MOLECULAR MEDICINE REPORTS 14: 4947-4956, 2016

Rho kinase II interference by small hairpin RNA ameliorates
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced
parkinsonism in mice
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Abstract. Novel therapeutic targets are required for the treat-
ment of Parkinson's disease (PD). Previous studies suggest
that the Rho/Rho-associated, coiled-coil-containing protein
kinases (ROCKs) signaling pathway may be a promising ther-
apeutic target in PD. To elucidate the importance of ROCKII
in the pathogenesis of dopaminergic (DA) neuron loss and to
investigate the efficacy of ROCK inhibitors in PD, ROCKII
expression in the substantia nigra (SN) of mice was silenced
through the injection of a lentivirus-based small hairpin RNA
system. Empty lentivirus vectors served as controls. Mice were
subsequently challenged with 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP). The expression levels and activity
of ROCKII were elevated in tyrosine hydroxylase-positive
neurons and in cluster of differentiation (CD) 11b-positive
microglia within the SN of MPTP-treated mice, which was
accompanied by an increased level of expression of inducible
nitric oxide synthase (iNOS) and activation of the Toll-like
receptor (TLR)2/nuclear factor (NF)-kB signaling pathway
in M1 microglia. ROCKII interference (RI) significantly
improved movement disorder and attenuated DA neuron loss
induced by MPTP. In addition, RI inhibited the activation of
M1 microglia in the SN, exhibiting reduced activity of the
TLR2/NF-«B signaling pathway and decreased expression
levels of iNOS and inflammatory factors, including interleukin
(IL)-1p and IL-6. The results of the present study verify that
ROCKII participates in the loss of DA neurons induced by
MPTP and suggest that ROCKII inhibition may be a prom-
ising therapeutic target for PD.
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Introduction

Parkinson's disease (PD) is a common neuro-degenerative
disorder that affects more than 0.1% of the population >40 years
of age (1). The majority of PD patients present with slowed
movement, rest tremors, rigidity and an abnormal posture. PD
is associated with the progressive loss of dopaminergic (DA)
neurons in the substantia nigra (SN), however, its etiology
remains unclear. Neuro-inflammation has been implicated
in the pathogenesis of PD (1). Currently available therapeutic
agents provide symptomatic improvement; however, no
disease-modifying treatments have been developed. Therefore,
novel therapeutic targets for PD are required, and a promising
target is the Rho/Rho-associated, coiled-coil-containing
protein kinases (ROCKs) signaling pathway.

ROCKSs are serine/threonine (Ser/Thr) protein kinases
of which there are two isoforms, ROCKI and ROCKII, that
are encoded by two separate genes. These two proteins share
92% homology in their kinase domains. ROCKI is primarily
expressed in non-neuronal tissues, while ROCKII is predomi-
nantly expressed in the brain. Previous studies suggest that
each isoform performs distinct functions. For instance, ROCKI
expression is upregulated upon macrophage adhesion, whereas
phagocytic activity is downregulated in ROCKII-depleted
macrophages, but not in ROCKI-depleted cells (2,3). In addi-
tion, ROCKs are markedly homologous with additional cyclic
adenosine monophosphate (AMP)-dependent, cyclic guano-
sine monophosphate-dependent and protein kinase C kinases.
ROCKSs are involved in a wide variety of physiological and
pathological processes, including differentiation, neurite
growth and plasticity of neurons (4). In addition, ROCKs
influence inflammatory responses by regulating migration
and adhesion of leukocytes, phagocytosis of macrophages and
secretion of pro-inflammatory cytokines (5-8).

ROCKSs have been investigated in neuro-degenerative disor-
ders, such as Alzheimer's disease (AD) (9). Previous studies
have reported that inhibiting ROCK alleviated DA neuron
loss induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) in mice (10,11). However, due to the substantial
homology between ROCKs and additional kinases, currently
used ROCKSs inhibitors do not exclusively inhibit ROCKs. For
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example, fasudil has low selectivity for various other kinases,
including protein kinase N (PKN), stress-induced kinase 1
(MSK1), mitogen-activated protein kinase 1b (MAPKIb)
and protein kinase A (PKA) and moderate selectivity for
AMP-activated protein kinase (AMPK) and phosphorylase
kinase (PHK) (12). In addition, every ROCK inhibitor indis-
criminately targets ROCKI and ROCKII. Consequently, it is
considered to be impossible to accurately evaluate the role
of ROCKs in PD using ROCKs inhibitors. The aim of the
present study was to investigate the role of ROCKII in PD by
constructing a lentivirus-based small hairpin (sh)RNA system
that specifically interferes with the expression of ROCKII,
in order to examine its neuro-protective effects during
MPTP-induced neuron loss in the SN of mice.

