired memory ability.

3.2. P + M exposure induces neurodegeneration in the hippocampus and
cortex

Previous studies indicated that neuronal damage and a-sunculein
accumulation in the hippocampus and cortex are critical for dementia
in PD patients [34-36]. We therefore investigated the effects of P + M
on hippocampal and cortical neurons in mice. In agreement with im-
pairments of learning and memory abilities, P + M exposure induced
neurodegeneration in both hippocampus and cortex of mice. Neu-N is a

specific neuronal nuclear antigen [37] and NeuN immunoreactivity has
been widely used to identify neuron in brain sections [38]. Im-
munohistochemical staining with anti-Neu-N antibody revealed that
compared with vehicle controls, the number of Neu-N* cells in the
hippocampal (dentate granular layer) and cortical regions of P + M-
treated mice was significantly reduced after 6 weeks of P + M injection,
although such neurodegeneration was not detected after 2 and 4 weeks
of exposure (Fig. 2A, B and Supplementary Fig. S1). Western blot
analysis further confirmed neuronal loss in the hippocampus of mice
after 6 weeks of treatment by showing reduced levels of Neu-N in
P+ M group compared with vehicle controls (Fig. 2D, E and
Supplementary Fig. S1).

The decline in the cognitive functions is usually accompanied by a
loss of synaptic markers such as PSD-95 [39,40]. PSD-95 is a post-
synaptic density protein that regulates synaptic maturation by inter-
acting with glutamate receptors, cell adhesion molecules, and cytos-
keletal elements [41]. Recently, there has been overwhelming evidence
that associates PSD-95 disruption with cognitive and learning deficits
observed in neurodegenerative diseases [42]. We thus investigated
whether P + M exposure induces loss of synapses by examining the
expression of PSD-95 in both hippocampus and cortex. As Fig. 2A and
Supplementary Fig. S1 show, the expression of PSD-95 in the hippo-
campus and cortex after 2 and 4 weeks of P + M treatment revealed no
significant difference compared with control group, while PSD-95 ex-
pression 6 weeks after P + M exposure was significantly decreased.
Analysis of PSD-95 immunostaining density and PSD-95 protein levels
by Western blot supported this conclusion (Fig. 2C, D, F,
Supplementary Fig. S1 and S2).

Emerging data suggested that interactions between the dopami-
nergic systems and the hippocampus are also implicated in the cogni-
tive dysfunction seen in some patients with PD [43]. TH is the rate-
limiting enzyme in the synthesis of dopamine and the marker of



L. Hou, et al.

Redox Biology 22 (2019) 101134

A P+M B C
Con 2 4 6 weeks Neu-N* cell :
7] J 1= = 150 = 1501 PSD-95
o [ 2V \NA AP ¢ - ol —
«5 100 %5 100+
DGI/CA1 PSD-95 e <
3 g
8 504 £ 501
CA2 PSD-95 % "
= 3 a
2 o 2 ol
s a & & &
Time after P+M injection Time after P+M injection
D Con P+M E F G H 1 _
= Neu-N - _ a-Syn £ Ser129-a-Syn
Neu-N | swme oo ooe o S 150+ 3 150+ PSD-95 __ 1501 TH S 250+ " S 2004 ke
€ E ° oE *x o
PSD95 | emew e wone e g * S * g = § 2004 E 0l
™ Y ‘5 100 ‘S 1004 S 100+ s <
i 8 < < 5 52 1501 T
= = < o < o
I T = o 100+
A-SYN | s - — o o I & 1004 S
& 50 % 50 2 501 o o
< <
Ser129-0-syn | yu & ant S () o g O 504 > 50-
z B = q
T o = 3
GAPDH [ e e a H [=] T y ¥
2 o o o Fod L o & o
N S <> < N = QS
® qx c® Qxé P ® Qxé\ $ ® Qx§

