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ABSTRACT
In Parkinson’s disease (PD) research, proteomics analysis has been instrumental in the
discovery of new disease markers and mechanisms. As proteomics technologies and related
data analysis are continuously improving there is still much insight to gain into the molecular
pathogenesis of PD. Here we specifically addressed protein identification and quantification
in relation to inter-individual variability when applying proteomics analysis in a common
marmoset MPTP induction model of Parkinson’s disease.
Five groups of marmosets (each n= 5-7) were studied. Four groups received weekly MPTP
injections and were sacrificed at different time points after MPTP exposure or recovery; one
group received no MPTP injections and served as the negative control group. Tissue
specimens of the substantia nigra (SN) and putamen were collected from marmoset brains
and examined using proteomics analysis. In particular, we studied differences in protein
expression due to (i) acute MPTP treatment, (ii) chronic MPTP treatment with either mild or
strong clinical signs, and (iii) MPTP treatment at the stage of symptomatic recovery.
Several quality control parameters were compared between the two brain areas. Different
statistical approaches were used to identify statistically relevant regulated proteins. Three
differentially expressed proteins were validated using independent immunoblotting, which
confirmed the altered expression of only one protein and revealed a large degree of variation
as a potential source of the limited power of our approach to detect differentially expressed
proteins. In particular, within group variation was large and precluded drawing conclusions
regarding possible differences in proteome expression due to MPTP treatment or due to
differential familial sensitivity to MPTP. Reducing variation using different dissection
methods, and/or other using alternative proteomic techniques, such as FASP/SWATH
(Chapter 5), may allow the measurement resolution to identify the potentially subtle effects
derived from the current paradigm.
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INTRODUCTION
Proteins are key functional molecules in a plethora of cellular functions and processes, and
serve as an important link between genotype and phenotype [188, 207]. The term
“proteomics” refers to the large-scale study of proteins, including measuring protein
abundances, their functions, structures (variations and modifications), along with their
interacting partners and networks [18, 104, 127, 188]. Proteomics analysis is often referred
to in a more confined sense as: the identification and quantification of proteins, often using
mass spectrometry as the leading technology.
Proteome research has proven its potential and significance in many disease areas such as
multiple sclerosis, Alzheimer’s and Parkinson’s disease [16, 71]. In PD, proteomic analysis has
been instrumental in the discovery of many new disease markers and mechanisms. A shotgun
approach was used to identify novel proteins linked to PD in patients [86, 103, 105, 108] and
in animal models [34, 124, 140, 209]. In addition, the consequences of gene mutations
implicated in PD were studied by proteome analysis [125, 171], and this also resulted in the
identification of novel biomarkers, e.g. in CSF [4, 160, 176], and in the development of new
medication [208].
As proteomics technologies and data analysis are continuously improving there is still
much insight to gain in the molecular aspects of the pathogenesis of PD. An important
requirement of modern mass spectrometry-based proteomics methods is the presence of a
reference database that is used to link observed molecular masses to known proteins. For
this reason, proteomics approaches have until now not been applied in the common
marmoset, despite the fact that marmosets are a valuable PD model and have been widely
used in PD research. They have led to new discoveries regarding the onset, development and
recovery of clinical phenotypes, findings that are highly relevant for PD in humans [47, 76,
181]. We previously showed that slow induction with MPTP leads to PD-like symptoms in
marmosets and that these animals are able to recover behaviourally after discontinuation of
MPTP treatment (Chapter 2). Furthermore, we showed that the individual susceptibility to
MPTP exposure is likely familiarly linked (Chapter 3). With the publication of the marmoset
genome [169], proteomics analysis is now in principle feasible and may provide valuable
insights into the underlying molecular mechanisms involved in PD, specifically the
development of PD-like clinical stages after MPTP induction. Here, we investigated marmoset
brain tissue at different time points following MPTP treatment to determine the expression
of proteins involved in disease progression and in recovery from PD-like symptoms. Although
we identified some differentially expressed proteins, the primary aim of this chapter was to
specifically address issues related to protein identification and quantification when applying
proteomics approaches to the common marmoset.
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EXPERIMENTAL PROCEDURES
Animals
Experiments were carried out with 29 common marmoset monkeys (Callithrix jacchus).
Animals were between 2.4 and 7.0 years of age (16M/13F). Animals were obtained from the
purpose-bred colony of the Biomedical Primate Research Centre (BPRC), Rijswijk, the
Netherlands. Animals were pair-housed, preferably with their twin-siblings, in spacious
marmoset cages (76 x 71 x 190 cm) enriched with branches, ropes, and toys, with padded
shelter provided on the floor. Animals were housed under controlled conditions of humidity
(60%), temperature (23-25 °C) and lighting (12 hour light/dark cycles; lights on at 7:00 am).
The daily diet consisted of commercial food pellets for New World monkeys (Special Diet
Services, Witham, Essex, UK), supplemented with raisins, peanuts, marshmallows, biscuits,
fresh fruit, grasshoppers, Arabic gum and mealworms. Drinking water was provided ad
libitum. Bodyweight was measured weekly. All study protocols and experimental procedures
were reviewed and approved by the BPRC ethics committee according to Dutch law before
the start of experiments.
Drug treatment and study design
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride, purchased from
Sigma Aldrich, St. Louis, MO, USA) was dissolved in 0.9% saline to a concentration of 1 mg/ml
(as a free base). Marmosets were injected weekly with MPTP (0.5 mg/kg; administered
subcutaneously in the abdominal area) on Fridays. Animals were euthanized at different time
points as indicated in Figure 1, resulting in five experimental groups: a control group that had
not received MPTP (n=5), an acute group (n=5) that had received a single dose of MPTP and
was euthanized 4-5 days later, two groups that received MPTP and displayed various degrees
of clinical signs, indicated as low and high responders (n=6 for both), and one group that was
allowed to recover from PD symptoms after MPTP discontinuation (n=7) (see Chapter 2 and
3 for details on clinical presentation and scoring).

