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SUMMARY

Parkinson’s disease (PD) is characterized by dopaminergic neurodegeneration in the nigrostriatal
region of the brain; however, the neurodegeneration extends well beyond dopaminergic neurons.
To gain a better understanding of the molecular changes relevant to PD, we applied two-
dimensional LC-MS/MS to comparatively analyze the proteome changes in four brain regions
(striatum, cerebellum, cortex, and the rest of brain) using a MPTP-induced PD mouse model with
the objective to identify nigrostriatal-specific and other region-specific protein abundance
changes. The combined analyses resulted in the identification of 4,895 non-redundant proteins
with at least two unique peptides per protein. The relative abundance changes in each analyzed
brain region were estimated based on the spectral count information. A total of 518 proteins were
observed with significant MPTP-induced changes across different brain regions. 270 of these
proteins were observed with specific changes occurring either only in the striatum and/or in the
rest of the brain region that contains substantia nigra, suggesting that these proteins are associated
with the underlying nigrostriatal pathways. Many of the proteins that exhibit significant abundance
changes were associated with dopamine signaling, mitochondrial dysfunction, the ubiquitin
system, calcium signaling, the oxidative stress response, and apoptosis. A set of proteins with
either consistent change across all brain regions or with changes specific to the cortex and
cerebellum regions were also detected. One of the interesting proteins is ubiquitin specific
protease (USP9X), a deubiquination enzyme involved in the protection of proteins from
degradation and promotion of the TGF-β pathway, which exhibited altered abundances in all brain
regions. Western blot validation showed similar spatial changes, suggesting that USP9X is
potentially associated with neurodegeneration. Together, this study for the first time presents an
overall picture of proteome changes underlying both nigrostriatal pathways and other brain regions
potentially involved in MPTP-induced neurodegeneration. The observed molecular changes
provide a valuable reference resource for future hypothesis-driven functional studies of PD.
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INTRODUCTION

Parkinson’s disease (PD) represents a chronic, progressive neurodegenerative movement
disorder characterized by the loss of dopaminergic neurons in the substantia nigra (SN) and
accumulation of intraneuronal Lewy body inclusions (1-3). Since the first description of PD
in 1817 (4), extensive studies have been made including the identification of 13 PD
associated genetic loci (5,6), which provide basic insights into the pathogenesis of the
disease. Current hypotheses regarding mechanisms underlying the etiology and pathogenesis
of PD, include abnormal protein aggregation, mitochondrial dysfunction, oxidative stress,
and failure of the ubiquitin-proteasome system (4), and were mainly derived from studies
using postmortem tissues or animal models; most notably, the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-models (7-10). As a selective neurotoxin, MPTP primarily
targets the nigrostriatal dopaminergic system via the high affinity dopamine transporter
(11,12), where it induces the generation of excessive reactive oxygen species (ROS) and the
selective destruction of dopaminergic neurons, thereby decreasing the dopaminergic
projection into the striatum (7-10). The MPTP model has become the most commonly used
PD model for elucidating molecular cascades of neurodegeneration (7); however, the exact
etiology and mechanisms leading to the development of PD still remain unclear. Moreover,
the neurodegeneration extends well beyond dopaminergic neurons (7,13). Therefore,
identification of MPTP-induced molecular changes within different brain regions is essential
for defining molecular mechanisms underlying PD neurodegeneration.

Significant efforts have recently been focused on the application of proteomics technologies
in order to profile protein abundance changes in brain tissues and biofluids in patients or
animal models of neurodegenerative diseases (14,15). Studies using Two-dimensional
electrophoresis (2DE) coupled with mass spectrometry (MS) in PD patients, parkin-deficient
mice, as well as MPTP-treated mice have consolidated the view that mitochondrial
dysfunction and oxidative stress are involved in PD pathogenesis (16-21). We have also
recently applied LC-MS and microarrays to profile protein and transcript abundance changes
in the striatum of PD mouse models induced by MPTP and methamphetamine (METH)
treatment for the purpose of identifying molecular changes associated with PD (22).
However, since most of the studies were limited to only a single brain region, such as
substantia nigra or striatum, without comparison with other brain regions, it is unclear
whether the observed molecular changes are specific to nigrostriatal pathways. Moreover,
the molecular changes in other brain regions may potentially be associated with
neurodegeneration in PD have yet to be identified.

In this work we identify spatially resolved proteome changes induced by MPTP by
comparatively analyzing four brain regions, i.e., striatum, cerebellum, cortex, and the rest of
the brain tissue (ROB). Off-line strong cation exchange (SCX) LC fractionation was coupled
with high resolution capillary reversed-phase LC-MS/MS to enhance the overall proteome
coverage over the previous single dimensional LC-MS based study (22). The results reveal a
total of 518 proteins with significant abundance changes induced by MPTP in the different
brain regions; 270 of these proteins show abundance changes specific to the nigrostriatal
region. Many of the observed abundance changes are associated with the dopamine
signaling pathway, mitochondrial dysfunction, the ubiquitin system, calcium signaling, and
apoptosis.
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EXPERIMENTAL PROCEDURES

MPTP Mouse Model

Adult C57BL/6J male mice (8 weeks, 21–27 g), obtained from Jackson Laboratories (Bar
Harbor, ME), were administrated four intraperitoneal (i.p.) injections of MPTP-HCl (Sigma-
Aldrich, St. Louis, MO) in saline (15 mg/kg per injection) at 2 h intervals; the control mice
were injected with the same volume of sterilized saline only. The cortex, cerebellum,
striatum and rest of brain were dissected from 4 MPTP and 4 control mice 7 days after the
injection, and snap-frozen immediately in liquid nitrogen until future processing. Animal
procedures were performed in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. The loss of dopamine in striatum was assessed by
using high performance liquid chromatography (HPLC) as previously described (22) and
~88% decrease in striatal dopamine level was observed following the MPTP treatment.

