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Aim: Parkinson’s disease and schizophrenia are clinical end points of dopaminergic deficit and
excess, respectively, in the mid-brain. In accordance, current pharmacological interventions
aim to restore normal dopamine levels, the overshooting of which culminates in adverse effects
which results in psychotic symptoms in Parkinson’s disease and extra-pyramidal symptoms in
schizophrenia. Currently, there are no laboratory assays to assist treatment decisions or help
foresee these drug side-effect outcomes. Therefore, the aim was to discover a protein biomar-
ker that had a varying linear expression across the clinical dopaminergic spectrum.
Materials and methods: iTRAQ-based proteomic experiments along with mass spectro-
metric analysis was used for comparative proteomics using cerebrospinal fluid (CSF). CSF
fluid was collected from 36 patients with Parkinson’s disease, 15 patients with urological
diseases that served as neurological controls, and seven schizophrenic patients with halluci-
nations. Validation included ELISA and pathway analysis to highlight the varying expression
and provide plausible molecular pathways for differentially expressed proteins in the three
clinical phenotypes.

Results: Protein profiles were delineated in CSF from Parkinson’s disease patients, neurological
control and schizophrenia, respectively. Ten of the proteins that were identified had a linear
relationship across the dopaminergic spectrum. a-2-Macroglobulin showed to be having high
statistical significance on inter-group comparison on validation studies using ELISA.
Conclusions: Non-gel-based proteomic experiments are an ideal platform to discover
potential biomarkers that can be used to monitor pharmaco-therapeutic efficacy in dopa-
mine-dictated clinical scenarios. a-2 Macroglobulin is a potential biomarker to monitor
pharmacological therapy in Parkinson’s disease and schizophrenia.

Keywords: Parkinson’s disease, schizophrenia, iTRAQ proteomics, dopamine, biomarkers,
therapeutic efficacy, alpha-2-macroglobulin

Introduction

Parkinson’s disease and schizophrenia are two neurological diseases that are very
clinically diverse but are etiopathologically related to neurotransmitter dopamine.
While the motor symptoms of Parkinson’s disease result from deficient dopamine-
generating neurons, the psychotic symptoms of schizophrenia are related to an excess

submit your manuscript

Dove “

http:

in 3

Neuropsychiatric Disease and Treatment 2019:15 2853-2867 2853

© 2019 Gupta et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.

T php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the
work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Gupta et al

Dove

of dopaminergic activity." In accordance, the pharmacologi-
cal interventions by clinicians, and their respective responses
in Parkinson’s disease and schizophrenia, pertains to concen-

2 Treatment in

trations of dopamine in the mid-brain.
Parkinson’s disease is therefore given to enhance dopamine
in the neurons of the brain, while medications in schizophre-
nia include drugs that reduce the synthesis and activity of
dopamine as a signal between neurons in the mid-brain.
Therefore, during the course of Parkinson’s therapy, dopa-
mine levels tend to increase physiological levels, leading to
symptoms of schizophrenia.> Likewise, neuroleptic drugs
that are used in the treatment of schizophrenia lower the
amounts of dopamine and produce extra-pyramidal side
effects.* Although these side effects are slightly reduced
with second-generation anti-psychotic drugs, problems that
pertain to the side effects of medications continue to be
reported.”

For diseases such as Parkinson’s and schizophrenia, a
major hurdle is that there are currently no investigations that
can guide treatment decisions or help predict adverse side
effects of the drugs used. As a reason, there is a high
probability of overshooting the point of normal dopaminer-
gic state, resulting in patients succumbing to the side
effects, which is a clinical state at the other end of the
dopaminergic spectrum.® The detailed neuro-anatomy,
molecular pathology and side effects of current pharmaco-
logical interventions in Parkinson’s disease and schizophre-
nia have been comprehensively explained and reviewed by
our group.” Clinicians have to depend on patient compli-
ance and symptoms to comprehend the efficacy of drugs
that are administered.® This causes a lot of inconvenience to
patients and neurologists. This drawback also has an indir-
ect social and economical constraint in society.

