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ABSTRACT: Parkinson’s disease (PD) is the second most common neurodegenerative disease. To explore the disease-
specific proteins (DSPs) of PD, two mouse models were established with rotenone and 1-methyl-4-phenyl-1, 2, 3,
6-tetrahydropyridine (MPTP). A strategy of two-dimensional gel electrophoresis (2-DE) in combination with matrix-
assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) was used to identify the common
differentially expressed proteins in striatum. There were significant differences in behavioral evaluation and the
numbers of tyrosine hydroxylase (TH) positive neurons between the rotenone group and control group 1 and between
the MPTP group and control group 2 (p < 0.01). Maps of 2-DE were analyzed with PDQuest 8.0 software and 21
differentially expressed proteins were found between rotenone group and control group 1; 27 were found between
MPTP group and control group 2. Six common differentially expressed proteins were found in the two mouse models of
PD and 3 of them were ultimately identified successfully with MALDI-TOF-MS and database analysis: FEM1B, Pyridoxal
kinase and a-SNAP All the 3 common differentially expressed proteins were down-regulated in rotenone group and
MPTP group compared with control group 1 and control group 2, respectively. These proteins are primarily associated
with apoptosis, degradation of proteins, synthesis and transportation of neurotransmitters and they may be the DSPs
of PD.
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INTRODUCTION on clinical symptoms. Many clinical studies on pro-
teomics utilized cerebrospinal fluid or blood of PD
patients to find the disease-specific proteins (DSPs)
of PD for diagnosis while many animal model stud-
ies utilized the substantia nigra of a single animal
model of PD to study the DSPs [6,7]. But they all
failed to find out the DSPs of PD for diagnosis [8].
The pathology changes of chronic animal models in-
duced by rotenone and MPTP resemble the changes
of PD patients [9]. However, there is few studies
focusing on striatum and utilizing chronic multiple

Parkinson’s disease (PD) is the second most com-
mon neurodegenerative disease with a prevalence
of 1.7% in old people aged more than 65 [1].
The clinical symptoms of PD are characterized by
resting tremors, rigidity, bradykinesia and postural
instability [2]. It is widely accepted that those
symptoms of PD are the consequence of the loss
of dopaminergic neurons in substantia nigra (SN)
and the depletion of dopamine in striatum [3]. The

striatum is the main input station of basal ganglia
system. It consists of the nigrostriatal pathway with
SN and is most affected in early PD [4].

The etiology and pathogenesis of PD are very
intractable and there is no sensitive or specific
biomarker and imaging change for diagnosis so
far [5]. Therefore, PD is mainly diagnosed based
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animal models to study the DSPs of PD. In this
work, a proteomic strategy was applied to explore
the common differentially expressed proteins as the
DSPs of PD using the samples of striatum from two
chronic mouse models induced by rotenone and
MPTP.
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MATERIALS AND METHODS
Materials

Forty healthy C57BL/6 male mice, aged 8-12 weeks,
weighing 18-22 g, of clean grade, were provided
by the Experimental Animal Center of Chongqing
Medical University, with the license No. SYXK (yu)
20140001. Mice were housed 3-4 mice per cage
with free access to food and water. The room
was maintained at 202°C on a 12 h light/ dark
cycle. The experiment protocol complied with the
Guidance Suggestions for the Care and Use of Lab-
oratory Animals, issued in 2006 by the Ministry of
Science and Technology of China [10]. Rotenone,
MPTP were purchased from Sigma (St. Louis, MO,
USA). Clean-up kit, solid phase pH gradient strip
(pH 3-10NL, 17 cm) and Bio-Lyte were purchased
from Bio-Rad (California, USA). Anti-rabbit tyro-
sine hydroxylase (TH) multi-clone antibody was
purchased from Boster (Hubei, China). The first-
dimension isoelectric focusing unit and elements,
vertical electrophoresis system and elements and
PDQuest 8.0 image analysis software were from Bio-
Rad. Voyager DE-PROMALDI-TOF-MS mass spec-
troscopy analyzer was from ABI (California, USA).