Materials and methods

Animals. A total of 10 female C57BL/6 mice (age, 10-12 weeks;
weight 22-25 g) were purchased from Shanghai Laboratory
Animal Center (Shanghai, China). Mice were maintained at
25+2°C under 12 h light/dark cycles, and had access to food
and water ad libitum. Animal procedures were performed
in accordance with the International Council for Laboratory
Animal Science guidelines, and the study received ethical
approval from the Ethics Committee of Fudan University
(Shanghai, China).

Antibodies. The mouse anti-mouse ROCKII monoclonal
antibody (dilution, 1:1,000; cat. no. 610624; BD Biosciences,
Franklin Lakes, NJ, USA), mouse anti-mouse inducible nitric
oxide synthase (iNOS) monoclonal antibody (dilution, 1:200;
cat. no. 610329; BD Biosciences), rabbit anti-mouse tyrosine
hydroxylase (TH) polyclonal antibody (dilution, 1:1,000; cat.
no. AB152; EMD Millipore, Billerica, MA, USA), mouse
anti-mouse TH monoclonal antibody (dilution, 1:1,000; cat.
no. MAB318; EMD Millipore), mouse anti-mouse cluster
of differentiation (CD) 11b monoclonal antibody (dilution,
1:200; cat. no. 14-0112-82; eBioscience, Inc., San Diego, CA,
USA), rabbit anti-mouse Toll-like receptor (TLR) 2 mono-
clonal antibody (dilution, 1:500; cat. no. 3268-1; Epitomics,
Burlingame, CA, USA), rabbit anti-mouse phosphorylated
TANK-binding kinase (p-TBK) 1 (Ser172) monoclonal anti-
body (dilution, 1:500; cat. no. 3300-1; Epitomics), rabbit
anti-mouse p-inhibitor of kBa (IkBa) polyclonal antibody
(dilution, 1:500; cat. no. EPR6235 (2); Epitomics), rabbit
anti-mouse GAPDH monoclonal antibody (dilution, 1:10,000;
cat. no. 2251-1; Epitomics), rabbit anti-mouse p-IkB kinase
(IKK) a/p (Ser176/180) monoclonal antibody (dilution, 1:500;
cat. no. 2697; Cell Signaling Technology, Inc., Danvers, MA,
USA), rabbit anti-mouse p-myosin phosphate target subunit
(MYPT) 1 (Thr696) polyclonal antibody (dilution, 1:200; cat.
no. 5163; Cell Signaling Technology, Inc.), rabbit anti-mouse
p-myosin light chain (MLC) 2 (Ser19) polyclonal antibody
(dilution, 1:200; cat. no. 3671; Cell Signaling Technology,
Inc.) and rabbit anti-mouse p-nuclear factor (NF)-xB p65
(Ser536) monoclonal antibody (dilution, 1:1,000; cat. no. 3033;
Cell Signaling Technology, Inc.) were used for the purposes
of the current study. The secondary antibodies used in this
study were all purchased from Thermo Fisher Scientific, Inc.,
(Waltham, MA, USA), and included the following: Alexa Fluor
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555-conjugated goat anti-mouse IgG (H+L; cat. no. A-21422);
Alexa Fluor 555-conjugated goat anti-rabbit IgG (H+L; cat.
no. A-21428); Alexa Fluor 488-conjugated goat anti-rabbit
IgG (H+L; cat. no. A-11008); Alexa Fluor 488-conjugated
goat anti-mouse IgG (H+L; cat. no A-11001); horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (H+L; cat.
no. 31460); and HRP-conjugated goat anti-mouse IgG (H+L;
cat. no. 31430).