Clinical proteomics offers a platform to discover
biomarkers to understand pathological states and treatment
response.” '! Potential biomarkers have been discovered in
cerebrospinal fluid (CSF) using gel-based proteomic experi-
ments for neurological diseases such as tubercular meningitis
and Alzheimer’s disease.'*"* In our previous studies, we have
highlighted the prospects of identifying protein biomarkers in
serum and CSF to monitor the pharmaco-therapy of
Parkinson’s disease and schizophrenia.'*'® In this study, we
seek to identify potential biomarkers that are differentially
expressed in the CSF across the dopaminergic-deficient state
of Parkinson’s disease, the normal dopaminergic state, and the
dopaminergic excess state of schizophrenia using isobaric Tag
for Relative and Absolute Quantitation (iTRAQ). iTRAQ pro-
teomic experiments have the following advantages: (1) they

provide qualitative as well as quantitative analysis; (2) it is an
amino acid independent tag labelling technology; (3) up to
eight clinical phenotypes can be analyzed in a single experi-
ment; and (4) low abundant protein quantification is possible.
This should pave the way to monitor pharmacology-based
therapeutic efficacy in the dopamine-mediated disorders of
Parkinson’s disease and schizophrenia.

Methods

Ethics, Consent, Sample Collection

This study was approved by the ethics committee at
All India Institute of Medical Sciences, New Delhi
(IEC/NP-535/4.11.2013) and protocols followed were
in accordance with the ethical standards formulated in
the Helsinki Declaration. Screening of patients was done
at neurology and psychiatry clinics at the institute as per
the criteria provided below. Written informed consent
was obtained from participants before obtaining CSF
and for subsequent analysis. For neurological controls,
patients with bladder, prostate and uterine pathologies
were screened at urology and gynecology clinics, and
recruited for surgeries for spinal anesthesia. Lumbar
puncture was done by positioning the spinal needle
between the two vertebral spines at the L4-L5 level.
CSF (2 mL) was collected in sterile conditions, trans-
ported in microfuge tubes in an ice box and centrifuged at
4°C for 5 min at 3,000 rpm. The supernatant was ali-
quoted and stored at —80°C until further analysis. The
tubes were placed on ice at the time of sample collection
in the operating theaters. The samples were immediately
centrifuged to eliminate any possible contamination by
red blood cells (RBCs). They were then aliquoted to new
sterile tubes, labeled and stored at —80°C. Quality control
was ensured by CSF sample collection in sterile condi-
tions during the operation. They were aliquoted and
stored at —80°C and minimum freeze thawing of the
samples was complied with to minimize protein degrada-
tion. Labeling, annotation and clinical date of collection
was done in a disciplined manner. The peptide intensities
on mass spectrometric analysis ensured consistent quali-
tative and quantitative information. The entire period of
patient screening, recruitment and sample collection
lasted nine months.

Patient Inclusion And Exclusion Criteria
Inclusion criteria: Patients with Parkinson’s disease were
screened based on Unified Parkinson Disease Rating Scale
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(UPDRS), where a score of 0 represented no disability, 1
represented minimum disability and a score of 199 repre-
sented complete disability.'” The Hoehn and Yahr scale
was used to describe the progress of symptoms in
Parkinson’s patients and was graded from stage 1 to
stage 5.'® Diagnosis of schizophrenia was made as per
ICD 10." Naive patients with Parkinson’s disease and
schizophrenia were recruited for the discovery phase of
experiments. The same naive patients along with patients
who were on pharmacological therapy were recruited for
the validation phase of the study. Patients with urological
disorders or pregnant women requiring surgical interven-
tions under spinal anesthesia were admitted as neurologi-
cal controls. At the time of recruitment, these patients
were only taking nutritional supplements. Detailed clinical
examination was carried out on these patients to rule out
any neurological abnormalities. At the time of administer-
ing spinal anesthesia, lumbar puncture was done and the
CSF was collected from these patients and was annotated
as neurological control samples. Exclusion criteria:
Patients with other co-existing pathologies and those
patients on non-allopathic alternative forms of therapy
were excluded from the study.

Chemicals And Consumables

Dithiothreitol (DTT), iodoacetamide and formic acid were
purchased from Sigma (St. Louis, MO, USA). Trypsin (mod-
ified, sequencing grade) was purchased from Promega. The
isobaric tags for relative and absolute quantitation (iTRAQ)
reagents were procured from ABSciex (Foster City, CA,
USA). The LC-MS grade water and acetonitrile were pur-
chased from J. T. Baker. The cation exchange chromatogra-
phy column was procured from ABSciex. ELISA conducted
in this study was procured from Abcam. All other chemicals
used in the experiments were of analytical grade.