Fig. 2. P + M exposure induces progressive neurodegeneration and a-synuclein Ser129-phosphorylation in the hippocampus. (A) After 2, 4, and 6 weeks of initial
P + M treatment, neuronal nuclei and synpase in the hippocampus were immunostained with antibodies against Neu-N and PSD-95, respectively, and the re-
presentative images were shown. (B) The number of Neu-N* cells in the hippocampus was quantified by automated counting. (C) The density of PSD-95 im-
munostaining in the hippocampus was quantified. (D) The expressions of Neu-N, PSD-95, TH, total a-synuclein and Ser129-phosphorylated a-synuclein in the
hippocampus after 6 weeks of P + M treatment were detected by using Western blot and the representative blots were shown. GAPDH was used as an internal
control. (E-I) The band density of Neu-N (E), PSD-95 (F), TH (G), total a-synuclein (H) and Ser129-phosphorylated a-synuclein (I) blots was quantified. *p < 0.05,

**p < 0.01; Scale bar= 200 um.

dopaminergic neuron [44]. Western blot analysis showed that P + M
treatment for 6 weeks decreased the expression of TH in the hippo-
campus of mice (Fig. 2D and G). Immunostaining using anti-TH anti-
body further revealed a reduction of TH density in the hippocampus
(Supplementary Fig. S3), suggesting that damage of hippocampal do-
paminergic system.

To detect whether P + M-induced neurodegeneration is associated
with a-synuclein pathology, the expression of a-synuclein was initially
examined in the hippocampus of mice after 6 weeks of treatment.
Western blot analysis showed that compared with vehicle controls,
P + M-treated mice showed high expressions of a-synuclein in the
hippocampus (Fig. 2D and H). Since the phosphorylation of a-synu-
clein, especially at Ser129 site, is critical for its accumulation and
toxicity [45], the Ser129-phosphorylation of a-synuclein was further
examined. In agreement with total a-synuclein, P + M exposure also
enhanced Ser129-phosphorylation of a-synuclein in the hippocampus
of mice (Fig. 2D and I).

3.3. Apocynin attenuates P + M-induced deficits of spatial learning and
memory and neurodegeneration in mice

To determine whether NADPH oxidase is involved in learning and
memory impairments induced by P + M, mice were administrated with
NADPH oxidase inhibitor, apocynin prior to 2 days of initial P + M
injection (Fig. 3A). We recently reported that apocynin at this con-
centration is capable of blocking P + M-induced activation of NADPH
oxidase in vivo by reducing membrane translocation of cytosolic sub-
unit, p47P"°% [24]. MWM test revealed that P + M induced deficits of
spatial learning and memory were significantly ameliorated by apoc-
ynin as shown by reduced escape latency and travelled distance as well

as recovered time percentage in target quadrant where the hidden
platform was previously located in combined apocynin and P + M-
treated mice compared with P + M alone group (Fig. 3B-D). Although
apocynin treatment also reduced the latency for first platform crossing
in mice, the difference of latency between combined apocynin and
P + M-treated mice and P + M alone group did not reach statistical
significance (Fig. 3E). Apocynin alone had no significant effects on
spatial learning and memory performance in mice (Fig. 3B-E). The
possibility that apocynin-afforded protection against P + M-induced
cognitive deficits was due to recovered locomotor activity was excluded
since no significant difference in average swimming speed was found
among groups during the experiments.

Next, we investigated the protective effects of NADPH oxidase in-
hibition against P + M-induced neurodegeneration in mice. Consistent
with Fig. 2, the degeneration of hippocampal and cortical neurons in
P + M-treated mice was observed. In contrast, compared with P + M
alone group, mice treated with combined apocynin and P + M dis-
played reduced neuronal damage in both hippocampus and cortex.
Apocynin treatment significantly recovered the number of Neu-N* cells
and expressions of PSD-95 in both hippocampus and cortex in P + M-
treated mice (Fig. 4A-C and Supplementary Fig. S4). Consistently,
Western blot analysis revealed a higher level of Neu-N and PSD-95
expression in the hippocampus of combined apocynin and P + M-
treated mice than P + M alone group (Fig. 4D-F). P + M-induced re-
duction of TH expressions in the hippocampus was also recovered by
apocynin (Fig. 4D and G), indicating neuroprotection of hippocampal
dopaminergic system.