BV2 microglia culture and I-methyl-4-phenylpyridinium
(MPP+) treatment. Mouse BV2 microglia cells were purchased
from Shanghai Fuxiang Biotechnology Co., Ltd. (Shanghai,
China) and cultured in Dulbecco's modified Eagle's medium
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.), 100 U/ml penicillin, and 100 ug/ml streptomycin at
37°C in a 95% humidified 5% CO, cell culture incubator. Cells
were challenged with 0.5 mM MPP+ (Sigma-Aldrich; Merck
Millipore, Darmstadt, Germany) once for 24 h between 5 and
8 days following lentivirus transfection. BV2 cells were then
collected and lysed in radioimmunoprecpitation (RIPA) lysis
buffer (Beyotime Institute of Biotechnology, Shanghai, China)
to extract total protein, and the lysates were centrifuged at 4°C
for 5 min at 10,000 x g. The supernatant was stored at -20°C
until required.

Lentivirus-based shRNA system construction and screening.
A lentivirus-based shRNA system was constructed by Neuron-
Biotech Co., Ltd. (Shanghai, China). Briefly, DH5a competent
cells (Takara Bio, Inc., Otsu, Japan) were used to produce the
lentivirus vector, pPLKD.CMV.GFP.U6, with U6 promoter as
the transcriptional start site for sSiIRNA. A 21-bp sequence
containing a stem loop sequence was inserted into the vector
to produce a valid shRNA that would interfere with ROCKII
at the mRNA level (NM_009072.2). Five candidate lentivi-
ruses targeting five unique sequences were constructed and
an empty lentivirus vector served as a control. Lentiviruses
were transfected into the mouse BV2 microglia cell line for
screening. When cell density reached ~30%, lentiviruses were
added into the culture medium with a multiplicity of infection
of 20 for 24 h. Protein levels and enzyme activity of ROCKII
in the culture medium were measured to evaluate the shRNA
interference systems once at 5-8 days following transfection.

Stereotaxic microinjection and RI in SN. Of the shRNA
systems evaluated, two were confirmed to efficiently inter-
fere with ROCKII expression. The two shRNA systems
were combined at a ratio of 1:1 and injected into the SN of
mice in the RI group, as previously described (13). Briefly,
mice were anesthetized via intraperitoneal injection of
400 mg/kg chloral hydrate (100 mg/ml) and placed into the
stereotaxic apparatus. Unilateral injection was performed into
the right side of the brain (3.0 mm posterior to bregma, 1.0 mm
lateral to midline and 4.0 mm ventral to the dural surface). A
total of 2 ul lentivirus was injected with a microsyringe driven
by a microdialysis pump at a rate of 0.2 yl/min. Following
microinjection, the syringe needle was left in place for 5 min
prior to its withdrawal to reduce efflux of injected liquid along
the injection tract. Control mice were injected with an empty
vector system according to the same procedure.
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MPTP-induced parkinsonism. One week following microin-
jection, mice were challenged with intraperitoneal injections
of MPTP (Sigma-Aldrich; Merck Millipore) dissolved in
saline, which was administered every day for 7 successive
days. The MPTP dose increased from 15 mg/kg on the first day
and 20 mg/kg on the second day to a maximum of 30 mg/kg
on the subsequent 5 days. Mice were maintained at 25-28°C
following each injection.

Behavioral tests. The pole test (PT) and adhesive removal
test (ART) were performed with minor modifications (14,15).
In the PT, mice were placed head-downward on the top of a
12-mm thick, 80-cm tall, vertical pole with a rough surface.
The time for descent from the top surface to the floor was
recorded. If the duration was >120 sec, it was recorded as the
default value, 120 sec. The investigator was blind to the animal
grouping. In the ART, adhesive dots were placed on the plantar
surface of the two forelimbs with equal pressure; the time for
spot removal on each side was recorded. The default duration
was set at 120 sec. Mice were trained daily for 2 continuous
days ahead of the formal assessments. Tests were conducted
daily and repeated for 3 continuous days prior to sacrifice.

Tissue processing. For protein extraction, mice were anes-
thetized via intraperitoneal injection of 400 mg/kg chloral
hydrate (100 mg/ml, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) and perfused by intracardiac injection of
20 ml 0.9% sodium chloride solution. The brain was carefully
removed and homogenized in RIPA lysis buffer (Beyotime
Institute of Biotechnology) supplemented with 1 mM protease
inhibitor (phenylmethanesulfonyl fluoride; Beyotime Institute
of Biotechnology). The extracts were centrifuged at 12,000 x g
for 20 min at 4°C. The supernatant was recovered and frozen
at -80°C.