Protein Quantification And Internal
Standard

Two CSF samples from naive Parkinson’s disease patients,
two CSF samples from naive schizophrenia and two CSF
samples from neurological controls were taken for the
discovery phase of the proteomic experiments by
iTRAQ. Protein concentrations of CSF samples of each
of these patients were determined using Bradford reagent
(Sigma, USA). Equal concentrations of proteins from all
these six samples were pooled as internal standard for the
sake of normalization in each experiment.

Protein Digestion And Isobaric Tags For
Relative And Absolute Quantitation
Labeling

Protein (45 pg) from each sample was reduced with 25
mM DTT for 30 min at 60°C and alkylated with 55 mM
iodoacetamide for 20 min at room temperature. Each of
these protein samples were digested for 16 h with trypsin
in a 1:10 ratio at 37°C. Digested peptides were labeled
with iTRAQ reagents following the method provided by
the manufacturer (ABSciex). The following experimental
design used for the labeling of clinical phenotypes and
internal standard. In brief, all vials of iTRAQ labeling
tags 114, 115 and 116 were reconstituted in 70 pl of
absolute ethanol. This was added to every sample and
incubated for 2 h at room temperature, and the reaction
was quenched using 50 pl milli-Q water. The three
iTRAQ-labeled samples in each set were then pooled
separately into a single vial and vacuum-dried using a
vacuum concentrator (Eppendorf, USA). The dried sam-
ples were reconstituted in 8 mM ammonium formate
buffer (pH 3) and were fractionated by cation exchange
using an isotope-coded affinity tag-cartridge (ABSciex).
Peptides were eluted with 500 pl of 35, 50, 75, 100, 125,
150, 250, 350, and 500 mM concentrations of ammonium
formate buffer, pH 3, and vacuum-dried.

Reverse-Phase Separation And Mass

Spectrometry Analysis

The peptide fractions were loaded onto a reverse-phase
C18 analytical column associated with a trap column
(ChromXP nano-LC Trap column 350 pm X 0.5 mm, 3
um 120 A). The peptide separation was performed using
Eksigent nano-LC 425 coupled with triple Time-of-Flight
(TOF)-6600 (ABSciex). The peptide fractions were pre-
mixed in loading buffer (mobile phase A: 100% water and
0.1% formic acid) and 10 pL was loaded on a trap column
with a flow rate of 2 ul/min. The retained peptides were
washed isocratically by loading buffer for 45 min to
remove excess salt. The peptides were resolved on an
analytical column with a multi-step linear gradient of
loading buffer and elution buffer (mobile phase B: 100%
acetonitrile and 0.1% formic acid) at a flow rate of
250 nl/min. The gradient elution was initiated using 5%
elution buffer and was held for 1 min, with linear increase
of 10% for 10 min, 35% for 70 min, and 50% for 80 min.
The gradient was maintained at 80% B for 8 min before
being re-equilibrated to 5% B for 18 min. The Q-TOF
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6600 (ABSciex) was operated in information-dependent
acquisition (IDA) mode. The complete MS spectra were
acquired in positive ion mode in an m/z ratio of 400—1600
Da, with a 0.25 seconds TOF-MS accumulation time,
whereas the MS/MS product ion scan was performed in
the mass range of 100-1,800 Da with an accumulation
time of 0.07 seconds. The mass spectrometric settings
were as follows: ion spray voltage floating: 2,400 V, cur-
tain gas: 25, ion source gas 1:25, interface heater tempera-
ture: 75 °C, and declustering potential: 80 V. For 3
seconds, former target ions were excluded and 25 candi-
date ions were monitored per MS cycle. IDA advanced
“rolling collision energy” was applied for subsequent MS
and MS/MS scans.

Database Search And Analysis

Data in the constituted MS and MS/MS spectra scan were
received from Triple TOF 6600 in the form of .wiff files.
These .wiff files from each iTRAQ experiment were sub-
mitted for protein identification to ProteinPilot™ software
(v.5.0.1, ABSciex), using a Paragon search method against
Homo sapiensSwissProt database. The following search
parameters were used: trypsin as the digestion enzyme
with two missed cleavages, iodo-acetamide modification
on cysteine residue, iTRAQ 3-plex modification of the N-
termini of peptides and of the side chains of lysine, and
proteins were identified with global protein false discovery
rate (FDR) of 1%. From the search results obtained, the
ratios with respect to internal standard were selected and
the average of two sets of experiments was taken. Proteins
which had a linear set of ratios across the three phenotypes
of Parkinson’s disease, controls and schizophrenia were
chosen for further analysis. Proteins with a total number of
peptides identified with 95% confidence limit and, having
a linear expression along the three phenotypes was esti-
mated. Venny 2.1.0 (Bioinfo GP, CNB-CSIC) was used to
group and compare the number of proteins across the three
phenotypes on the basis of UNIPROT identifications.