Control Acute
(n=5)
(n=5)

-1

0

1

2

High and low responders
(n=6) for both groups

3

4

5

6

7

8

9

Recovery
(n=7)

10 11 12 13 14 15 16 17 18 19 20 21 22 23

= Time in weeks without MPTP admission
= Time in weeks with single MPTP injection (0.5 mg/kg) on Fridays
= Euthenesia

Figure 1: Experimental design. Squared boxes reflect one week in the experiment. Shaded boxes
indicate MPTP treatment and a cross signifies euthanasia of the designated group.
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Low and high responders were euthanized after 5 weeks of weekly MPTP treatment, at the
peak of clinical presentation (i.e. total dose 2.5 mg/kg), and the recovering animals were
euthanized after 12 weeks of MPTP treatment (total dose 6.0 mg/kg) and a 10-week period
of subsequent recovery from MPTP treatment. This experimental design allowed us to study
differences in protein expression due to (i) acute effects of MPTP treatment, (ii) prolonged
MPTP treatment leading mild or strong clinical signs, and (iii) MPTP treatment that is followed
by recovery.
Tissue preparation
Brain tissues of all animals were collected within 30 min after decapitation and stored at
-80 °C until sample preparation. Individual brain areas were manually isolated from the right
hemisphere according to the stereotaxic brain atlas for marmosets [128]. Tissue of the
substantia nigra (SN) and putamen was homogenized in a sucrose buffer (0.32 M sucrose,
5 mM HEPES (pH=7.4) and 1 tablet of cOmplete™ EDTA-free proteinase inhibitors (Sigma
Aldrich).
Immunoblotting
Protein concentrations were determined using a Bradford assay [13]. Immunoblotting was
performed following a standard protocol. In short, samples were heated for 5 min at 95 °C in
Laemmli sample buffer and 7 mg protein was loaded onto a TGX stain-free gradient gel
(Biorad, CA, USA). After running of the gel, the proteins were blotted onto a PVFD membrane
at 90 V for 2 h. Subsequently, blots were washed and blocked with 5% non-fat dry milk
dissolved in TBS-T for 1 h. Primary antibody (rabbit anti-tyrosine hydroxylase (Abcam,
Cambridge, UK, 1:10000)) was incubated overnight at 4 °C and secondary anti-rabbit antibody
was incubated for 1 h at RT. Visualization of the bands was performed using FEMTO and a
LICOR-scanning device. Intensity of the bands was analysed using Image Studio 2.0.
Electrophoresis and in-gel digestion
Tissue lysates were incubated with SDS sample buffer at 95 °C for 5 min to denature the
proteins, followed by incubation with 50 mM iodoacetamide for 30 min at RT in the dark to
alkylate the cysteine residues. To reduce protein complexity samples were size separated on
a NuPAGE® 4-12% Bis-Tris acrylamide gel (Invitrogen, Carlsbad, CA, USA) using MOPS SDS
running buffer (Invitrogen, Carlsbad, CA, USA) according the manufacturers protocol. Gels
were fixed in a solution containing 50% (v/v) ethanol and 3% (v/v) phosphoric acid in H2O
overnight, while shaking at RT, and subsequently stained with colloidal Coomassie blue (34%
(v/v) methanol, 3% (v/v) phosphoric acid, 15% (w/v) ammonium sulphate, and 0.1% (w/v)
Coomassie brilliant blue G-250 (Thermo Scientific, Rockford, IL, USA). De-staining was
performed in ultra-pure water under gentle agitation for several hours to reduce background
staining. Each gel lane was cut into 12 (SN) or 6 (putamen) equally sized slices and each slice
was cut into pieces of approximately 1 mm3 and collected in a 96 wells filter plate. Gel
fragments were de-stained in ultrapure water with 50 mM ammonium bicarbonate and 50%
(v/v) acetonitrile. Gel fragments were dehydrated using 100% acetonitrile for 20 min and
rehydrated in 70 µl 50 mM ammonium bicarbonate containing 10 ug/ml of trypsin (sequence
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grade; Promega, Madison, WI, USA) and incubated at 37 °C overnight. Peptides were