For histological analysis, mice were transcardially
perfused with saline, followed by 4% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS). Brains were removed and
dehydrated sequentially in 10, 20 and 30% (w/v) sucrose solu-
tion overnight at 4°C. Brains were then embedded in Tissue-Tek
O.C.T Compound (Sakura Finetek USA, Inc., Torrance, CA,
USA), frozen in liquid nitrogen, sectioned at 10 #m and stored
at -20°C .

Immunofluorescence staining and DA neuron quantifica-
tion. Sections were fixed with 4% PFA at room temperature
(RT) and washed thoroughly with PBS. Sections were then
incubated for 30 min at RT in 5% fetal bovine serum (Gibco;
Thermo Fisher Scientific, Inc.) and 0.1% Triton X-100 in PBS,
and then incubated overnight at 4°C with the aforementioned
primary antibodies diluted in PBS containing 1% fetal bovine
serum and/or 0.1% Triton X-100. Following thorough washing
with PBS, sections were incubated with the corresponding
aforementioned secondary antibodies labeled with various
fluorochromes at RT for 2 h. Finally, sections were washed
thoroughly and observed under a fluorescence microscope.
Images were captured with DP controller software (version,
2.0; Olympus Corporation, Tokyo, Japan) and processed with
DP manager (Olympus Corporation). Numbers of DA neurons
were estimated by counting TH-positive cells from every
twelfth 10-um section along the SN pars compacta (SNpc) with
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the aid of Image-Pro Plus software (version, 6.0; Media Cyber-
netics, Inc., Rockville, MD, USA) as previously described (16).
Briefly, boundaries of the SNpc, the area of interest, were
defined according to previously defined anatomical analysis of
the mouse (17). Positive cells beyond the SNpc were excluded.
Each RBG image was processed with a constant ‘color-cube’
segmentation setting and the same threshold, resulting in accu-
rately defined foreground immunofluorescent staining. The
total number of TH-positive cells in five sections of the same
mouse brain was recorded and compared between shRNA
and empty vector groups. The RBG image of each striatum
section was processed with a constant ‘color-cube’ segmenta-
tion setting and at the same threshold and level. TH-positive
areas were analyzed and the mean number of five sections for
each brain was compared between shRNA and empty vector
groups.

Western blotting and protein quantification. The protein
concentration of brain sample extracts was determined using
a bicinchoninic acid kit (Beyotime Institute of Biotechnology)
and the whole protein extracts were diluted in RIPA lysis
buffer (Beyotime Institute of Biotechnology) to a final protein
concentration of 5 ug/ul prior to western blotting. Sample
proteins (10 ul) were then separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (8%; Bio-Rad
Laboratories, Inc., Hercules, CA, USA) at 80 V for 30 min,
before they were transferred to nitrocellulose membranes
(EMD Millipore). After blocking with 3% bovine serum
albumin (w/v) for 1 h at RT, the membranes were incubated
with primary antibodies overnight at 4°C, followed by the
appropriate HRP-conjugated secondary antibody for 2 h at
RT. Protein bands were developed with chemiluminescent
HRP substrate (EMD Millipore) and imaged with ChemiDOC
XRS+ system (Bio-Rad Laboratories, Inc.) combined with
Image Lab version 3.0 software (Bio-Rad Laboratories, Inc.).
The signal intensity was quantified using Image Lab version
3.0 software. The density of each band was normalized to the
band density of the constitutively expressed gene, GAPDH.

Enzyme-linked immunosorbent assays (ELISAs). The levels of
interleukin (IL)-1p, IL-6, and tumor necrosis factor (TNF)-a
in the mouse brain were measured with the corresponding
ELISA kits (cat. nos. 900-M47, 900-K50 and 900-M54,
respectively; PeproTech, Inc., Rocky Hill, NJ, USA) according
to the manufacturer's instructions, as described previously (18).

Statistical analysis. Data were analyzed with Student's ¢ test or
Mann-Whitney U test and P<0.05 was considered to indicate
a statistically significant difference. All statistical analyses
were performed using SPSS software version 12.0 (SPSS Inc.,
Chicago, IL, USA) and data are presented as the mean + stan-
dard error of the mean.