Pathway Analysis
All the information about genes corresponding to identified
proteins and their related functions were searched from
NCBI and UNIPROT. The proteins were then studied for
their biological interaction network in Parkinson’s disease
and schizophrenia pathways using the KEGG and Schizo-Pi
database.”® The Cytoscape v2.8.0 software®'*

Michigan Molecular Interactions (MiMI)** were used to

and plugin

obtain and merge human gene regulatory interactome from

well-known databases including STRING, MINT and
HPRD.**° From this complete network, sub-networks for
Parkinson’s disease and schizophrenia were extracted up to
the first neighboring nodes using the plugin BiNoM v2.5.
The resultant networks were merged using Cytoscape. A
Venn/Euler diagram was used to delineate the intersection
between Parkinson’s disease and schizophrenia and the
interactions of the identified proteins were delineated.

ELISA

ELISA was carried for a2M concentrations in CSF samples
of Parkinson’s disease, neurological controls, and schizo-
phrenia as per the manufacturer’s protocol (ab108888). All
reagents were equilibrated to room temperature prior to use.
CSF (25 uL) was added to each well and incubated for 2 h
at room temperature. The wells were washed with 200 pL
of 1X wash buffer. Fifty microliters of 1X streptavidin—
peroxidase conjugate was added to each well and incubated
for 30 min. Fifty microliters of chromogen substrate was
added to each well and incubated for 8 min. Fifty micro-
liters of stop solution was added to each well. The absor-
bance was estimated at a wavelength of 450 nm. The
concentrations of the protein were extrapolated from the
standard curve obtained using biotinylated a2M. The con-
centrations of a2M in CSF from the three clinical
phenotypes were represented as bar graphs. Inter-group
was done using

comparisons for statistical analysis

Student's -test.

Statistical Analysis

Data analysis was done using statistical software SPSS (IBM,
version 23.0 Armonk, NY: IBM Corp.). For continuous vari-
ables, descriptive statistics such as mean, standard deviation
(SD), median and inter-quartile range (IQR) values were
calculated. For ELISA, mean of the concentrations was com-
pared using a Student’s #-test. Because the number of study
subjects in each group was small, distribution of age could not
be assumed to follow normal distribution. Therefore, median
values of age were compared using Mann—Whitney U-test/
Kruskal-Wallis test as appropriate. Categorical variables were
presented as frequency and percent values, and were compared
by Chi-square/Fisher’s exact test. To see the correlation
between protein concentration and study parameters such as
age, gender and disease duration, a bivariate Pearson correla-
tion coefficient was computed. One-way ANOVA was used to
compare the 02M mean concentrations across the three clin-
ical phenotypes. For all the statistical tests a two-sided
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probability value of p<0.05 was considered for statistical
significance.

Results

Clinical Profile

A total of 58 CSF samples from 36 Parkinson’s disease
patients, seven schizophrenia patients and 15 from either
pregnant women or patients with urological disease were
recruited as neurological controls for this study. Six of
these samples were used for the discovery phase of the
experiments by iTRAQ (Table 1). Pharmacological ther-
apy was used in the treatment of 32 of these patients,
whose details are provided in Table S1. All the 58 samples
were used in the validation phase of the experiment by
ELISA. The demographic parameters of patients recruited
are provided in Table 2. The median (IQR) age of 36
Parkinson’s disease patients and 7 schizophrenia patients
was 51.0 (42.5-58.5) and 23.0 (21.0-28.0) years, respec-
tively. The difference in median age between these two
groups was statistically significant (p= 0.013).

iTRAQ Analysis And Protein Profiling

A total of 692, 795 and 848 proteins were identified in
patient CSF samples of Parkinson’s disease, healthy con-
trol and schizophrenia, respectively (Table S2). Proteins
were quantified and an internal standard was made by
mixing equimolar amounts of proteins from two samples