In agreement with neuroprotection, apocynin also mitigated the
expression and Ser129-phosphorylation of a-synuclein in the hippo-
campus of P + M-treated mice (Fig. 4D, H and I). No significant
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Fig. 3. Apocynin treatment ameliorates P + M-induced deficits of learning and memory in mice. (A) Schematic presentation of the experimental paradigm. Mice
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in the target quadrant and (E) latency for first platform crossing in the probe test were recorded in the probe test. *p < 0.05.

difference of PSD-95, Neu-N, TH and a-synuclein was observed be-
tween apocynin alone and vehicle controls.

3.4. Apocynin abrogates P + M-induced oxidative stress in the
hippocampus

NADPH oxidase is a multi-complex superoxide-producing enzyme
and is assembled in the membrane [46]. Previous study demonstrated
that superoxide production induced by P + M is mainly due to activa-
tion of NADPH oxidase [24,47]. We therefore initially investigated the
effects of apocynin on P + M-induced superoxide production in the
membrane prepared from hippocampus of mice. As illustrated in
Fig. 5A, compared with vehicle controls, P + M exposure resulted in
increase of superoxide production in the hippocampus of mice. Inter-
estingly, apocynin significantly mitigated P + M-induced superoxide
production (Fig. 5A). In situ visualization of reactive oxygen species
production was further performed using DHE, a reactive oxygen spe-
cies-sensitive dye. DHE can readily cross the blood-brain barrier and
exhibits red fluorescence through interactions with superoxide and
other free radicals in the brain [20,48]. Consistently, compared with
controls, the levels of red fluorescence of DHE oxidation in P + M-
treated mice were increased, which was significantly blocked by
apocynin (Fig. 5B and Supplementary Fig. S5). In agreement with in-
crease of superoxide production, P + M exposure also resulted in in-
crease of MDA and LPO in the hippocampus of mice, which were also
mitigated by apocynin (Fig. 5C and D). These results suggested that
apocynin attenuates P + M-induced oxidative stress.

To determine whether NADPH oxidase is involved in the inhibitory
effects of apocynin on P + M-induced oxidative stress, the expressions
of NADPH oxidase were determined. As seen in Fig. 5E, P+ M

intoxication elevated the expressions of p47P"°* and gp91P"°%, the cy-
tosolic and catalytic subunit of NADPH oxidase, respectively, in the
hippocampus of mice, which was significantly reduced by apocynin.
The effects of apocynin on p47°"°* membrane translocation, a critical
mechanism for NADPH oxidase activation [49], were further de-
termined in P + M-treated BV2 microglial cells. Western blot analysis
showed that the levels of p47P"°* were significantly decreased in the
cytosolic fraction but increased in membrane fractions in P + M-treated
microglia (Fig. 5F). P + M-induced p47P"°* membrane translocation
was significantly attenuated by apocynin (Fig. 5F), indicating NADPH
oxidase inactivation.

The source of superoxide production has recently become a subject
of debate. Mitochondria have been traditionally considered a major
source of superoxide production. To exclude the possibility that mi-
tochondria are involved in the inhibitory effects of apocynin against
P + M-induced superoxide production, we examined the activities of
complex I, one important redox carrier in mitochondrial respiratory
chain, in the hippocampus of P + M-treated mice with or without
apocynin. As illustrated in supplementary Fig. S6, apocynin treatment
failed to interfere with complex I activity in P + M-treated mice, al-
though P + M exposure markedly reduced the activities of complex I.
No significant difference of complex I activity was observed between
apocynin alone and control groups. Similar results were also observed
in P + M-treated BV2 microglial cells with or without apocynin pre-
treatment (Supplementary Fig. S6).