Results

Expression level and activity of ROCKII increased in the
SNpc area of mice with MPTP-induced parkinsonism. The
level of ROCKII expression in the brains of the MPTP-induced
parkinsonism mice was ~1.2 times the level in the brains of the
control mice (P<0.01; Fig. 1A). The level of MYPT] [a substrate
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Table I. Targeting sequences of five anti-ROCKII shRNAs.

shRNA Target sequence

shR336 GCTGGAAATTACCCTTACCAA
shR337 CCCTGCAAAGTTTATTATGAT
shR338 GCATCTCTTGAAGAAACAAAT
shR339 GCTTGCACTGGATGCAATACA
shR340 GCAGAGCAGTATTTCTCAACC
ROCKII, Rho/Rho-associated, coiled-coil-containing protein

kinase II; shRNA, small hairpin RNA.

of ROCKII (19)] phosphorylated at Thr696 (p-MYPT]I) in
the brains of the MPTP-induced parkinsonism mice was
~1.5 times the level in the brains of the control mice (P<0.05;
Fig. 1A). The majority of p-MYPT1-positive cells exhibited a
glia-like shape (Fig. 1B and C). These results demonstrated
that ROCKII activation was involved in the MPTP-induced
parkinsonism.

RI decreases the expression level and activity of ROCKII
in vitro and in vivo. The schematic of lentivirus construction
is presented in Fig. 2A and target sequences of five ShRNAs
are listed in Table I. ROCKII expression was inhibited to the
greatest extent in shR340- and shR337-transfected cells, with
decreases of ~93% (P<0.001) and ~51% (P<0.01), respectively,
when compared with empty vector-transfected cells (Fig. 2B).
The level of MLC phosphorylated at Serl9 (p-MLC), another
substrate of ROCKII (12), was examined. shR337 and shR340
significantly decreased the level of p-MLC by ~80% when
compared with the empty vector (P<0.01; Fig. 2B). In addition,
shR337 and shR340 markedly inhibited the expression and
activity of ROCKII in the SN of MPTP-induced parkinsonism
mouse brains following injection of combined lentiviruses into
the SN region (Fig. 2C). These data demonstrate that shR337
and shR340 lentiviruses effectively inhibited the expression
and activity of ROCKII in vitro and in the MPTP-induced
parkinsonism.

RI attenuated movement disorder and DA neuron loss induced
by MPTP. RI mice outperformed the control mice in the PT
and ART tests. In the PT (Fig. 3A), RI mice moved from the
top surface to the ground more rapidly than the control mice
(6.9+0.6 vs. 9.8+1.1 sec; P<0.05). In the ART (Fig. 3B), RI
mice removed adhesive spots on their right forepaws more
rapidly than the control mice (7.6+£0.9 vs. 13.07£2.1 sec;
P<0.05). In addition, RI mice removed adhesive spots on
their right forepaws quicker than those on their left (7.6+0.9
vs. 12.2+2.1 sec), although the difference was not statistically
significant (P=0.052; Fig. 3B).

A notable reduction of ROCKII-positive staining was
observed in the SN region of RI mice (Fig. 4A and B; P<0.01).
TH-positive cell numbers in the SN region were markedly
increased in RI mice when compared with the control mice
(Fig. 4A; P<0.01). The protein expression levels of ROCKII and
p-MYPT1 in the right hemisphere of RI mice was reduced by
21 and 37% compared with controls, respectively, as measured
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Figure 1. ROCKII protein expression level and enzyme activity were
increased in the brains of mice with MPTP-induced parkinsonism. (A) The
protein expression levels of ROCKII and p-MYPT increased in the brains
of the MPTP-induced PD mouse model as determined by western blot-
ting (n=4; ROCKII, P=0.015; p-MYPT, P=0.001). (B) p-MYPT staining
of the SN of MPTP-treated and control mice (magnification, x20).
p-MYPT-positive cells were abundant in MPTP-treated mice compared
with the control mice. A proportion of p-MYPT-positive cells expressed TH.
(C) Magnification of the boxed areas in (B) (magnification, x40). ROCKII,
Rho/Rho-associated, coiled-coil-containing protein kinase II; MPTP,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson's disease;
p-MYPT, phosphorylated myosin phosphate target subunit; SN, substantia
nigra; TH, tyrosine hydroxylase.
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Figure 2. Construction of a lentivirus-based shRNA system and interference efficiency of anti-ROCKII shRNA in vitro and in vivo. (A) Construction schematic
of the lentivirus vehicle, driven by the U6 promoter. The GFP reporter gene is driven by the CMV promoter. (B) Interference efficiencies of anti-ROCKII
shRNAs in mouse BV2 microglia cells as determined by western blotting. ROCKII and p-MLC protein levels were decreased significantly following transfec-
tion with shR337 (ROCKII, P=0.007; p-MLC, P=0.006) and shR340 (ROCKII, P<0.001; p-MLC, P=0.002), compared with the empty vector (n=3). “P<0.01
and ""P<0.001. (C) Interference efficiencies of anti-ROCKII shRNAs in the brains of mice determined by fluorescence (magnification, x20). Stereotaxic
injection of the combination of shR337 and shR340 at a ratio of 1:1 into the SN area markedly reduced ROCKII and p-MYPT staining compared with the