Methods

Establishment of rotenone and MPTP models in
mice

After a week of adaptation to the environment,
mice in the rotenone group received subcutaneous
injections of rotenone (1 mg/kg) once a day for
40 successive days and mice in its control group 1
received the same volume of solvent injections ac-
cording to the paradigm of rotenone group; mice in
the MPTP group received subcutaneous injections of
MPTP (25 mg/kg) 30 min after the peritoneal injec-
tion of probenecid (250 mg/kg) twice a week for
5 successive weeks and mice in its control group 2
received the same volume of solvent injections after
the peritoneal injection of probenecid according to
the paradigm of MPTP group.

Behavioral evaluation and tyrosine hydroxylase-
immunohistochemical staining

General activities were observed everyday and
open-field test was performed at the 2nd day of last
injection. The modified method of Kawai [11] was
applied. The apparatus consisted of a box (30-cm
long, 30-cm wide and 15-cm deep), the bottom of
which was divided into 25 areas. A mouse was
placed in the center of field, and its ambulation
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and rearing were recorded for 5 successive min and
averaged as parameters of locomotor activity.

The expression of TH in SN was detected by
immunohistochemical staining using a conventional
avidin-biotin-immunoperoxidase technique. Briefly,
paraffin sections were dewaxed in xylene, hydrated
in decreasing percentage of alcohol, then washed
for 5 min in 0.01 M phosphate-buffered saline and
treated with 0.3% hydrogen peroxide. Then the
sections were washed 3 times for 5 min in 0.01 M
PBS, followed by 30 min of preincubation with 10%
normal calf serum. The brain sections were then
incubated with anti-TH antibody (1:150) overnight
at 4°C. After a 15 min rinse in changes of PBS, the
sections were incubated with biotinylated secondary
antibody for 20 min and then with avidin-biotin
peroxidase complex for 20 min at room tempera-
ture. Immunoreactions were visualized using 0.05%
diaminobenzidine after the sections were washed
with PBS. Then, dehydrated in increasing percent-
age of alcohols, till 70% alcohol, differentiated in
90% alcohol, cleared in xylene and finally mounted.
The TH-positive neurons were observed under light
microscope (Olympus, Tokyo, Japan).

Protein extraction and two-dimensional gel elec-
trophoresis

Mice were perfused with ice saline after anestheti-
zation with chloral hydrate rapidly. Then they were
sacrificed by cervical dislocation. Striatums were
dissected referring to the atlas of mouse brain [12]
and the method of Thomas [13], frozen with lig-
uid nitrogen rapidly and stored at —80°C until
use. The frozen brain tissues were homogenized
with sonication (10 watt for 4 s and 6 s interval)
for 3 min in buffer consisting of 7 M urea, 2 M
thiourea, 4% CHAPS, 1 mM PMSE 40 mM Tris-base
and 65 mM DTT. The tissue was further treated
with 20 g/l DNase I and 5 g/l RNase A at 4°C
for 30 min, and centrifuged at 40000g at 4°C
for 30 min. Supernatants were collected avoiding
lipids. Protein extracted from striatums was treated
with Clean-up kit, following the manufacturer’s
protocols. The protein concentration of the final
extract solution was determined using the modified
Bradford method.