Protein Digestion

All tissues were homogenized in 50 mM NH4HCO3 (pH 7.8), and protein concentration was
determined by a BCA assay (Pierce, Rockford, IL). Aliquots of homogenates from the same
brain region from four mice were pooled for protein digestion. Approximately, 300 μg
pooled sample was subsequently treated with 50% (v/v) trifluoroethanol (TFE) (Sigma-
Aldrich) for 2 h at 60 °C, 5 mM tributylphosphine (TBP) (Sigma) for 0.5 h at 60 °C, 40 mM
iodoacetamide (IAA) for 1 h at 37 °C, and then diluted five-fold with 50 mM NH4HCO3
prior to digestion with sequencing-grade trypsin (Promega, Madison, WI) for 3 h at 37 °C at
a 1:50 trypsin to protein ratio (w:w) with 1 mM CaCl2 added during the digestion. The
digested sample was then cleaned up with a SPE C-18 column (Supelco, Bellefonte, PA),
then dried down using a speed-vac concentrator.

Strong Cation Exchange (SCX) Fractionation

The dried peptides were dissolved in 25 mM NH4HCO3, and subjected to SCX fractionation
using a 200 × 2.1 mm (5 μm particles, 300 Å pore size) Polysulfoethyl A column (PolyLC,
Columbia, MD) on an automated HPLC (Agilent, Palo Alto, CA) at a flow rate of 0.2 mL/
min. Mobile phase solvents consisted of (A) 10 mM ammonium formate, 25% acetonitrile,
pH 3.0 and (B) 500 mM ammonium formate, 25% acetonitrile, pH 6.8. Once the column
was loaded, isocratic conditions at 100% A were maintained for 10 min. Peptides were
separated applying a gradient from 0 to 50% B over 40 min, followed by a gradient of 50–
100% B over 10 min. The gradient was then held at 100% solvent B for another 10 min.
Twenty-five fractions were collected for each sample. Following lyophilization, the
fractions were dissolved in 25 mM NH4HCO3 and stored at −80 °C.

Capillary LC-MS/MS Analysis

Each of the 25 SCX fractions was further analyzed using a fully automated custom-built
capillary HPLC system coupled online with an LTQ ion trap mass spectrometer
(ThermoFinnigan, San Jose, CA) using an in-house manufactured electrospray ionization
interface. The reversed-phase capillary column was slurry packed using 3 μm Jupiter C18
particles (Phenomenex, Torrance, CA) in a 75 μm (inside diameter) × 65 cm fused silica
capillary (Polymicro Technologies, Phoenix, AZ). The mobile phases consisted of A (0.2%
acetic acid and 0.05% TFA in water) and B (0.1% TFA in 90% acetonitrile). An exponential
gradient was employed during the separation, which started with 100% A that gradually
increased to 60% B over the course of 100 min. The instrument was operated in data-
dependent mode with an m/z range of 400–2000. The five most abundant ions from the MS
analysis were selected for MS/MS analysis using a normalized collision energy setting of
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35%. Dynamic exclusion was used to avoid repetitive analysis of the same abundant
precursor ion.

MS/MS Data Analysis

The MS/MS data were searched against the mouse International Protein Index (IPI) database
with a total of 51,252 total protein entries (Version 3.19, released on July 25, 2006, available
on-line at http://www.ebi.ac.uk/IPI) with the decoy database searching option (for assessing
false positive rate) using X!Tandem 2 software (23). The search parameters used were: 3 Da
tolerance for precursor ion masses and 1 Da for fragment ion masses with no enzyme
restraint and a maximum of three missed tryptic cleavages. Modifications for the static
carboxamidomethylation of cysteine and dynamic oxidation of methionine were applied
during the database search.

The following criteria were used for initial filtering of the raw X!Tandem results:
Peptide_Expectation_Value_Log(e) < −2 with partial or full tryptic cleavage. Such criteria
were established for mouse brain tissue using sequence-reversed database searching that
provides 3.7% of false positive peptide identifications at the final identified unique peptide
level (24). The reversed human protein database was created by reversing the order of the
amino acid sequences for each protein, and the false positive rate (FPR) for peptide
identifications was estimated by dividing the number of unique peptides identified from the
reversed database search (NR) by the number of unique peptides identified from the normal
database search (NN), i.e. FPR = NR/NN.

To remove redundant protein entries, ProteinProphet™ software (v1.7) was used as a
clustering tool to group similar or related protein entries into protein groups (25). Peptides
that passed the filtering criteria were assigned the identical probability score of 1 and
entered into the software program (done exclusively for cluster analysis) to generate a final
list of non-redundant proteins/protein groups. One protein IPI number was randomly
selected to represent each corresponding protein group that consists of a number of database
entries. Only those proteins or protein groups with two or more unique peptide
identifications were considered to be confident protein identifications.

Abundance ratios of proteins were calculated based on the spectral count of proteins from
each region in the format of fold-changes, i.e., if abundance ratio of [MPTP]/[Ctrl] ≥1, fold
change equals [MPTP]/[Ctrl]-1, and if abundance ratio of [MPTP]/[Ctrl] <1, fold change
equals 1-[Ctrl]/[MPTP]. To identify statistically significant abundance changes, proteins
identified from the analyses for each brain region were divided into three groups based on
their relative abundance levels: the high-abundance group (mean spectral count between two
biological conditions greater than 10); the medium-abundance group (mean spectral count
between 5 and 10); and the low-abundance group (mean spectral count less than 5), similar
to the method previously described (26). Standard deviations (σ) of fold-changes between
two replicate 2D-LC-MS/MS analyses were calculated for each protein abundance group
based on the data from the previous study (26) . A fold change greater than 4σ was required
for a protein to be considered to be significant for each protein group. The final cutoffs of
fold-changes are 5, 1.75, and 0.6 for the low-, medium-, and high-abundance groups,
respectively. Only those proteins with total spectral counts of peptide observation above 5
were retained for the analysis of abundance changes.