empty vector. ShRNA, small hairpin RNA; ROCKII, Rho/Rho-associated, coiled-coil-containing protein kinase II; GFP, green fluorescent protein; CMV,
cytomegalovirus; p-MLC, phosphorylated myosin light chain; SN, substantia nigra; p-MYPT, phosphorylated myosin phosphate target subunit.
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Figure 3. RI attenuated movement disturbance induced in mice by MPTP. (A) Pole test. RI mice move more rapidly than control mice (n=8; P=0.036).
(B) Adhesive removal test. RI mice removed adhesive spots on their right forepaws more quickly than the control mice (n=8; P=0.028). In addition, RI mice
removed adhesive spots on their right forepaws more rapidly than those on their left (P=0.052). The time taken for left forepaw adhesive spot removal did not
differ between groups. "P<0.05. R1, Rho/Rho-associated, coiled-coil-containing protein kinase II interference; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine; L, left forepaw; R, right forepaw; shRNA, small hairpin RNA.
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Figure 4. R1I significantly inhibited MPTP-induced TH-positive neuron loss. (A) Local injection of shRNA efficiently reduced the expression level of ROCKII
(P=0.007) and the TH-positive area at substantia nigra (n=5; P=0.005) compared with the empty vector (magnification, x20). (B) Magnification (x40) of the
boxed areas in (A). (C) The protein levels of ROCKII (P=0.004) and p-MYPT (P=0.001) were significantly decreased and the protein level of TH (P=0.001)
significantly increased in the RI group compared with empty vector controls (n=4). (D) TH-positive area in the striatum was increased in the RI group com-

pared with the empty vector controls (magnification, x20; n=5; P=0.005). "P<0.01. ROCKII, Rho/Rho-associated, coiled-coil-containing protein kinase II; RI,
ROCKII interference; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; TH, tyrosine hydroxylase; sShRNA, small hairpin RNA; p-MYPT, phosphorylated

myosin phosphate target subunit; DA, dopaminergic.

by western blotting (P<0.01; Fig. 4C). These results indicated
successful interference of ROCKII. The expression level of TH
protein in the right hemispheres of RI mice was ~1.6 times that
of the control mice (P<0.01; Fig. 4C). In addition, the TH-posi-
tive area in the striatum was augmented in RI mice (P<0.01;
Fig. 4D). These results revealed that inhibition of ROCKII
effectively improved the behavioral performance and inhibited
DA neuron loss in the MPTP-induced PD mouse model.

RI inhibited microglia activation and inflammatory responses
in mice with MPTP-induced parkinsonism. The probable

mechanisms underlying the DA neuron protection of RI against
MPTP were investigated. In the SN area of MPTP-induced
parkinsonism mice, the majority of ROCKII-positive cells
were co-localized with CD11b-positive microglia (Fig. 5A).
As ROCKII was inhibited, the activation of CD11b-positive
microglia was markedly inhibited in the SN area of RI mice
(Fig. 5B).