Immobiline IPG dry strip gels were hydrated
with buffer consisting of 7 M urea, 2 M thiourea,
4% CHAPS, 0.2% Bio-Lyte and 65 mM DTT in a total
volume of 400 pl at 17°C for 12 h. And the strips
were loaded with 180 p.g of protein sample at the
same time of hydration. IEF was performed at 17 °C
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using the first-dimension isoelectric focusing units
following the manufacturer’s protocols. For IEE the
voltage was linearly increased from 250 to 10 000 V
for 8.5 h for sample entry followed by a constant
10000 V, with the focusing complete after 60 kVh.
Prior to the second dimension, strips were incubated
for 15 min in equilibration buffer (0.375 M Tris-
HCI, pH 6.8 containing 6 M urea, 2% SDS, and 20%
glycerol), first with 2% DTT and second with 2.5%
TAA. The equilibrated strips were inserted onto SDS-
PAGE gels (12%). SDS-PAGE was performed using
the vertical electrophoresis system and elements,
following the manufacturer’s protocols. The gels
were run at the current of 5 mA per gel for 30 min,
30 mA per gel for 7 h at 17°C, then SDS-PAGE gels
were silver-stained.

Image analysis

The silver-stained gels were scanned. In order
to minimize the variations that arose from sample
loading, run-to-run procedure and staining variabil-
ity, quantitative analysis of the digitized maps were
analyzed with PDQuest 8.0 software according to
the protocols provided by the manufacturer. Spots
were detected automatically and matched on the 3
images, followed by manual editing of spots and
spot alignment by an experienced user to improve
detection and eliminate artifacts. Differentially ex-
pressed protein spots were selected statistically for
the significant expression of variation that deviated
over about 1.5 folds in their expression levels com-
pared with the control group.

Matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF-
MS) and database analyses

The differentially expressed protein spots were ex-
cised, decolorized, dried, digested with sequence
grade porcine trypsin, and added to matrix, then
spotted onto the target plate. Protein analysis was
performed using an Voyager DE-PROMALDI-TOF-
MS. (Analysis parameters were the same as those
described by Chen [14].) Peptide mass fingerprints
were then retrieved in Mascot Swiss-Prot database
to identify the protein spots (www.matrixscience.
com). The parameters were set as follows: database
was SwissProt; taxonomy was Mus.; enzyme was
Trypsin; missed cleavage was 1; fixed modification
was Carbamidomethyl (C); variable modifications
were Acetyl (Protein N-term) and Oxidation (M);
Peptide tol.was +1.2 Da; Mass values was MH+;
Monoisotopic was Average. The basic requirement
for identification was that the expectation value
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Table 1 Behavioral evaluation of the 4 groups.

Group Ambulation score Rearing score
Rotenone 59.224+4.42% 19.60+£1.67%
Control 1 92.92+7.15 27.58+3.59
MPTP 60.18 +3.08" 19.98+£1.45"
Control 2 94.62+6.38 26.90+2.39

Data are expressed as mean=+SD and there are 10
mice in each group. a, p < 0.01 versus control group 1;
b, p < 0.01 versus control group 2.

(chance of misidentification) was less than 0.05 and
the coverage was more than 20% as described by
Wang [15].

Statistical analysis

The data were expressed as the mean+SD. A sta-
tistical analysis was performed using SPSS 20.0
software (Chicago, IL, USA) with an analysis of
t-test. In all analyses, statistical significance was
defined as p < 0.05.

RESULTS

Subcutaneous injection of rotenone and MPTP
produced behavioral deficits in mice

Mice in rotenone group and MPTP group showed
piloerection, tremor, bradycardia and lower reactive
to stimulus after injection. Those symptoms were
more obvious and lasted long, but they all disap-
peared on the next day. However, no behavioral
changes were observed in control group 1 and con-
trol group 2. The scores of ambulation and rearing
in rotenone group and MPTP group were reduced
significantly in the open-field test compared with
control group 1 and control group 2, respectively
(p < 0.01) (Table 1).