Western Blot Verifications of Selected Proteins

15 μg proteins were separated on a 4-12% NuPAGE Novex Bis-Tris gel (1 mm thick,
Invitrogen, CA), and transferred to a 0.2 uL Nitrocellulose membrane (Invitrogen). The
membranes were blocked in 10% nonfat milk in Tris-buffered saline (TBS: 50 mM Tris, 150
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mM NaCl, pH 7.4) at room temperature for one hour, followed by different primary and
secondary antibody incubations. Antibodies were used at the following dilutions: Beta
tubulin (mouse, Abcam, MA), 1:20000; Usp9x (rabbit, provided by Dr. Stephen Wood
(27)), 1:2000; Atp6v1f (Rabbit, Santa Cruz Biotechnology, CA), 1:200; Goat anti-rabbit IgG
– HRP (Invitrogen), 1:5000; Rabbit anti-mouse HRP-IgG (Pierce), 1:20000.
Immunoblotting bands were detected by Lumi-Imager F1 (Boehringer Mannheim
Corporation, Indianapolis, IN).

RESULTS

LC-MS/MS Profiling of Four Brain Regions

To achieve in-depth proteome coverage of the mouse brain regions, we applied offline SCX
fractionation coupled with high resolution capillary reversed-phase LC-MS/MS for
comparative analyses. As shown in the experimental workflow (Figure 1), samples from 4
mice in each experimental condition were collected. The whole brain was dissected into four
regions, i.e., striatum, cerebellum, cortex, and “rest of the brain tissue” (ROB) that contains
the substantia nigra (SN), with the purpose of identifying region-specific as well as multi-
regional proteome changes. Samples from the four biological replicates per condition were
pooled prior to trypsin digestion; the same amount of resulting peptides for all regions and
conditions were fractionated into 25 fractions by SCX, and submitted for LC-MS/MS
analysis. A total of 200 LC-MS/MS analyses were performed for all SCX fractions. After
database searching against the mouse IPI protein database using the X!Tandem algorithm
(23), 51,120 unique peptides were confidently identified with a false positive rate (FPR) of
~3.7% based on decoy database searching (24,28), covering 6,980 non-redundant protein
groups after removing possible redundant proteins by ProteinProphet (25). 4,895 (70%)
proteins with two or more unique peptides were considered to be confidently identified
proteins. The proteome coverage of each brain region is summarized in Table 1. 23,894
unique peptides and 3,928 proteins were identified from the striatum region; and the other
three regions have the similar trends and numbers. In addition, there are 2,945 proteins in
common across all four regions. All identified peptides and proteins are listed in
Supplementary Tables 1 and 2.

Spatial Protein Abundance Distribution

The spatial abundance distribution of each protein in the four analyzed brain regions was
evaluated on the basis of spectral count. To illustrate the normal spatial abundance
distribution, we only used data from control brain tissues for this analysis. Figure 2A shows
the heatmap of ~500 proteins that are primarily localized in one or two regions among the
four analyzed regions (Supplemental Table 3). Figure 2B illustrates the comparison of
protein abundance patterns with mRNA abundance patterns for selected proteins. The spatial
distribution patterns of protein abundances and mRNA abundances available from the Allen
Brain Atlas (http://www.brain-map.org/) correlate well. Moreover, a number of these
proteins are known as region-specific markers. For example, two highly-expressed proteins
that were only identified in the cerebellum, cerebellin (CBLN1) and Purkinje cell protein-2
(PCP2), are associated with Purkinje cell synaptic structures (29, 30). Here we find these
proteins are highly expressed in the cerebellum and absent in other brain regions (Figure
2B). CBLN1 is not shown in Figure 2B due to the lack of mRNA abundance information.
Phosphodiesterase 10a (PDE10a) is highly expressed in the striatum, consistent with its
known localization to striatal medium-sized spiny projection neurons and the response of
these neurons to cortical stimulation (31, 32). Similarly, gamma 7 G-protein subunit
(GNG7) is exclusively identified in the striatum where it is presumptively coupled to
dopamine receptors (33).
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MPTP-Induced Protein Abundance Changes

To identify region-specific protein abundance changes induced by MPTP treatment, spectral
count data for each brain region were used as a semi-quantitative measurement for
identifying relative abundance changes. After applying a stringent filtering criterion
requiring fold-changes greater than four-fold of the standard deviation (4σ), 192, 131, 124
and 133 proteins were observed with significant abundance changes after MPTP treatment
in the striatum, ROB, cortex and cerebellum, respectively, giving a total of 518 proteins with
significant changes (Supplemental Table 4). 462 proteins change significantly in only one
specific region after MPTP inducement. The striatum region appears to contain more
proteins with significant changes than the other three regions, which is consistent with
previous reports that MPTP mainly induces loss of neuron axon terminals in the striatum.
Besides, region-specific protein abundance changes, we also observe a small set of proteins
with consistent abundance changes across multiple brain regions with selected examples
shown in Figure 3. Only one protein, plasminogen activator inhibitor 1 RNA-binding protein
(Serbp1), has a consistent significant change across all four regions. A comparison of the
cellular component distributions between total identified proteins and all the significantly
changed proteins shows that a relatively large portion of proteins that respond to MPTP
treatment are localized in mitochondria and cytoskeleton (Figure 4).