each from Parkinson’s disease, neurological controls and
schizophrenia. The mean ratio of protein levels across the
three phenotypes was calculated using data obtained from
the search results. A total of 961 proteins were identified
across the three clinical phenotypes (Figure 1). A classifi-
cation for protein in each clinical phenotype was made
based on the number of peptides identified (Figure S1).
The percentages roughly correspond to their abundance in
the CSF and are dependent on sensitivity of the mass
spectrometer and ionization potential of the peptides.
There were 10 proteins that showed either an increase or
a decrease across the three clinical phenotypes. Inter-phe-
notype comparisons were made and extent of correlation
(m) and accuracy of linearity across the spectrum (R?) was
derived from the line equations and are provided in
Table 3. The identified proteomes were classified accord-
ing to their role in different biological processes and
molecular function (Figure 2). Seven proteins showed a
linear upregulation and three proteins showed downregu-
lation across Parkinson’s disease, neurological control and
schizophrenia. The trend lines corresponding to the protein
levels in the three phenotypes are shown in Figure 3 and
corresponding mass spectrometric peaks as obtained from
Protein Pilot software are shown in Figure S2. Pathway
analysis was carried out to delineate the interacting pro-
teins and place the differential expression with respect to
dopaminergic disease in the right perspective. The salient
outcomes of the network analysis are provided in Figure 4

Table | Clinical Profile Of Patients Recruited For iTRAQ Experiments

Code Sex Age (Years) Phenotype Treatment Status
S2 Male 23 Schizophrenia Drug-naive

S3 Male 28 Schizophrenia Drug-naive

P3 Male 42 Parkinson’s disease Drug-naive

P4 Male 50 Parkinson’s disease Drug-naive

N2 Male 53 Benign prostatic hypertrophy Posted for surgery
N4 Male 60 Carcinoma of urinary blader Posted for surgery

Table 2 Demographic Profile Of Patients Recruited For ELISA

Clinical Phenotype | Mean £ SD Of Age In Years | Median (IQR) of Age In Years | Naive | Treated | Gender Total
Female | Male
Schizophrenia¥ 25.0£5.1 23.0 (21.0-28.0) 3 4 | 6 7
Neurological Control | 61.4+11.8 61.0 (50.0-70.0) I5 6 9 15
Parkinson® 51.5£13.4 51.0 (42.5-58.5) 8 28 4 32 36
Notes: *minimum BPRS: 19; fminimum UPDRS: 14; H&Y: Stage I
Abbreviations: SD, standard deviation; IQR, interquartile range.
Neuropsychiatric Disease and Treatment 2019:15 submit your manuscript 2857
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Neurological
Control

Figure | Proteins identified in the CSF of Parkinson’s disease, neurological controls and schizophrenia patients. The total numbers and their respective percentages are shown.

Table 3 Identification Of Proteins That Show Differential Expression Across The Clinical Dopaminergic Spectrum

Protein Minimum Peptides Identified Number Of Peptides Extent Of Accuracy Of
Coverage (%) | (95% Confidence) Showing A Linear Relation (m) | Linearity (R?)
Correlation Along
Dopamine Spectrum
MCAM 5.6 3 2 +0.1 0.95
a2-Macroglobulin 63.1 160 144 +0.6 0.88
Somatomedin A 26.7 3 3 —0.1 0.98
Apolipoprotein D 335 35 21 —0.0.2 0.78
1gG Fc-binding protein 54 10 8 +0.1 0.99
Apolipoprotein C-IlI 37.6 3 3 +0.6 0.90
Complement C3 68.3 217 176 +0.3 0.89
Complement factor | 20.7 10 10 +0.1 0.88
IGL 532 72 57 +0.4 0.99
Ectonucleotide pyrophosphatase 38.6 33 26 —0.2 0.98

and Table 4. The identified proteins that have a role in the
dopaminergic pathways and disease outcomes are dis-
cussed in detail below.

ELISA

For the list of proteins that were differentially expressed,
proteins with at least 90% of identified peptides showing a
linear correlation with dopamine spectrum were considered

for validation studies. ELISA was therefore conducted for
02M. The assay characterization and performance of a2M
ELISA assay are: sensitivity of 2 ng; specificity for human
a2M, average accuracy of 97%, and correlation variation of
reproducibility of 4.6%. The mean concentrations of o2M
in Parkinson’s disease control and schizophrenia was 1.2,
0.7 and 0.3 pg/mL, respectively (Figure 5). Inter-group
statistical analysis clearly demonstrates the extent of
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spectrum comprising Parkinson’s disease, neurological control and schizophrenia patients. (a) Alpha-2-macroglobulin, (b) apolipoprotein C-lll, (c) IGL@ protein, (d) complement
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pyrophosphatase/phosphodiesterase family member 2. Diagrammatic representation of the dopamine concentration in cerebrospinal fluid is shown along the x-axis.