extracted from the gel pieces twice with a solution containing 0.1% (v/v) trifluoric acid and
50% (v/v) acetonitrile for 20 min each. The samples were then dried in a SpeedVac and stored
at -20 °C until further analysis.
Mass spectrometry analysis using LTQ Orbitrap
Stored peptides were re-dissolved in 15 µl of 0.1% acetic acid of which 10 µl was injected
into an Eksigent nano HPLC system coupled to an LTQ-Orbitrap mass spectrometer (Thermo
Scientific, San Jose, CA, USA). The peptides were initially trapped on a 5 mm Pepmax 100 C18
column (100 µm ID, 5 µm particle size, Dionex, Sunnyvale, CA, USA). Separation was achieved
using a capillary reversed phase C18 column that had been equilibrated with 0.1% acetic acid,
94.9% H2O, 5% acetonitrile at a flow rate of 400 nl/min. The peptides were eluted by
increasing the acetonitrile concentration linearly from 5 to 40% in 80 min and to 90% in 10
min, using the same flow rate. The LTQ Orbitrap mass spectrometer was operated in a datadependent mode, in which one full-scan survey MS experiment (m/z range 350-2000) was
followed by MS-MS analysis of the 5 most abundant ions.
Protein inference and relative protein quantification
MaxQuant software (version 1.3.0.5) was used for spectrum annotation, protein inference,
and relative protein quantification [28]. Spectra were annotated against the Uniprot
marmoset reference proteome database (Build June 2012). Enzyme specificity was set to
Trypsin/P, allowing at most two missed cleavages. Carbamido-methylation of cysteine was
set as a fixed modification, and N-acetylation and methionine oxidation were set as variable
modifications. Mass deviation tolerance was set to 20 ppm for mono-isotopic precursor ions
and 0.5 Da for MS/MS peaks. False-discovery rate cut-offs for peptide and protein
identifications were set to 1% for both. The minimum peptide length was seven amino acids.
Identified proteins that had the same set of peptides or a subset of peptides compared to
another protein, were merged into one protein group. Peptides that were shared between
different proteins were assigned to the protein with the highest peptide evidence (so called
'Razor' peptides). Only protein groups with at least a single unique and a single Razor peptide
were included. For relative protein quantification MaxQuant LFQ intensities based on at least
a single shared peptide ratio were used [29]. The ‘match between runs’- option in MaxQuant
was used to allow optimal protein annotation. Label-free quantification and protein
identification were performed with MaxQuant using a marmoset database. Human protein
and gene identifiers for marmoset proteins were inferred from best scoring human protein
in the results of BLAST alignments [5] of each protein with the Uniprot human proteome
database (release 2014).
Statistics
Statistical analyses were performed using R (version 3.0.2) and MeV (Multi experiment
Viewer, www.tm4.org; [151]). Hierarchical cluster analysis was done using Euclidian distance,
with individual animals and protein expression as factor. Results were regarded significant if
t- or q-values were below 5%.
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RESULTS
Global analysis of proteomics data
Proteomics data were collected for SN and putamen from untreated control animals (n=5),
acute MPTP treated animals (n=5), high responders (n=6), low responders (n=6) and animals
that underwent recovery after MPTP treatment (n=7), yielding a total of 58 samples. Before
examining the proteomics data in detail, we first analysed whether we were able to separate
tissue origin and treatment conditions based on protein expression, as an overall measure of
detecting sample differences. For this, we performed hierarchical clustering on the protein
LFQ intensity values, including all 58 samples (Figure 2).