As a means to assess data quality, we were able to map our data to 41 proteins with
previously reported changes in protein or gene expression associated with PD. As shown in
Table 2, 37 proteins agree in the direction of the reported changes; and 12 of these proteins
are known to be specifically changed in the nigrostriatal pathways due to MPTP treatment.
For example, down-regulation of CSE1L, HNRPDL, COPE, ATP6V1E1 and BCAS1, and
up-regulation of RAN, VIM, RPS4X, EIF4A2, UBB, THY1 and BCR were also observed in
the mRNA analysis of SN from human PD subjects (34). Acetylcholinesterase precursor
(ACHE) and breast carcinoma amplified sequence 1 (BCAS1), which were known to be
inactivated by MPTP (35) and downregulated in SN in PD (34) were both decreased in
striatum after MPTP treatment. Figure 5 further shows the fold changes of five proteins
(ATPIF1, ATP6V1D, NDUFB5, NDUFS2, NDUFS7) associated with mitochondrial
dysfunction that were observed with significant changes in both our previous LC-MS study
in striatum using 18O stable isotope labeling (22) and the present study (Figure 5A). Western
blot validations on two selected proteins, ubiquitin specific protease (USP9X) and vacuolar
ATP synthase subunit F (ATP6V1F), were performed and the observed changes correlate
with the proteomics spectral count data (Figure 5B).

Nigrostriatal Specific Protein Abundance Changes

Proteins potentially associated with dopaminergic neurodegeneration underlying the
nigrostriatal pathways can be identified by examining the patterns of protein abundance
changes across the four analyzed regions. Potential nigrostriatal specific changes would
occur in the striatum and/or the ROB region (containing SN) but without significant changes
in the cerebellum and cortex regions. Following this data analysis, we observed a total of
270 proteins with significant nigrostriatal specific abundance changes among the 518 total
regulated proteins (See Supplemental Table 5). Functional analysis of these proteins using
the Ingenuity Pathways Analysis (IPA) tool (36) revealed that many of the proteins are
associated with a number of functional categories, including mitochondrial dysfunction,
dopamine synthesis and signaling, apoptosis, the ubiquitin system, and calcium signaling.
Figure 6 shows the comparison of the number of nigrostriatal specific or total regulated
proteins in each functional category. As shown, nigrostriatal specific proteins contributes to
the main portion (>60%) of all functional categories, which is consistent with the knowledge
that SN and striatum are the major sites of neurodegeneration in PD.
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Functional Implications for Regulated Proteins

Table 3 lists the regulated proteins that are associated with different functional categories.
The detailed protein abundance information is available in Supplementary Table 6. The
abundance change patterns for each category are further displayed as heatmaps in Figure 7.

Dopamine Signaling—Of the observed 19 genes involved in dopamine signaling, 16 of
them were changed significantly in MPTP treated mouse brains as shown in Figure 7A.
Furthermore, fourteen of those sixteen genes with significant abundance changes were found
to be specific to the striatum and the ROB regions. Protein phosphatase 1 (PPP1R14A) is the
only protein which decreases significantly in the cerebellum. Serine/threonine-protein
phosphatase 2a (PPP2R5E) increases significantly in both striatum and cerebellum regions.
Proteins known to be associated with PD, dopa decarboxylase (DDC), tyrosine hydroxylase
(TH), and monoamine oxidase B (MAOB), were detected in both the striatum and the ROB
regions, which were not detected in our previous study (22). DDC is an enzyme implicated
in the dopamine synthesizing metabolic pathway (37). Following the hydroxylation of
tyrosine to form L-dihydroxyphenylalanine (L-DOPA) that is catalyzed by TH (38, 39),
DDC decarboxylates L-DOPA to form dopamine. Both DDC and TH were found
downregulated in the striatum region. MAOB, an enzyme involved in the activation of
MPTP and degradation of dopamine (40, 41), was upregulated in the striatum as previously
reported (42). Moreover, four other proteins in the dopamine signaling pathway (ADCY2,
CLTB, RAB5A, PPP3CC) and known to be associated with neurological diseases were also
observed to be down-regulated in the striatum region (43-46).

Mitochondrial Dysfunction and Oxidative Phosphorylation—58 genes associated
with mitochondrial dysfunction, including subunits of each mitochondrial complex
(complex I, II, III, IV and V), were detected with significant abundance changes across all
four regions after MPTP treatment, suggesting that a considerable degree of mitochondrial
dysfunction in the brain is induced by MPTP. Among these, changes of 32 proteins were
observed in striatum and ROB regions specifically. Figure 7B shows the abundance changes
for 28 selected mitochondria proteins across each complex of mitochondria dysfunction.
Some of these genes were also observed with similar down-regulation in our previous study
(22) (see Figure 4). In addition, a number of these genes agreed with previous mRNA
expression data. For example, cytochrome c oxidase subunit VIc (COX6C), which was
previously reported to be down-regulated at the mRNA level after MPTP treatment (47),
was also found to be down-regulated in protein abundance in the striatum region. Moreover,
ten and eleven genes were observed with significant changes only in the cerebellum or
cortex region, respectively. For example, protein abundances of aldehyde dehydrogenase
family 3 (ALDH3A2), fumarylacetoacetate hydrolase domain containing 1 (FAHD1),
propionyl-CoA carboxylase alpha chain (PCCA) decreased significantly only in the
cerebellum; while sodium/potassium-transporting ATPase (ATP1A4, ATP1B3), vacuolar
ATP synthase subunit D (ATP6v0D1), and ES1 protein homolog (D10JHU81E) were down-
regulated in the cortex. Five proteins with considerable abundance changes, including
dodecenoyl-coenzyme A delta isomerase (DCI), nucleoside diphosphate kinase B (NME2),
LAP3 protein (LAP3), glutathione S-transferase P 1 (GSTP2) and ATP synthase, H+
transporting, mitochondrial F0 complex (LOC227112), were detected not only in the
striatum, but also in the cerebellum and cortex regions. LOC227112 was observed with
consistent down-regulation not only in striatum and ROB, but also in the cerebellum.