significance. The ratio of Parkinson’s disease with schizo-
phrenia and ratio of control with schizophrenia are 3.5 and
2.0, respectively. It may be noted that the ratios for the same
using the iTRAQ experiment were 2.5 and 1.3, respectively.
The slope of linearity across the spectrum in the ELISA and
iTRAQ is 0.43 and 0.6, respectively. The results of the
validation phase, therefore, reiterate the results of the dis-
covery phase. Due to the high heterogeneity among patients

73,74

with respect to severity of the disease or the quality of

pharmacological intervention, intra-group comparisons
yielded no significant results. However, when the concen-
trations were grouped based on intervention, as naive and
treated, the slope of linearity across the spectrum was in the
order of 0.3 and an R? value was 0.8. F-statistics were
found to be 402.8 (P<0.01). Age, gender and duration of

the disease were seen not to be having a correlation with
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Figure 4 Pathway analysis shows the identified proteins and their respective interactions. The identified proteins are shown in white nodes, interacting nodes in Parkinson’s
disease pathway are highlighted in green, interacting nodes in the schizophrenia pathway are highlighted in red, and nodes that are common to both groups are highlighted in
yellow. Direct interacting nodes are indicated by thick-bordered nodes. Interactions of the identified proteins are shown by grey lines.

02M concentrations, hence ruling out these variables as
confounding factors (Table 5) The pharmaco-therapeutic
monitoring value of CSF a2M in Parkinson’s disease and

schizophrenia can be inferred from Table 6.

Discussion

Clinical Profile
Parkinson’s disease and the schizophrenia groups have a

higher male gender representation as compared to female
gender. This observation is consistent with the fact that the
incidence of these two dopamine-mediated clinical states to a
large extent affects the male population.*” The median age of
the schizophrenia group and the Parkinson’s disease group
varied significantly in the study. It may be observed that the
incidence of Parkinson’s disease increases above the age of
60 years, with only 4% who are under the age of 50 years,*®
whereas the incidence of schizophrenia is 16-25 years.”’

Biological Process And Molecular
Function Of ldentified Proteins

There are minimal variations in the number of identified
proteins represented across the three clinical phenotypes of
Parkinson’s disease, neurological controls and schizophrenia
with respect to biological processes and molecular function.
This suggests that neuronal dysfunction in Parkinson’s dis-
ease and schizophrenia is a result of an imbalance of multiple
physiological cellular processes. It is therefore implied that
quantitative differences in the expression of certain proteins
regulation of some of the proteins is responsible for deviation
from the physiological state to pathological states of
Parkinson’s disease and schizophrenia.

Differentially Expressed Proteins

Melanoma Cell Adhesion Molecule

Melanoma Cell Adhesion Molecule or MCAM (CD146) is a
113-kDa cell surface adhesion glycoprotein belonging to the
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Table 4 Identified Proteins, Their Interactions And Implications In Dopaminergic Pathways
Protein Interacting Proteins Pathways References
02-Macroglobulin Rab3A-a synuclein Decreased dopamine release in PD 75
Affects binding and synaptic activity in PD 76
Disrupts cellular homeostasis in PD 77
Apolipoprotein C-llI ADP-ribosylation factorGTPase activating protein |- | GTP-mediated cell death in PD 78
Leucine-rich repeat kinase 2 79
IGL Ubiquilin I -amyloid precursor protein Development of dementia in PD 50
53
80
54
Complement C3 Complement factor | Complement-mediated inflammation in PD 48

Complement factor | Glucagon-like peptide | receptor- G-protein-

Oxidative protection of dopaminergic neuronsin PD | 81

(C3b/C4b inactivator) | coupled receptor 37 Modulate dopamine uptake and behavioral response | 82
to dopaminergic drugs in PD 83

MCAM Laminin-galectin 8-dardarin Cytokine-mediated dopaminergic cell death in PD 84
85

86

36

IgG Fc-binding protein [ DNA mismatch repair protein MLH|-Caspase3 Apoptotic death of dopaminergic neurons in PD | 87
88