High
Intermediate
Low

Figure 2: Clustering of proteomics samples.
Hierarchical clustering was used to separate proteomics
samples based on protein expression (i.e., protein level LFQ
values). The different colors indicate different treatment
groups. Although samples are completely separated based
tissue origin (SN vs putamen), separationbased on treatment
is less clear (putamen) or completely absent (SN).

Substantia Nigra

Acute

4

Putamen

Control

SN IntermediateResponders Set29
SN Control Set8
SN HighResponders Set18
SN LowResponders Set22
SN IntermediateResponders Set30
SN HighResponders Set15
SN Control Set12
SN Control Set10
SN AcuteMPTP Set1
SN LowResponders Set25
SN IntermediateResponders Set28
SN Control Set11
SN LowResponders Set21
SN HighResponders Set19
SN LowResponders Set20
SN HighResponders Set14
SN IntermediateResponders Set27
SN LowResponders Set24
SN HighResponders Set17
SN AcuteMPTP Set3
SN Control Set9
SN AcuteMPTP Set5
SN AcuteMPTP Set2
SN IntermediateResponders Set31
SN LowResponders Set23
SN HighResponders Set16
SN IntermediateResponders Set32
SN AcuteMPTP Set4
SN IntermediateResponders Set26
Putamen LowResponders Set20
Putamen Control Set8
Putamen IntermediateResponders Set28
Putamen Control Set9
Putamen AcuteMPTP Set5
Putamen IntermediateResponders Set30
Putamen HighResponders Set19
Putamen LowResponders Set25
Putamen IntermediateResponders Set26
Putamen HighResponders Set17
Putamen IntermediateResponders Set27
Putamen HighResponders Set15
Putamen HighResponders Set18
Putamen HighResponders Set16
Putamen AcuteMPTP Set4
Putamen HighResponders Set14
Putamen LowResponders Set24
Putamen IntermediateResponders Set29
Putamen AcuteMPTP Set1
Putamen AcuteMPTP Set3
Putamen AcuteMPTP Set2
Putamen IntermediateResponders Set31
Putamen Control Set11
Putamen Control Set10
Putamen LowResponders Set22
Putamen LowResponders Set21
Putamen LowResponders Set23
Putamen IntermediateResponders Set32
Putamen Control Set12
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This analysis showed a complete separation of the samples of the two brain areas,
indicating that the proteomics data is of sufficient quality to reveal tissue-specific protein
expression patterns. However, distinction between different treatment conditions was less
pronounced. For the putamen samples partial clustering was observed for the acute
treatment group and for the high and low responders, but not for the control group and the
recovery group, suggesting that MPTP exposure, whether being acute or chronic, results in
distinct protein expression patterns during treatment. For the SN samples, no clustering of
treatment conditions was observed. These data show that MPTP exposure, or recovery from
MPTP exposure, does result in global changes in protein expression in putamen that are
strong enough to completely separate samples on the basis of overall protein abundance,
and that these changes are apparently more pronounced in dopaminergic target areas
(putamen) than in the dopaminergic neurons themselves (SN).
Quality control analysis of proteomics data
To get more insight into the possible reasons for the incomplete clustering of protein
samples, in particular in the SN, we next compared some descriptive quantitative parameters
of SN- and putamen-derived proteomics data (Table 1). For analysis of the SN, the preparative
Table 1: Descriptive parameters of MS/MS data obtained from putamen and SN
SN
Number of gel slices per sample

Putamen

12

6

Average number of spectra per sample

49287 ± 570

29763 ± 390

Average number of matched spectra per sample

21274 ± 355

17006 ± 286

Total number of detected proteins per brain area

3561

2268

1732 ± 26

1136 ± 15

1314

826

Average number of unique proteins per sample

6000

6000

5000

5000
MS/MS spectra

MS/MS spectra

Number of proteins with max 2 missing values/group

4000

3000

4000

3000

1

2

3

4

5

6

7

8

Fraction (slices of SN)