Apoptosis and Cell Death—A number of proteins functionally associated with apoptosis
and cell death were detected with significant abundance changes. A total of 49 proteins in
this family were measured with significant changes across four regions, with 27 of them
specific to the striatum or ROB regions. Some of the genes were also previously reported
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with changes in mRNA abundances (see Supplementary Table 5). For example, the gene
expression of cathepsin D precursor (CTSD) has been reported to increase Alzheimer’s
disease (48), and similar up-regulation was observed in our previous proteomic study (22).
A number of known pro-apoptotic proteins, including clusterin (CLU), cathepsins (CTSD,
CTSB), calpain small subunit 1 (CAPNS1), prolyl endopeptidase (PREP), and programmed
cell death protein 8 (PDCD8), were detected with significant up-regulation in the striatum or
ROB region, which is consistent with the increased loss of dopamine neurons. Anti-
apoptosis proteins, astrocytic phosphoprotein PEA-15 (PEA15) and translationally-
controlled tumor protein (TPT1), were observed to have significant abundance decreases
following MPTP treatment. Eighteen genes changed significantly in the non-nigrostriatal
regions after MPTP treatment. For example, calreticulin (CALR), programmed cell death 6-
interacting protein (PDCD6IP), and protein S100-B (S100B) were up-regulated in the
cerebellum or cortex. Superoxide dismutase (SOD1) and glutathione S-transferase
(LOC226472) were significantly down-regulated only in the cortex region. Several
antioxidant proteins, including glutathione S-transferase (GSTM5, GSTP2, LOC226472)
and superoxide dismutase (SOD1), were found to be down-regulated in different regions,
suggesting a decrease in anti-oxidant capacity. Moreover, we observed a significant increase
in the abundance of neuronal nitric oxide synthase (nNOS in cerebellum and ROB), which
could contribute to an increase in reactive nitrogen species (RNS) in the cells.

The ubiquitin system—The ubiquitin system is one of the major pathways involved in
the turnover and clearance of mis-folded cellular proteins. The dysfunction of this system,
such as mutations in parkin (an E3 ligase) (49) and ubiquitin carboxy-terminal hydrolase L1
(UCHL1) (50), has been causally implicated in familiar PD (51,52). A total of 149 proteins
involved in the ubiquitin system were identified in this study using the KEGG PATHWAY
database. Ten proteins were found with significant abundance changes in different brain
regions (Table 3), and some of these changes have also been observed in other studies, for
example, ubiquitin B (UBB) (34) and E3 ubiquitin-protein ligase (NEDD4) (53).

Calcium signaling—Several upregulated or downregulated proteins were observed in the
calcium signaling pathway, including the downregulation of calcium/calmodulin-dependent
protein kinase type IV (CAMK4), protein phosphatase 3 (PPP3CC), tropomyosin 3 (TPM3),
ATP synthase (ATP5C1) in striatum. The results support the hypothesis that calcium
signaling plays a role in PD.

DISCUSSION

Recent studies of PD have led to significant advances in our understanding of the
pathogenesis of the disease (54-56). It has been generally recognized that the molecular
mechanisms of neurodegeneration in PD involve complex interactions between
environmental and genetic factors (57). Moreover, the neurodegeneration that occurs in PD
extends well beyond dopaminergic neurons in the substantia nigra (SN) and striatum (7-10).
In this work, we performed extensive region-specific protein abundance profiling by
dividing the whole brain into four-different regions (i.e., striatum, cerebellum, cortex, and
ROB), thus allowing both nigrostriatal and other region-specific proteome changes to be
identified. In-depth proteome coverage was achieved by applying offline SCX fractionation
coupled with capillary reversed-phase LC-MS/MS for comparative analysis of each of the
brain regions from both control and MPTP treated mice.

Although the MPTP treatment leads to significant dopaminergic neuron or neuron terminal
loss in SN and striatum, the effect of cell loss is corrected by using same amount of protein
samples between both MPTP and control conditions for analysis. Our results revealed 518
proteins with significant abundance changes in different brain regions after MPTP treatment.
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The majority (462 out of 518) of these proteins were observed with significant abundance
changes in a single brain region, which is not surprising because each of the brain regions
have very different functions. We were able to identify 270 proteins that are potentially
associated with nigrostriatal pathways by observing significant abundance changes in the
striatum and/or ROB, but not in the cerebellum and cortex. As anticipated, since it is known
that MPTP mainly induces a loss of neuron axon terminals in the striatum, the striatum
region does show more proteins that have substantial changes than the other three regions. In
addition to dopaminergic neuron death, proteins observed with significant changes only in
the cerebellum and cortex are of potential interest to the study other types of
neurodegeneration in these regions in addition to the dopaminergic neuron death.

Functional analysis of the regulated proteins revealed a number of interesting functional
categories, including mitochondrial dysfunction, dopamine synthesis and signaling,
apoptosis, the ubiquitin system, and calcium signaling. This observation is consistent with
recent results from both animal models and genetic models, which suggest that many of
these factors that contribute significantly to PD pathogenesis (54-56). Our results revealed
region-specific protein abundance changes associated with these factors. It is not surprising
to observe that the majority (>60%) of proteins associated with these functional categories
show nigrostriatal-specific abundance changes.

The MPTP treatment leads to ~88% decrease in dopamine levels in the striatum as measured
by HPLC; therefore, one would expect a significant disruption of the dopamine synthesis
and signaling pathway. However, in our previous LC-MS study (22), no proteins associated
with this pathway were detected due to the sensitivity limitation of one dimensional LC-MS.
In this study, we observed 16 proteins involved in the dopamine signaling pathway that
exhibited significant changes after MPTP treatment. The majority of these proteins
displayed changes only in the striatum and ROB regions. For example, two proteins
involved in dopamine synthesis, DDC and TH, had significant decreased abundances, which
are consistent with the loss of dopamine neurons.