89

Apolipoprotein D Arachidonic acid and HDL Lipid metabolism is dopamine-related 90
9l

immunoglobulin super family and is present on T-helper cells
(Th-17).>° MCAM interacts with laminin 411, an extra-cellu-
lar matrix protein expressed on the vascular endothelial base-
ment membrane, and facilitates T-helper cell infiltration into
the brain.>'** Th-17 cells induce dopaminergic neuronal glial
cell death by releasing pro-inflammatory cytokines such as IL-
17.* Interestingly, Th-17 cells play an important role in
neuro-degenerative process in Parkinson’s disease experimen-
tal models.** On the other hand, the levels of Th-17 suppres-
sing cytokines and IL-17 are increased in schizophrenia.®
Bioinformatics analysis, in addition to explaining the detailed
chain of interactions for the above function, shows MCAM to
be interacting with leucine-rich repeat kinase 2, which is

involved in cellular oxidative stress in Parkinson’s disease.>®

IlgG Fc-Binding Protein

The role of humoral response and the involvement of immu-
noglobulins in neuro-degeneration that is seen in Parkinson’s
disease are well studied.’” These are a class of proteins that
bind to Fc region of the immunoglobulin. One such protein is
FcyR that promotes neuronal degeneration that is brought

about by immunoglobulin IgG that are produced against
dopaminergic neurons.*®*’ The FcyR mediates a-synuclein
intracellular trafficking and pro-inflammatory signaling that
is responsible for neuro-degeneration that takes place in
substantia nigra pars compacta, which is a key pathological
feature in Parkinson’s disease.*®*? In accordance, there is an
upregulation of IgG Fc-binding protein in the CSF of
Parkinson’s disease as compared to healthy controls and
schizophrenia patients.

Complement C3 And Complement Factor |
Complement C3 is a protein that was identified to be having
an inverse correlation along the dopaminergic clinical phe-
notype system. The complement system is an integral part of
the innate immune system that enables antibodies and pha-
gocytic cells to clear microbes and damaged cells from an
organism and promotes inflammation by classical and alter-
native pathways.** The complement system culminates in the
activation of complement C3 by C3 convertase in either of
the two pathways.** Studies have shown the implication of
the complement system in the loss of dopaminergic neurons,
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Figure 5 ELISA for the expression of alpha-2-macroglobulin in the CSF of schizophrenia patients, neurological controls and Parkinson’s disease patients. Mean + standard
error of mean of the values are shown by horizontal lines. The bars represent the concentrations as the average of duplicate readings of each patient sample. The trend line

across the three phenotypes is shown as a blue dotted line (y = —0.43x+ 1.58; correlation coefficient: R = 0.99). Diagrammatic representation of the dopamine
concentration in cerebrospinal fluid is shown along the x-axis.”>7* #¥|ndicates statistical significance with P<0.001.

Table 5 Pearson’s Correlation Between a2M Concentrations
And Age, Gender And Disease Duration

Clinical Age Gender Disease
Phenotype (P-value) | (P-value) | Duration
(P-value)
Parkinson 0.63 0.64 0.36
Neurological control | 0.71 0.46 -
Schizophrenia 0.42 0.86 0.97

which is a key feature of Parkinson’s disease.*> Also, pro-
teomic studies in the Parkinson’s disease patient population
have indicated a marked increase of complement C3 compo-
nents C3c and C3dg.*° Similar evidence has been obtained in

animal models, wherein the loss of dopaminergic neurons
was induced by repeated systemic challenge with bacterial
lipopolysaccharide.*” One of the proteins that was identified
was Complement Factor I that inactivates C3b (iC3b), which
is one of the cleaved products of Complement C3. iC3b
facilitates binding of melanized neurons by activated micro-
glia that are increased in Parkinson’s disease.*® This confirms
the involvement of the complement system in neuro-

degeneration.

Immunoglobulin Lambda Light Chain
The light chain component of immunoglobulins comprises
of lambda chain and kappa chain. The lambda component

Table 6 Pharmaco-Therapeutic Monitoring Value Of CSF a-2-Macroglobulin In Parkinson’s Disease And Schizophrenia

Biomarker Cut-off Values To Differentiate Healthy Controls From | Parameters Likelihood
The Disease . . Ratio
Sensitivity (%) Specificity (%)
a-2-Macroglobulin [ >0.78 pg/mL (Parkinson’s disease) 100 933 15
o-2-Macroglobulin | <0.61 pg/mL (schizophrenia) 100 933 15
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is encoded by immunoglobulin lambda locus on chromo-
some 22.*° This protein interacts with ubiquilin-1, which
has an important role in unfolded protein response.’*>!
Ubiquilin-1 has been shown to localize in Lewy bodies in
Parkinson’s disease.’” It interacts with amyloid precursor
protein by acting as a molecular chaperone and its reduced
activity leads to increased production of pathogenic amy-
loid precursor protein fragments and neuronal death.” In
summary, Parkinson’s disease occurs as a result of
increased amyloid precursor protein expression leading to
cerebral dopamine deficits.>* On the contrary, schizophre-
nia has a decreased activity of ubiquitin proteasome path-

way that is implicated in its disease pathology.”> >’