9

10

11

12

1

2

3

4

5

6

Fraction (slices of Putamen)

Figure 3: Total number of measured spectra per gel fraction. The average number of spectra across
all animals is indicated per gel fraction, for SN samples (left panel; gel lanes sliced in 12 fractions) and for
putamen samples (right panel; gel lanes sliced in 6 fractions). Around 4000 MS/MS spectra were found in
separate fractions of SN tissue, whereas approximately 5000 MS/MS spectra were identified in fractions
of putamen.
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gel lanes were sliced in twice as many fractions as the putamen samples (i.e., 12 vs. 6), and as
a consequence, more mass spectra were obtained. When considering the average number of
spectra obtained per gel slice (Figure 3), we noticed that in the 12 slices condition (SN) the
maximum number of spectra peaks at ~4,500 per slice, whereas in the 6 slices condition
(putamen) most slices peak at ~5,000 spectra. We believe that the difference is likely due to
saturation at any of the downstream processing or analysis steps. As a consequence, fewer
proteins could be identified in the putamen comparison to the SN.
The matching of MS spectra was performed against a marmoset protein database as
predicted from the marmoset genome. Not all predicted proteins were reviewed at the
moment of analysis and therefore were annotated as ‘uncharacterized protein’, with or
without an associated gene name. For these uncharacterized protein sequences we used
NCBI BLAST to find the closest human ortholog and annotated the proteins accordingly.
Uncharacterized proteins of the SN showed on average 95.4 ± 0.1% sequence homology
across all proteins between human and marmoset, and for the putamen this was 96.0 ± 0.1%.
Thus, we could identify a total of 3,561 and 2,268 proteins for SN and putamen, respectively.
1,970 of these proteins were detected in both brain areas (Figure 4A).
A
SN
Total of 3461 proteins

1491

1970

298

Putamen
Total of 2268 proteins

B
SN

Putamen
synapse
cell junction
membrane
macromolecular complex
extracellular matrix
cell part
organelle
extracellular region

Total = 99.9

Total = 99.8

Figure 4: Overlapping proteins and classification. Panel A shows the overlapping proteins between
SN and putamen. Panel B shows the division of cellular compartments corresponding with the proteins
found. Most proteins found in putamen are also expressed in SN. The expressed proteins classify roughly
the same in putamen and SN.
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A SN

B Putamen
4

Average variation from mean expression (LFQ)

Average variation from mean expression (LFQ)

4

3

2

1

0

3

2

1

0
Acute MPTP

Control

High

Intermediate

Low

Acute MPTP

Control

High

Intermediate

Low

Figure 5: Average variation in protein expression in experimental groups. Different experimental
groups of marmosets as indicated on the x-axis are presented by different colors and average deviations
of the mean protein expression values are shown for the SN (left panel) and for the putamen (right
panel) and expressed as LFQ-values (y-axis). Whereas SN tissue shows similar variation across groups, the
averaged variation in putamen samples is larger and not equal across the different groups.

For the quantification of differential expression, however, we only considered proteins
that were present in multiple samples, allowing a maximum of two missing values per
experimental group. This yielded 1,314 and 826 reproducibly detected proteins for SN and
putamen, respectively. These proteins were classified on basis of cellular compartment using
gene ontology (GO) (Figure 4B). Both brain areas shared a similar division in the different
categories. Treatment groups contained similar numbers of detected proteins and no outliers
were observed among groups. In addition to identifying more proteins in the SN, the
observed variation in measured LFQ signal intensities per protein between the different
groups was also lower (Figure 5), indicating that differences in protein expression are more
likely detected in SN samples compared with putamen samples.
Detailed analysis of proteomics: differential protein expression
To detect potential differences in protein expression due to MPTP treatment we first
generated correlation plots for all contrasts with each treatment group for SN (Figure 6A,
lower panels) and putamen (Figure 6B, lower panels). These data show that most proteins are
evenly expressed in the designated contrasts. We then aimed at identifying statistically
significant differences in protein expression between treatment groups. Multiclass
Significance Analysis of Microarrays (SAM) of all experimental conditions together did not
show any significantly regulated proteins for either brain area. Therefore, less stringent
statistical tests were performed to identify potential subtle differences between the groups.
First, SAM analysis was performed on paired contrasts (two groups per analysis) leading to ten
possible contrasts per brain area. A non-stringent false discovery rate (FDR) of 10 % was
applied, which yielded on average 3-4 regulated proteins per contrast (Figure 6, upper panels).