It is widely accepted that activated microglia exert dual
functions, and are defined as pro-inflammatory (M1) and
anti-inflammatory (M2) microglia (18). Microglia in the SN
region of MPTP-induced PD mice polarized toward the M1
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Figure 5. RI inhibited microglia activation in mice with MPTP-induced parkinsonism. (A) ROCKII-positive and CD11b-positive staining is increased in the SN
in mice with MPTP-induced PD compared with the control mice (magnification x20). The majority of ROCKII-positive cells were CD11b-positive. (B) CD11b-p
ositive staining declined markedly in the RI mice as ROCKII-positive staining declined (magnification, x20). ROCKII, Rho/Rho-associated, coiled-coil-
containing protein kinase II; RI, ROCKII interference; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson's disease; CD11b, cluster of

differentiation 11b; SN, substantia nigra.

subtype, expressing high levels of iNOS, TLR2 and NF-xB
(Fig. 6A). RI attenuated iNOS and TLR2 expression levels,
and inhibited IxB/IKK/TBK1/NF-kB signaling pathway
activation (P<0.05; Fig. 6B and C).

The production of IL-18 and IL-6 decreased significantly
(P<0.05 and P<0.01, respectively) in the brain of RI mice
(Fig. 6D). However, the production of TNF-a did not differ
significantly (Fig. 6D). These results demonstrated that the
inhibition of ROCKII may contribute to the neuro-protection
of DA neurons against MPTP by inhibiting the activation of
M1 microglia in the SN region and the release of inflammatory
cytokines.

ROCK/NF-kB axis-dependent anti-inflammation in BV2
microglia. Whether RI influenced the activity of the NF-xB
signaling pathway and inflammatory responses was inves-
tigated in mouse BV2 microglia cell lines. As presented
in Fig. 7, RI resulted in the downregulation of p-MYPT
expression (P<0.01; Fig. 7A and B), which was accompanied
by a decrease in NF-kB activity (P<0.01; Fig. 7A and B). In
addition, the inhibition of iNOS indicated that inflamma-
tory M1 microglia were suppressed (P<0.01; Fig. 7A and B).
In a previous study, microglia polarization from M1 toward
M2 was associated with reduced NF-kB activity (18). These
results, combined with the in vivo data, suggest the existence
of a ROCK/NF-«B axis.

Discussion
The expression and activity of ROCKs are elevated in

neuro-degenerative diseases, such as PD (11) and AD (20).
ROCK inhibitors, including Y27632 or fasudil, have been

shown to protect neurons from degeneration in animal models
of these diseases, although the underlying mechanism remains
unclear (10,20). It has been reported that ROCK activation
increases angiotensin type-1 receptor expression in neurons,
which promotes the neuro-degenerative process (21).
Previous studies have demonstrated that ROCKs are
involved in inflammation. ROCK activation increased
the permeability of endothelial cells and promoted lympho-
cyte infiltration (22). In addition, ROCK activation enhanced
the phagocytic activity of macrophages (23), and the release
of reactive oxygen species and pro-inflammatory cytokines
by inflammatory cells (24). The neuro-protective effects
of fasudil, a ROCK inhibitor (4,25) may be partly mediated
through inhibiting neuro-inflammation. In a previous study,
fasudil exhibited therapeutic potential in experimental auto-
immune encephalomyelitis (26). Fasudil rebalanced T helper
17 and regulatory T cells, induced microglial polarization
towards M2, and inhibited inflammatory responses (26).
Neuro-inflammation has been observed in autopsies of
PD patients (27). Lymphocyte infiltration, inappropriate
microglia activation (27,28), upregulation of pro-inflamma-
tory cytokines, including IL-13, IL-6 and TNF-a (29-31), and
upregulation of inflammation-associated signaling molecules,
including iNOS and NF-«B (31-33) have all been observed
in the SN of the brain. In addition, imaging has provided
evidence of microglial activation in early PD patients (34,35).
Furthermore, corresponding inflammatory conditions have
been described in toxin-based parkinsonism models, with
high levels of microglia in the SN (36-40). DA neurons are
particularly vulnerable to the inflammatory microenviron-
ment, and these responses may be crucial in aggravating DA
degeneration in the SN region (41). Thus, it is proposed that
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Figure 6. RI inhibited microglia activation in mice with MPTP-induced parkinsonism by inhibiting NF-«xB activation. (A) p-p65, the activated form of NF-kB,
increased significantly in the SN of MPTP-treated mice and was present in CD11b-positive cells (magnification, x20). In addition, iNOS and TLR2 were
upregulated in MPTP-treated mice and expressed by activated microglia. (B) p-p65, iNOS and TLR2 all decreased in the RI group as microglia activation
was inhibited (magnification, x20). (C) p-p65 (P=0.015), iNOS (P=0.049) and TLR2 (P<0.001) were downregulated in RI mice. In addition, p-IKK (P=0.028),
p-IkB (P=0.002) and p-TBK1 (P=0.035) expression levels were inhibited in RI mice (n=4). (D) The expression levels of IL-1f (P=0.028) and IL-6 (P=0.002)
were elevated significantly in RI mice compared with the control mice. No difference in TNF-a expression was detected. "P<0.05, “P<0.01, ““P<0.001. R1,
Rho/Rho-associated, coiled-coil-containing protein kinase II interference; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson's disease;
CD11b, cluster of differentiation 11b; NF-xB, nuclear factor-kB; p-p65, phosphorylated p65; SN, substantia nigra; iNOS, inducible nitric oxide synthase; TLR2,
Toll-like receptor 2; p-IKK, phosphorylated inhibitor of kB kinase; p-IxB, phosphorylated inhibitor of kB; p-TBK1, phosphorylated TANK-binding kinase 1;
IL, interleukin; TNF-a., tumor necrosis factor o; shRNA, small hairpin RNA.
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Figure 7. Rl inhibited microglia activation in mouse BV2 microglia cells by inhibiting the NF-«xB signaling pathway. (A) Representative bands of a western blot
assay to detect p-MYPT, p-p65 and iNOS. (B) Expression levels of p-MYPT (P=0.008), p-p65 (P=0.005) and iNOS (P=0.007) were significantly decreased in
RI mice compared with the control mice. “P<0.01. RI, Rho/Rho-associated, coiled-coil-containing protein kinase II interference; NF-xB, nuclear factor-xB;
p-MYPT, phosphorylated myosin phosphate target subunit; p-p65, phosphorylated p65; iNOS, inducible nitric oxide synthase; shRNA, small hairpin RNA.