3.5. Apocynin attenuates P + M-induced microglial activation and M1
polarization in the hippocampus

Considering the critical role of neuroinflammation in PD dementia,
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phosphorylated a-synuclein in the hippocampus were detected by using Western blot and the representative blots were shown. GAPDH was used as an internal
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**p < 0.01; Scale bar= 200 um.

we subsequently determined the effects of apocynin on microglial ac-
tivation in P + M-treated mice. Microglia in the hippocampus and
cortex were immunostained with antibody against Iba-1 and CD11b,
two markers for microglia. As seen in Fig. 6A, activated microglia
characterized by hypertrophic morphology and increased Iba-1 and
CD11b density were observed in the hippocampus and cortex of P + M-
injected mice. However, such activated microglia were rarely detected
in combined apocynin and P + M-treated mice (Fig. 6A). Quantitative
analysis of Iba-1 and CD11b density supported the morphological ob-
servation (Fig. 6B and C).

Microglial activation can be polarized into two phenotypes, defined
as “classical activation” (M1) and “alternative activation” (M2) that
produce detrimental and beneficial effects, respectively [50]. To de-
termine the mechanisms behind the inhibitory effects of apocynin on
microglial activation, the phenotype of microglia were detected in
P + M-treated mice with or without apocynin. The gene expressions of
markers of M1 and M2 microglia were examined by RT-PCR. Compared
with vehicle controls, the mRNA levels of iNOS, TNFa and IL-1f3, which
are generated by activated M1 microglia, were up-regulated in the
hippocampus of P + M-treated mice. Interestingly, P + M-induced up-
regulation of iNOS, TNFa and IL-13 mRNA were significantly reduced

by apocynin (Fig. 6D). In contrast, apocynin treatment failed to inter-
fere with the gene expressions of Arg-1, CD206 and YM-1, the markers
for M2 microglia, although their mRNA levels were also elevated by
P+ M (Fig. 6E). These results suggested that apocynin mitigates
P + M-induced M1 polarization.

3.6. Apocynin inhibits the activation of STAT1 and NF-kB pathways in
P + M-treated mice

The STAT1 and nuclear factor-xB (NF-kB) signaling pathways are
reported to be essential for regulating microglial phenotypes [50]. To
determine whether STAT1 and NF-xB are involved in apocynin-in-
hibited microglial M1 polarization, the activation of these two signaling
pathways was examined. As shown in Fig. 7A and B, P + M exposure
elevated the phosphorylation of STAT1 in the hippocampus of mice,
which was significantly reduced by apocynin, indicating reduced acti-
vation of STAT1 signaling pathway.

We next determined the effects of apocynin on P + M-induced ac-
tivation of NF-kB. P + M exposure resulted in activation of NF-xB
pathway as shown by increased phosphorylation of p65 and IkBa and
reduced expression of total IkBa compared with vehicle controls
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(Fig. 7A and C-E). In agreement with STAT1 signaling, P + M-induced
activation of NF-kB pathway was also mitigated by apocynin. Fig. 7A
and C-E depicted the reduced phosphorylation of p65 and IkBa as well
as recovered IkBa expression in apocynin and P + M co-treated mice
compared with P + M alone group.

4. Discussion

In the present study, we demonstrated that NADPH oxidase plays a
critical role in driving learning and memory deficits in a two pesticide-
induced mouse PD model. The salient features of our study are: 1)
P + M-treated mice displayed progressive learning and memory im-
pairments, which were significantly mitigated by NADPH oxidase in-
hibitor apocynin; 2) Apocynin ameliorated P + M-induced hippo-
campal neurodegeneration and synaptic loss as well as a-synuclein
expression and Ser129 phosphorylation; 3) Apocynin abrogated P + M-
induced oxidative stress as well as microglial activation and M1 po-
larization; 4) Apocynin suppressed activation of NF-kB and STAT1
signaling pathways.