MPTP is known to cross the blood-brain barrier and being metabolized by monoamine
oxidase B (MAOB) to MPP+ in glial cells. Once converted to MPP+, it is taken up by
dopaminergic neurons via the dopamine re-uptake system (dopamine transporter, DAT).
MPP+ is concentrated in the mitochondria where it inhibits the complex I of the respiratory
chain, leading to ATP depletion and increased generation of reactive oxygen species (ROS)
such as superoxide anion and hydroxyl radical, leading to the cell death of dopaminergic
neurons (55,58). Mitochondrial dysfunction indeed contributes to a wide range of human
pathologies, including multiple neurodegenerative diseases, ischaemia-reperfusion injury in
stroke and heart attack, diabetes and the cumulative degeneration associated with aging. It
causes cell damage and death by compromising ATP production, disrupting calcium
homeostasis and increasing oxidative stress. Furthermore, mitochondrial damage can lead to
apoptotic cell death by causing the release of cytochrome c and other pro-apoptotic factors
into the cytoplasm (55). Consistent with our previous observation of protein abundance
changes associated with mitochondrial dysfunction (22), the current study considerably
expanded the coverage of proteins associated with this function. In total we observed ~58
proteins with significant abundance changes that cover all five subunits of each complex
(complexes I, II, III, IV and V). Our data further consolidates the pivotal function of
mitochondria in PD neurodegeneration. Some proteins associated with oxidative stress
response were also observed with significant abundance changes, which include glutathione
S-transferase MU 5 (GSTM5), endoplasmic reticulum protein (ERP29), carbonyl reductase
1 (CBR1), cullin-3 (CUL3) and neuronal growth regulator 1 (NEGR1).
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In addition to mitochondrial dysfunction and oxidative stress, we also identified numerous
proteins functionally associated with apoptosis and cell death. Mitochondria are known to be
pivotal in controlling apoptosis since they house many apoptogenic molecules that are
released into the cytoplasm at the onset of apoptosis (55). These include cytochrome c,
apoptosis-inducing factor and various caspases. In general, we observed up-regulation for
pro-apoptotic proteins, and down-regulation for anti-apoptotic proteins, supportive of the
increased cell death caused by MPTP. The increased apoptosis due to MPTP induction is
also reflected by the decreased anti-oxidant capacity shown by the down-regulation of a
number of known antioxidant proteins and the increased expression of neuronal nitric oxide
synthase.

Our data also provide several lines of evidence that MPTP induced neurodegeneration may
not be limited to the nigrostriatal regions. First, significant changes for a number of proteins
associated with apoptosis and antioxidant functions were observed specifically in the cortex
and cerebellum. For example, calreticulin (CALR), nitric-oxide synthase (NOS1) and
programmed cell death 6-interacting protein (PDCD6IP), protein S100-B (S100B) were up-
regulated in the cerebellum or cortex only. Similarly, a number of proteins associated with
mitochondria dysfunction such as NADH dehydrogenase 1 (NDUFA9), NADH-ubiquinone
oxidoreductase (NDUFS2, NDUFV1), sodium/potassium-transporting ATPase (ATP1a4,
ATP1b3), beta-synuclein (SNCB) were also observed to have significant changes only in the
cortex or cerebellum. As the cerebellum does not contain dopaminergic neurons, the
observed effects of MPTP might derive from the glial cells or be related from other regions
of the brain.

Several proteins from the ubiquitin system were observed with significant abundance
changes in different brain regions. One interesting protein is ubiquitin-specific protease
USP9X (2559 amino acid) that has a completely different sequence from a known
Parkinson’s disease gene, UCHL1 (223 amino acid) (50). USP9X was significantly
upregulated in the striatum, cerebellum and cortex with Western blot validations (Figure 6).
USP9X, also known as FAM, is a mammalian homolog of Drosophila fat facets (59), which
is an enzyme required for eye development and early embryogenesis (60,61). USP9X
deubiquitination prevents the proteasomal degradation of some substrates such as Af-6 (62)
and beta-catenin (63), but also regulates the activity and intracellular localization of other
substrates, such as epsin (64) and MARCH 7 (65). Therefore, a possible way for USP9X to
be involved in PD is that during the development of PD, USP9X affects the degradation of
alpha synuclein, leading to toxic aggregation. A recent study (66) reported that USP9X
activates SMAD4 by deubiquitination at K519, resulting in the activation of SMAD2/3, and
promotion of TGFβ pathway, which will induce cell apoptosis (67). The involvement of
USP9X in apoptosis is confirmed by the data from the homolog fat facets, which is an
enhancer of grim-reaper induced apoptosis in Drosophila (68). Considering that TGFb1 (69)
and TGFb2 (70) were associated with neurodegenerative diseases, USP9X is possibly a
novel protein involved in the development of PD by both promoting the TGFβ pathway and
inducing the apoptosis of cells. In addition, USP9X is reported to interact with Huntingtin
protein (71) raising the possibility of a general role for USP9X in neurodegeneration.

Calcium signaling is known to regulate multiple neuronal functions, including synaptic
transmission, plasticity, and cell survival (72). High cytosolic Ca2+ can induce oxidative
stress and excitotoxicity and has long been suspected to play a role in PD (73,74). Recent
evidence indicates that neuronal calcium signaling is abnormal in many neurodegenerative
disorders, including AD and PD (75). Elevated intracellular Ca2+ participates in SN cell loss
(76). Our observation of abundance changes in proteins associated with calcium signaling
provides further evidence of its potential role in PD.
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To summarize, our extensive proteome survey provides a comprehensive picture of protein
abundance changes in different brain regions induced by MPTP treatment, the most
commonly used mouse model for PD. The observed protein abundance changes are also
supportive of the general mechanism of MPTP induced neurodegeneration as shown in
Figure 8. Briefly, MPP+ induces mitochondria dysfunction, which leads to a decreased
antioxidant capacity and the generation of excessive ROS and RNS. The oxidative stress
condition leads to an up-regulation of pro-apoptotic proteins or factors, down-regulation of
anti-apoptotic proteins, and disruption of the ubiquitin system, all of which eventually lead
to cell death. Although our data supports that neurodegeneration mainly occurs in the
nigrostriatal region, the study does provide additional novel information potentially
associated with the neurodegeneration outside this region. It is not clear that all changes
observed are associated with neurodegeneration. It may well be that some changes in protein
expression represent the brain’s attempts to rectify trauma or detoxify the cells. We believe
this dataset contains a rich source of novel proteins, e.g., USP9X, that may play an
important role in neurological diseases and many of the proteins may represent interesting
targets for further hypothesis-driven mechanistic studies.
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Figure 1.