activation of microglia is a risk factor triggering the onset of In our previous study, fasudil skewed LPS-stimulated M1
a cascade of events leading to progressive degeneration of DA microglia towards the M2 subtype, expressing reduced NF-kB
neurons. activity and inflammatory cytokine levels, including IL-1§,
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IL-6 and TNF-a (18). In the present study, RI also inhibited M1
microglia activation, and the expression of iNOS and additional
pro-inflammatory molecules in the SN region of MPTP-treated
mice, as well as in mouse BV2 microglia cells. This internal
environmental change may have a neuro-protective effect on DA
neurons. In addition, a recent study demonstrated that medium
from microglia stimulated with LPS and fasudil exerted a
neuro-protective effect on rat PC12 neurons, suggesting
that inhibition of ROCK contributes to the survival of DA
neurons (18). As microglial activation is aggressively initiated in
early PD (34) and remains stable for years (35), it may be essen-
tial to consider ROCK inhibition in the early stages of PD to
prevent glial-mediated inflammation and neuronal elimination.
Given that MPTP/MPP+ directly damages DA neurons in vivo,
whether the sShRNA directly inhibited ROCKII activity in DA
neurons and thus protected them from apoptosis, or whether this
effect was an indirect result of the inhibited pro-inflammatory
effect of microglia, could not be established in the current
study. However, experiments are planned to separately analyze
neuron-targeted and microglia-targeted shRNA systems to
further investigate the underlying mechanisms.

The greatest problem with ROCK inhibitors is that neither
Y27632 nor fasudil exclusively inhibit ROCKs. In addition,
they slightly influence PKN, MSK1, MAPK1b and PKA, and
moderately regulate AMPK and PHK (12). It has thus been
difficult to accurately evaluate the contribution of ROCKs
to the process of neuro-degeneration and investigate the
neuro-protective effect of ROCK inhibitors in neuro-degen-
erative diseases. The present study used RNA interference to
specifically inhibit ROCKII expression and verify its role in an
MPTP-induced PD mouse model.

In conclusion, the results of the present study indicate that
ROCKII may serve a crucial role in MPTP-induced parkin-
sonism in mice. In addition, the results demonstrate that RI
is a promising therapeutic target that inhibits the activation of
inflammatory microglia in the SN region.
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