Rotenone and MPTP reduced the TH-positive
neurons in SN

Tyrosine hydroxylase-immunohistochemical stain-
ing was performed to validate the establishment
of animal models. The results showed that the
injection of rotenone and MPTP reduced the ex-
pression of tyrosine hydroxylase in SN (Fig. 1A). In
rotenone group and MPTP group, the numbers of
TH-positive neurons had significantly decreased in
the SN compared with control group 1 and control
group 2, respectively (p < 0.01) (Fig. 1B).
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Fig. 1 The expression of TH in SN by immunohisto-
chemical staining. (A) Rotenone group, control group 1,
MPTP group and control group 2, respectively (x 100).
(B) Compared with control group 1 and control group 2,
the numbers of TH-positive neurons were significantly
decreased in the rotenone group and MPTP group. The
numbers are expressed as mean=+SD; a, p < 0.01 versus
control group 1; b, p < 0.01 versus control group 2.

Two-dimensional gel electrophoresis protein
maps and grouping

Forty mice were randomly assigned to 4 groups
(n =10): rotenone group and its control group 1
and MPTP group and its control group 2. Mice in
the rotenone group and control group 1 received
subcutaneous injections of rotenone and the same
volume of solvent, respectively; mice in the MPTP
group and control group 2 received subcutaneous
injections of MPTP and the same volume of sol-
vent, respectively, 30 min after the injection of
probenecid. Two-dimensional gel electrophoresis
(2-DE) was performed with the protein extracted
from striatum to obtain the protein maps of each
group. Fig. 2 shows the 2-DE protein maps of the
four groups. The digitized maps were analyzed with
PDQuest 8.0 software according to the protocols
and up to 1220 protein spots were detected in each
map. The differentially expressed proteins were
selected for further analysis when p < 0.05 and
the average fold change was > 1.5 or < —1.5. A
total of 21 differentially expressed proteins were
found between the rotenone group and control
group 1; in those proteins, 9 were up-regulated and
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Table 2 Identification of the 3 common differentially
expressed protein spots.

Spot NCBI Protein MW/IP Matched Mascot
(kDa) peptide  score

1 Q97Z2G0 FEM1B 71.2/6.1 27 (39%) 63

2 Q8K138 Pyridoxal kinase 35.3/5.9 19 (50%) 70

3 Q9DB0O5 a-SNAP 33.6/5.3 27 (88%) 98

NCBI, National Center for Biotechnology Information;
MW, molecular weight; IB isoelectric point.

12 were down-regulated. While 27 differentially
expressed proteins were found between the MPTP
group and control group 2; in those proteins, 11
were up-regulated and 16 were down-regulated.
Six common differentially expressed proteins were
ultimately found in those 2 groups; of the 6 proteins,
2 were up-regulated and 4 were down-regulated.

MALDI-TOF-MS and Database analyses

The 6 common differentially expressed proteins
were cut from the gels, then digested and analysed
by MALDI-TOF-MS. The peptide mass fingerprints
were retrieved in the Mascot Swiss-Prot database
to identify the protein spots. Three proteins were
ultimately identified in the database successfully:
FEM1B, Pyridoxal kinase and a-SNAP (Table 2).
All the 3 common differentially expressed proteins
were down-regulated in rotenone group and MPTP
group compared with control group 1 and control
group 2, respectively (Fig. 2). The peptide mass
fingerprinting spectra and Mascot score histograms
of the 3 common differentially expressed protein
spots were shown in Fig. 3.

DISCUSSION

Proteomics is a further study of genomics. It does
not only study proteins which are the direct function
performers of life, but it is also more consistent with
the views of systemic biology. Proteomics is widely
applied in various research fields of bioscience, es-
pecially in the DSP and target studies of serious
diseases in human [16,17]. The proteomic studies
of PD usually focus on single acute and transgene
animal models. However, there are few studies
focusing on chronic multiple animal models of PD
which better mimic the pathology of PD [18,19].
Rotenone and MPTP are the common neurotoxic
substances in the animal model studies of PD and
the pathology changes of chronic mouse models in-
duced by rotenone and MPTP resemble the changes
of PD patients [9]. Therefore it is possible to find out
the DSPs of PD through comparing the differentially
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Fig. 2 Protein maps with differential expression. (A) Striatum tissue protein maps of the four groups over pH 3-10
range. (B) The locations of the 3 common differentially expressed protein spots in the 2-DE map. (C) The common
differentially expressed protein spots in the 4 groups. Arrowheads represent protein spots that showed significantly

different changes between experiment and control groups.