Flowchart showing the experimental workflow.
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Figure 2.

(A) Heatmap of ~500 region-specific proteins from control brain samples. Protein
abundances were displayed with a normalized abundance ratio scale where the spectral
count for each protein in a given region was divided by the average spectral count across the
four regions. All proteins had at least five total spectral counts and the normalized
abundance ratio was >3 in at least one region. (Str: striatum; ROB: rest of brain; CB:
cerebellum; Cor: Cortex) (B) Selected localized proteins showing good agreement with
mRNA abundance distributions available in the Allen Brain Atlas
(http://www.brain-map.org/). The ROB is not included because the average data for the rest
of brain region is less quantitative. The highest region abundance of each protein is set as
100%. Myosin-5A (MYO5A) is a general protein expressed the same across all brain
regions.
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Figure 3.

MPTP induced protein abundance changes for selected proteins across the four regions.
Abundance changes were displayed as fold changes where the fold change is [MPTP]/
[Ctrl]-1 if abundance ratio of spectral count ≥1, or the fold change is 1-[Ctrl]/[MPTP] if
abundance ratio <1. Region annotations: Str: striatum; ROB: rest of brain; CB: cerebellum;
Cor: Cortex.
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Figure 4.

Comparison of the cellular component distributions between the total identified proteins
(black) and all regulated proteins (white) that show significant MPTP-induced abundance
changes. The number of proteins in each category is expressed as a percentage of the total.
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Figure 5.

(A) Fold changes observed for selected mitochondrial proteins in the striatum. Fold-changes
from 18O labeling is detailed in a previous paper[22]. (B) Western blot analysis of ubiquitin
carboxyl-terminal hydrolase (USP9X) and vacuolar ATP synthase subunit F (ATP6v1f) in
three different mouse brain regions before and after MPTP treatment. The spectral count for
a protein in each brain region is labeled under each gel band. USP9X is observed to be up-
regulated in all three regions. ATP6v1f is observed to be down-regulated in STR and ROB
regions with MPTP treatment. The results agree with the proteome data. (STR: striatum;
CB: cerebellum)
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Figure 6.

Comparison of the number of nigrostriatal-specific and total significant proteins in each
functional category. Nigrostriatal-specific proteins contribute to the main portion (>60%) of
all functional categories.
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Figure 7.

Heat maps of abundance changes for specific protein functional categories. (A) Dopamine
signaling pathway; (B) Mitochondrial dysfunction; (C) Apoptosis and cell death; (D) the
ubiquitin system; (E) Calcium signaling. Relative protein abundances are displayed as fold
changes (MPTP/control).
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Figure 8.

A general mechanism of MPTP induced neurodegeneration.
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Table 1

Number of peptides and proteins identified from the four brain regions.

Regions Unique peptides Unique proteinsa Significant proteinsb

Striatum (Str) 23,894 3,928 192

Rest of Brain (ROB) 25,744 4,194 131

Cerebellum (CB) 24,084 4,171 133

Cortex (Cor) 22,940 3,515 124

a
Proteins identified with more than 2 unique peptides.

b
Proteins that show significant changes in abundance as induced by MPTP treatment.
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Table 3

Significant proteins associated with different functional categories as shown in Figure 7.

IPI reference Gene
symbol

Protein name

Dopamine signaling

 IPI00118022.1 Ap2s1 AP-2 complex subunit sigma-1

 IPI00131814.1 Ddc aromatic-l-amino-acid decarboxylase

 IPI00377680.3 Adcy2 adenylate cyclase 2

 IPI00138131.1 Th tyrosine 3-monooxygenase

 IPI00228978.2 Cltb clathrin light chain B

 IPI00132410.1 Rab5a RAS-related protein

 IPI00223800.4 Pcbd1 pterin-4-alpha-carbinolamine dehydratase

 IPI00108318.1 Ppp3cc protein phosphatase 3

 IPI00343381.5 Adcy5 adenylate cyclase 5

 IPI00317759.4 Ppp2r2b protein phosphatase 2A

 IPI00118723.3 Ppp2r4 serine/threonine-protein phosphatase

 IPI00169711.1 Maoa amine oxidase A

 IPI00226140.4 Maob amine oxidase B

 IPI00224697.1 Ppp2r5e serine/threonine-protein phosphatase

 IPI00119575.3 Prkar1a protein kinase

 IPI00126719.1 Ppp1r14a protein phosphatase 1

Mitochondria dysfunction

 IPI00268145.4 Atp12a potassium-transporting atpase alpha chain

 IPI00378485.2 Atp1a4 sodium/potassium-transporting atpase
alpha-4 chain

 IPI00123704.1 Atp1b2 sodium/potassium-transporting atpase
subunit beta-2

 IPI00124221.1 Atp1b3 sodium/potassium-transporting atpase
subunit beta-3

 IPI00378453.3 Atp2b4 ATP2B4 protein

 IPI00313475.1 Atp5c1 ATP synthase gamma chain

 IPI00313841.1 Atp6v0d1 vacuolar ATP synthase subunit D

 IPI00118787.1 Atp6v1d vacuolar ATP synthase subunit D

 IPI00315999.4 Atp6v1f vacuolar ATP synthase subunit F

 IPI00121443.1 Cox6a1 cytochrome C oxidase, subunit VI A

 IPI00131771.2 Cox6c cytochrome C oxidase polypeptide VIC

 IPI00555023.1 Gstp2 glutathione S-transferase P 1

 IPI00672194.2 LOC227112 ATP synthase, H+ transporting,
mitochondrial F0 complex

 IPI00125460.1 LOC674583 ATP synthase coupling factor 6

 IPI00230715.4 Ndufa13 NADH dehydrogenase 1 alpha subunit 13

 IPI00315302.4 Ndufa2 NADH dehydrogenase 1 alphasubunit 2

 IPI00120212.1 Ndufa9 NADH dehydrogenase 1 alphasubunit 9

 IPI00132390.4 Ndufb4 NADH dehydrogenase 1 beta subunit 4
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IPI reference Gene
symbol