Alpha-2-Macroglobulin

Alpha-2-macroglobulin (02M) is a member of the alpha-
macroglobulin family having protein transport function and
anti-protease activity.”® However, in the nervous system, there
exists a potential relationship between a2M and degenerative
dopaminergic condition of Parkinson’s disease that is intri-
cately associated with decreased striatal dopaminergic
concentrations.””® This has been conclusively studied in
animal models in which 02M infusion in brain decreased the
concentration of dopamine.®®®® In a normal cell, dopamine
transporter (DAT) mediates the uptake of dopamine from the
synaptic cleft to the pre-synaptic cell.** The internalized dopa-
mine is either stored in vesicles by vesicular monoamine
transporter 2 (VMAT 2) or it is metabolized by the enzyme
monoamine oxidase (MAO).”” In Parkinson’s disease, the
expression of VMAT 2 is decreased, therefore causing accu-
mulation of free dopamine in the cytoplasm.®*®” Free dopa-
mine is rapidly oxidized to cytotoxic metabolites and reactive
oxygen species (ROS), causing oxidative stress.”® a2M and its
receptor LRP (low-density lipoprotein receptor-related pro-
tein) are involved in signaling pathways activated in response
to damage occurring at synaptic terminals due to inflammation

or oxidative stress.®”’® Therefore, there is an increase in the
level of 02M in Parkinson’s disease, whereas, in the case of
schizophrenia, there is less free dopamine in the cytoplasm
because the majority of it is secreted from the pre-synaptic
terminal.”' Therefore, there is less formation of cytotoxic
oxidative metabolites of dopamine in the cytoplasm resulting
in decreased oxidative stress. This explains the downregula-
tion of a2M as observed in our experiments. CSF-a2M does
not correlate with the UPDRS score. This is because CSF-
02M is the averaged reflection of events in the whole brain,
while UPDRS reflects progression of Parkinson’s disease in
the nigro-striatal pathway.”* The identification of a2M in the
discovery phase of experiments, its validation by ELISA and
pathway analysis, and the high sensitivity and specificity
values for 02M make it an ideal biomarker to monitor ther-
apeutic efficacy in dopamine-mediated disease states.

In the recent past, there have been many studies that
have identified CSF proteins as biomarkers in neurological
diseases. These, along with our own findings, are high-
lighted in Table 7.

Limitations Of The Study

1. As our institute is a tertiary health care center,
recruiting naive patients was a limiting factor.

2. Experiments have been carried out on 58 CSF sam-
ples. Validation studies on a larger cohort would be
more informative for a translational product.

3. Of the 10 proteins identified in the discovery phase,
only a2M has been validated with reasonable line-
arity and statistical significance. A higher sample
number would probably help to validate the expres-
sion of these proteins

Conclusion
Non-gel-based proteomic experiments are an ideal plat-
form for the identification of proteins in CSF that are

Table 7 Protein Biomarkers In CSF With Potential Use In Neurological Diseases

No. Protein Tissue | Clinical Phenotype Application References
| ® 11-Crystallin protein kinase C-gamma | CSF Schizophrenia Diagnostic biomarker 92
® Glial fibrillary acidic protein
2 ® Acute-phase markers CSF Parkinsonism Diagnostic biomarker 93
® Neuronal synaptic markers
3 ® Chromogranin B CSF Parkinson’s disease Alzheimer’s disease Diagnostic biomarker 94
® Rho GTPase activating protein 10 Lewy body dementia
4 ® (-2-Macroglobulin CSF Parkinson’s disease schizophrenia Therapeutic biomarker | This study
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differentially expressed across varying dopaminergic clin-

ical phenotypes of Parkinson’s disease, healthy controls

and schizophrenia. The variations in expression are due to

biological and functional changes that are inherent to the

neurological disease and physiological condition. iTRAQ

quantitation, ELISA and pathway analysis establish alpha-

2-macroglobulin as a potential biomarker to monitor phar-

macological efficacy in dopamine mediated states of

Parkinson’s disease and schizophrenia. This is the first

ever study of its kind to identify proteins as potential

biomarkers of pharmacological efficacy in patients with

Parkinson’s disease and schizophrenia.
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