expressed proteins in those two animal models. This
study has broken through the traditional proteomics
research pattern to explore the common differen-
tially expressed proteins of striatum in two mouse
models of PD induced by rotenone and MPTP. Three
of the common differentially expressed proteins
were ultimately identified successfully: FEMIB,
Pyridoxal kinase and a-SNAP All of the 3 proteins
were down-regulated in rotenone group and MPTP
group. They are primarily associated with apop-
tosis, degradation of proteins, synthesis and trans-
portation of neurotransmitters and may be the DSPs
of PD.

Protein fem-1 homolog B (FEM1B) belongs to
the fem-1 family and locates in cytoplasm and nu-
cleus. As the substrate recognition subunit, it com-
poses of E3 ubiquitin-protein ligase complex with
CUL2, RBX1, TCEB1 and TCEB2 [20]. E3 ubiquitin-
protein ligase plays an important role in the ubiqg-
uitin proteasome system. Studies showed that the
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mutation of E3 ubiquitin-protein ligase might cause
the deposition of unfolded or misfolded proteins,
such as a-synuclein, in parkinson’s disease and
other neurodegenerative disorders [21]. Further-
more, Fem1b is a proapoptotic protein that induces
apoptosis when expression is increased in cancer
cells including colon cancer, breast cancer, cervical
cancer and neuroblastoma [22]. Upstream, Fem1b
binds to apoptosis-inducing death receptors Fas and
tumor necrosis factor receptor-1 (TNFR1) in the cell
surface [23]. Down-stream, Fem1b binds to apop-
totic protease activating factor-1 (Apaf-1), a core
component of the apopto-some which is a major reg-
ulator of caspase activation and initiation of apop-
tosis. Bcl-XL, a dominant negative Fas-associated
death domain or a dominant-negative caspase-9,
can inhibit Fem1b-induced apoptosis [23].

The present results demonstrated that the pro-
tein levels of FEM1B were down-regulated in both
rotenone group and MPTP group compared with
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Fig. 3 The peptide mass fingerprinting spectra and Mascot score histograms of the 3 common differentially expressed
protein spots. (A,C,E) represent the peptide mass fingerprinting spectra of FEM1B, Pyridoxal kinase and a.-SNAP Y-axis
represents protein signal peak intensity; X-axis represents mass charge ratio(m/z) in the peptide mass fingerprinting
spectra. (B,D,F) represent the Mascot score histograms of FEM1B, Pyridoxal kinase and a-SNAP Y-axis represents
number of hits; X-axis represents protein score in the Mascot score histograms.

the control groups, respectively. It is well known
that the dysfunction of Ubiquitin-proteasome sys-
tem and apoptosis are involved in development of
PD. And FEM1B is the substrate recognition subunit
of E3 ubiquitin-protein ligase complex and acts as
the death receptor-associated protein that mediates
apoptosis. Therefore, those findings suggest that
FEM1B may be the DSP of PD.

Pyridoxal kinase belongs to the vitamin B6 ki-
nase family and distributes in the cytoplasm. It is
involved in the metabolism of vitamin B6. Pyri-
doxal kinase synthesizes 5’-pyridoxal phosphate by
transferring phosphoryl group in the presence of
cofactors zinc and magnesium [24]. 5’-pyridoxal
phosphate is the only active form of vitamin B6
and as the cofactor is involved in the metabolism