Protein name

 IPI00132531.1 Ndufb5 NADH dehydrogenase 1 beta subunit 5

 IPI00133215.2 Ndufb7 NADH dehydrogenase 1 beta subunit 7

 IPI00387430.1 Ndufb8 NADH dehydrogenase 1 beta subunit 8

 IPI00128023.3 Ndufs2 NADH-ubiquinone oxidoreductase

 IPI00120232.1 Ndufs7 NADH-ubiquinone oxidoreductase

 IPI00130460.1 Ndufv1 NADH-ubiquinone oxidoreductase

 IPI00132762.1 Trap1 heat shock protein 75 kDa

 IPI00132347.1 Uqcrb ubiquinol-cytochrome C reductase
binding protein

 IPI00224210.4 Uqcrq ubiquinol-cytochrome C reductase

Apoptosis and cell death

 IPI00123639.1 Calr calreticulin

 IPI00555023.1 Gstp2 glutathione S-transferase P 1

 IPI00135475.2 Dbn1 drebrin

 IPI00121013.1 Pea15 astrocytic phosphoprotein

 IPI00278804.1 Scamp1 secretory carrier-associated membrane
protein 1

 IPI00131720.3 Cacnb4 calcium channel subunit beta-4

 IPI00321942.4 Arfip2 arfaptin-2

 IPI00129191.1 Nos1 nitric-oxide synthase

 IPI00114368.2 Sec22b vesicle-trafficking protein

 IPI00116558.1 Rhog RHO-related GTP-binding protein

 IPI00130840.6 Cope coatomer subunit epsilon

 IPI00129577.1 Pdcd8 programmed cell death protein 8

 IPI00761930.1 Prep prolyl endopeptidase

 IPI00227970.1 Exoc7 exocyst complex component 7

 IPI00121623.1 Dynll1 dynein light chain 1

 IPI00113517.1 Ctsb cathepsin B

 IPI00111013.1 Ctsd  cathepsin D

 IPI00221613.4 Arf1  ADPribosylation factor 1

 IPI00127942.3 Dstn  Destrin

 IPI00112555.3 Gars  glycyl-trna synthetase

 IPI00130992.1 Capns1  calpain small subunit 1

 IPI00468140.2 Sorbs1  sorbin and sh3 domain-containing
 protein 1

 IPI00323483.3 Pdcd6ip  programmed cell death 6-interacting
 protein

 IPI00222557.4 S100b  protein s100-b

 IPI00466424.4 Rab1  member ras oncogene family

 IPI00320420.3 Clu  Clusterin

 IPI00120193.1 Cdc42  cell division control protein 42

 IPI00125861.2 Dlgh1  disks large homolog 1

 IPI00125501.1 Epb4.1l3  band 4.1-like protein 3
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IPI reference Gene
symbol

Protein name

 IPI00467383.2 Cul3  cullin-3

 IPI00125328.3 Epb4.9  Dematin

 IPI00351827.5 Shank3  Shank3

 IPI00120345.1 Gas7  growth-arrest-specific protein 7

 IPI00270362.2 Rapgef4  RAP guanine nucleotide exchange
 factor 4

 IPI00125880.1 Pacsin2  protein kinase c and casein kinase
 substrate in neurons protein 2

 IPI00114380.1 Gstm5  glutathione S-transferase MU 5

 IPI00129685.1 Tpt1  translationally-controlled tumor protein

 IPI00119663.2 Mapk1  mitogen-activated protein kinase 1

 IPI00420651.3 Ppp1r9b  neurabin-2

 IPI00314153.4 Yars  tyrosyl-trna synthetase

 IPI00321734.6 Glo1  lactoylglutathione lyase

 IPI00137227.1 Rab2  RAS-related protein

 IPI00229703.5 Vamp2  vesicle-associated membrane protein

 IPI00626662.2 Aldh1a1  retinal dehydrogenase 1

 IPI00469392.2 Rtn4  reticulon-4

 IPI00130589.7 Sod1  superoxide dismutase

 IPI00321922.2 Pacs1  phosphofurin acidic cluster sorting
 protein 1

 IPI00750911.1 Myo5a  Myo5a protein

 IPI00130368.4 LOC226472  glutathione S-transferase, mu 4

Calcium signaling

 IPI00459570.1 Tpm3  tropomyosin 3, gamma

 IPI00108318.1 Ppp3cc  protein phosphatase 3

 IPI00278611.5 Tpm3  tropomyosin alpha-3 chain

 IPI00313475.1 Atp5c1  ATP synthase gamma chain

 IPI00132526.1 Camk4  calcium/calmodulin-dependent protein
 kinase type IV

 IPI00338309.3 Ryr2  cardiac Ca2+ release channel

Ubiquitin system

 IPI00402913.1 Ube2v2  ubiquitin-conjugating enzyme e2
 variant 2

 IPI00378681.4 Zubr1  CG14472-PA

 IPI00323130.3 Tceb1  transcription elongation factor B
 polypeptide 1

 IPI00108590.2 LOC639383  ubiquitin A-52 residue ribosomal
 protein

 IPI00139518.3 Ubb  ubiquitin B

 IPI00128760.1 Ube2l3  ubiquitin-conjugating enzyme

 IPI00165854.3 Ube2n  ubiquitin-conjugating enzyme e2n

 IPI00467383.2 Cul3  cullin-3

 IPI00108388.1 Usp9x  ubiquitin carboxyl-terminal hydrolase
 FAF-x
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IPI reference Gene
symbol

Protein name

 IPI00462445.2 Nedd4  E3 ubiquitin-protein ligase
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