Cognitive impairment is one of the most common and devastating
non-motor symptoms of patients with PD. Moreover, the risk of cog-
nitive impairment increases with PD progression. Pioneering studies
have shown that mild cognitive deficits may be identified in 25~46.8%

of newly diagnosed patients [51,52], and dementia occurs in up to 80%
of patients over the course of the disease [53]. However, the exact
pathophysiology underlying the development of cognitive decline or
dementia is less clear. It is now increasingly believed that dementia in
PD is likely to be secondary to a wider neurodegeneration extending
beyond dopaminergic systems [54,55] since some aspects of cognition
seem to respond to levodopa therapy whereas other aspects do not, or
may even be worsened by levodopa [56]. Clinical studies revealed that
hippocampal and cortical neurodegeneration and Lewy pathology are
associated with cognitive impairments or dementia in PD patients
[34,54]. In the present study, mice treated with P + M displayed spatial
learning and memory impairments as well as neurodegeneration, sy-
naptic loss, a-synuclein expression and Ser129-phosphorylation in the
hippocampur and/or cortex. The statistical significance was observed at
6 but not 2 and 4 weeks after P + M treatment. Interestingly, we found
that inhibition of NADPH oxidase by apocynin ameliorated neurode-
generation, synaptic disruption and a-synuclein pathology in the hip-
pocampus and/or cortex induced by P + M, which was associated with
improved learning and memory performance in mice. Previous study
indicated that dopaminergic system plays a critical role in hippo-
campus-dependent learning acquisition [43]. Apocynin treatment in-
creased the expression of TH, the marker for dopaminergic neuron, in
the hippocampus. Kumar et al. found that dopaminergic
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Fig. 6. Apocynin suppresses P + M-induced microglial activation and M1 polarization. (A) After 6 weeks of initial P + M exposure with or without apocyni pre-
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Activated microglia are characterized by enlarged cell bodies and high staining density. (B, C) Microglial activation was quantified by calculating the density of
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determined in the hippocampus by using RT-PCR. *p < 0.05. **p < 0.01; Scale bar= 50 pm.