of amino acids, fat and glycogen. Pyridoxal kinase
was involved in the neural degeneration in Hunt-
ington’s disease and it was oxidized in the brains
of Huntington’s disease patients and mouse mod-
els [25]. Further study showed that the oxidation
of pyridoxal kinase resulted in the reduction of 5'-
pyridoxal phosphate synthesized and affected the
synthesis of GABA and dopamine finally. Study
had confirmed vitamin B6 could alleviate the oc-
currence of PD [26,27] and the genetic mutation
of pyridoxal kinase was associated with PD in the
study of single cell expression profiling [28]. A
multicenter clinical study in Germany, Italy and
England analyzed the entire gene expression profile
of SN and the differently expressed genes labeled
SNPs in PD patients and found that the mutation of
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PDXK gene encoding pyridoxal kinase increased the
occurrence of PD [29,30]. The mechanism may be
related with the reduction of 5’-pyridoxal phosphate
synthesized due to the mutation of pyridoxal kinase,
then 5’-pyridoxal phosphate, as the cofactor of dopa
decarboxylase, would reduce the transformation to
dopamine.

In the present study, we found pyridoxal kinase
was down-regulated in both rotenone group and
MPTP group compared with the control groups,
respectively. In a previous proteomics study of
substantia nigra, pyridoxal kinase which plays an
important role in the neural degeneration was also
found to be down-regulated in mice models of PD
compared with the control groups [31], which is in
accordance with the present study to some extent.
Therefore, pyridoxal kinase may be the DSP of PD.

Alpha-soluble N-ethylmaleimide-sensitive fac-
tor (NSF) attachment protein (a-SNAP) belongs
to the SNP family and locates in the cell mem-
brane, especially in synaptic vesicle and presynaptic
plasma membranes. It is involved in the vesicular
transport between the endoplasmic reticulum and
the golgi apparatus and plays an essential role in
membrane fusion by bridging cis SNARE complexes
to the NSF [32]. a-SNAP stimulates NSF to re-
lease itself and recycles individual SNARE to re-
engage in the trans arrays for subsequent fusion
reaction [33]. Other study showed that the ac-
tivity of NSF ATPase stimulated by a-SNAP was
required for SNARE complex disassembly and ex-
ocytosis [34]. Furthermore, a-SNAP was found to
interact with agnoprotein to modulate exocytosis in
the study of human polyomavirus BK [35]. Alter-
ation of a-SNAP may be related to central nervous
system diseases [36]. Reduced expression of a-
SNAP was reported in Down’s syndrome, temporal
lobe epilepsy (TLE) and Creutzfeldt-Jakob disease
(CJD); however, increased a-SNAP expression was
reported in Huntington’s disease. Previous study
showed that the function defect of vesicular might
change the concentration of dopamine in PC12
cells [37]. a-SNAP phosphorylation decreases its
ability to bind the SNARE complex by one order of
magnitude [38]. The metabolites and side products
of excess dopamine in cytosolic could cause neu-
rodegeneration by triggering oxidative stress path-
ways in PD [39].

The present results demonstrate the protein
levels of a-SNAP were down-regulated in both
rotenone group and MPTP group compared with
the control groups, respectively. Previous stud-
ies showed a-SNAP was involved in the vesicu-
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lar transport and the down-regulation of a-SNAP
might induce the transport disorder of dopamine
in dopaminergic neurons in PD. Furthermore, a
proteomics study in substantia nigra found the re-
duced expression of NSF in MPTP-treated mice [40].
a-SNAP, which was down-regulated in the present
study, can stimulate NSF to release itself. That
is to say the reduction of a-SNAP may cause the
reduction of NSE Therefor, the reduction of NSF
in SN in previous study is in accordance with the
present study. These findings suggest that a-SNAP
may be the DSP of PD.

In short, the present study utilized two chronic
mouse models of PD induced by rotenone and MPTP
to study the proteomics changes of striatum. Three
common proteins, FEM1B, Pyridoxal kinase and
a-SNAB were screened out from the two groups
of differentially expressed proteins as the DSPs
of PD. They were reported for the first time in
the proteomics study of striatum. Their specific
mechanisms in the occurrence of PD are needed
in further study, but the changes in protein level
should provide valuable clues for further study of
the biomarkers and new therapy targets for PD.
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