neurodegeneration in the SN of P + M-treated mice was also attenuated inflammation, which is associated with improved learning and memory
by apocynin [47]. These results suggested that dopaminergic system in performance [67].
the hippocampus is also involved in NADPH oxidase-regulated learning NADPH oxidase is a superoxide-producing enzyme in microglia.
and memory. Consistent with our findings, Kan et al. reported that Accumulating evidence suggested that NADPH oxidase plays an im-
NADPH oxidase activation and related reactive oxygen species (ROS) portant role in both oxidative stress and neuroinflammation in PD.
production are involved in menopause-associated learning and memory Once activated, NADPH oxidase produces neurotoxic extracellular and
impairments [57]. Similarly, the activation of NADPH oxidase also intracellular ROS [68], resulting in oxidative damage [69,70]. Ad-
contributes to long-term cognitive impairments in rats after repeated ditionally, intracellular ROS is thought to be important secondary
ketamine exposures [58]. Furthermore, in a rat model of Alzheimer's messengers that regulate the activation of several downstream in-
disease induced by AB1-42, inhibition of NADPH oxidase by electro- flammatory signaling pathways, such as STATs and NF-xB [68,71]. The
acupuncture improves spatial learning and memory performance and up-regulated expression and activation of NADPH oxidase are observed
hippocampal neuron survival [59]. These findings suggested that the in the brains of patients with PD and animal PD models [20,33]. We
activation of NADPH oxidase is critical for learning and memory im- recently reported that pharmacological inhibition or genetic deletion of
pairments. NADPH oxidase 2 attenuates oxidative stress and microglia-mediated
Oxidative stress and chronic neuroinflammation are common me- neuroinflammation in an inflammatory mouse PD model [19]. Con-
chanisms shared by multiple neurodegenerative diseases [60]. There is sistently, in this study, inhibition of NADPH oxidase by apocynin also
increasing evidence that oxidative damage caused by excessive ROS decreased P + M-induced oxidative stress, microglial activation and M1
production and microglial activation may correlate with cognitive im- polarization in the hippocampus.
pairments in Alzheimer disease (AD) patients or aged populations The inhibitory effects of apocynin on microglial activation and M1
[61-63]. Although the exact mechanisms of how oxidative stress and polarization might be related to inactivation of STAT1 and NF-kB
neuroinflammation impair learning and memory capacity remain un- pathways. Previous studies showed that the STAT, especially STAT1
clear, disruption or loss of synapse might be one of the reasons. It's and NF-kB signaling pathways play important roles in regulating mi-
reported that H,O, induced by AP, the main component of plaque in croglial M1 proinflammatory responses [50]. LPS and IFN-y, two classic
AD, is capable of inducing reduction of synaptic proteins and loss of stimulators for microglial M1 activation, has been shown to polarize
synapse, which is implicated in AB-induced cognitive deficits [64,65]. microglia to M1 phenotype through the activation of NF-xB and STAT1
Furthermore, in mouse AD models, inhibition of oxidative stress and pathways [50]. In this study, the inhibitory effects of apocynin on
neuroinflammation attenuates synaptic loss and cognitive dysfunction P + M-induced activation of STAT1 and NF-kB signaling were also
[66]. Similarly, in a diabetes-associated cognitive decline rat model, observed in the hippocampus. In agreement with our results, Sharma
resveratrol ameliorates synaptic loss by preventing oxidative stress and and Nehru found that apocyanin could also attenuate microglial
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Fig. 7. Apocynin inactivates P + M-induced activation of STAT1 and NF-kB pathways. (A) After 6 weeks of initial P + M exposure with or without apocyni pre-
treatment, the levels of phosphorylated and nonphosphorylated STAT1, p65 and IkBa in the hippocampus of mice were determined by Western blot using specific
antibodies and the representative blots were shown. (B-E) The phosphorylation of STAT1 (B), p65 (C) and p-IkBa (D) as well as total IkBa (E) were quantified by

analysis of the blot density. **p < 0.01.

activation and expressions of M1 markers, including iNOS, TNFa, IL-1f3
via NF-xB pathway in LPS-treated rats [22].

Notably, it's well known that NADPH oxidase is a family of enzymes
that include NOX1, NOX2, NOX3, NOX4, NOX5, dual oxidase 1
(DUOX1), and DUOX2 [69]. Apocynin is capable of inhibiting the ac-
tivation of NADPH oxidase. However, we cannot recognize which iso-
forms of NADPH oxidase is involved in P + M-induced learning and
memory deficits in the present study. In addition, apocynin lacks spe-
cificity towards NADPH oxidase, although it is a widely used NADPH
oxidase inhibitor [72]. Several other enzymes are also identified to be
inhibited by apocynin, such as cytochrome P450 monooxygenase [73]
and cyclooxygenase [74]. Therefore, in this study, we also cannot ex-
clude the possibility that inhibition of other superoxide-producing en-
zymes but not NADPH oxidase could also contribute to the impairments
of learning and memory in P + M-intoxicated mice.

In summary, this study showed that inhibition of NADPH oxidase by
apocynin blocks impairments of learning and memory as well as hip-
pocampal neurodegeneration and a-synuclein pathology via the sup-
pression of oxidative stress and neuroinflammation in a mouse PD
model, supporting the idea that NADPH oxidase is critical for driving
the cognitive dysfunction in PD. Our findings reveal a novel mechanism
for the pathogenesis of cognitive dysfunction and may offer a promising
disease modifying therapeutic strategy for PD dementia.
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