70

PROTEOME ANALYSIS OF SN AND PUTAMEN

4

Figure 6: Regulated proteins among different contrasts. Correlation plots between contrasts are
depicted in the lower panels, each dot represents a unique protein and values are depicted as LFQ-value.
The correlation plots show overall similar protein expression between contrasts. The number of regulated
proteins found after statistical testing is given in the upper panels above the diagonal (SAM / T-test).
Numbers in the red shaded areas depict up-regulation and the blue shaded areas indicate down-regulated
proteins. T-tested values (p < 0.05) yield more regulated proteins for putamen compared to SN, and more
hits after uncorrected T-tests.
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In half of the contrasts no differentially regulated proteins were detected, and in most other
cases the number of differentially regulated proteins was 5 or less, with the notable exception
of the acute MPTP vs control comparison (12 proteins in SN, Table 2B) and the acute MPTP vs
high responders comparison (19 proteins in putamen, Table 2A).
Table 2 A: q-values of regulated proteins found substantia nigra
Accession

Protein name

H-A

A0SXL6

Elongation factor 2

7,24

F6QYT4

Alpha-internexin

8,35

F6R4Z9

Contactin-associated protein 1

7,24
7,62

F6RA19

Fatty acid synthase

F6SCR1

N(G),N(G)-dimethylarginine dimethylaminohydrolase 1 7,24

F6VLD2

Isoform XLas-2 of Guanine nucleotide-binding
protein G(s) subunit alpha isoforms XLas

H-C

H-R

R-A

R-C

0,00

9,65

F6WNE5

Neurofilament heavy polypeptide

7,24

F6X484

NAD-dependent protein deacetylase sirtuin-2

7,24

F7C609

Calpain-1 catalytic subunit

7,24

F7H4D9

17-beta-hydroxysteroid dehydrogenase type 6

6,03

F7H594

Cytolic 10-formyltetrahydrofolate dehydrogenase

7,62

F7HSL0

Carbonyl reductase [NADPH] 1

7,24

F7I1V2

Hyaluronan and proteoglycan link protein 2

7,24

F7I2W7

Annexin A5

7,24

F7IAB8

Glycogen phphorylase, muscle form

6,03

F7IBV5

Thymin beta-4

9,65

F7IG22

Glial fibrillary acidic protein

7,62

F7IPM4

Isoform 3 of NADH-cytochrome b5 reductase 3

7,62
7,24

0,00

0,00
0,00

F7IPU4

Gamma-soluble NSF attachment protein

F6TA24

Succinyl-CoA ligase [ADP/GDP-forming] subunit
alpha, mitochondrial

0,00

F7F7F9

CB1 cannabinoid receptor-interacting protein 1

0,00

F7IBH0

Isoform 2 of Voltage-dependent anion-selective
channel protein 3

0,00

F7IGE5

NADH dehydrogenase [ubiquinone] 1 beta
subcomplex subunit 6

0,00

F7IQC2

Amphiphysin

0,00

F6PL11

Isoform 4 of Microtubule-associated protein RP/EB
family member 2

0,00

F7H588

Hydroxyacylglutathione hydrolase, mitochondrial

0,00

F7IA95

S-formylglutathione hydrolase

0,00

F6TR32

Glutamate carboxypeptidase 2

0,00

F6UHV8

Microtubule-associated protein 6

0,00

F7IPQ1

Isoform PDE10A2 of cAMP and cAMP-inhibited
cGMP 3',5'-cyclic phphodiesterase 10A

0,00

F6Z808

Guanine nucleotide-binding protein G(I)/G(S)/G(T)
subunit beta-1

N.B Contrasts are depicted as acute (A), control (C), high (H), recovery (R), low (L)
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Table 2 B: q-values of regulated proteins found in putamen
Accession

Protein name

A-C

F7EBL2

40S ribomal protein S2

0,00

F7HB79

Isoform 6 of Ethylmalonyl-CoA decarboxylase

0,00

F7HE91

Ubiquitin-conjugating enzyme E2 K (Fragment)

10,00

F7HY80

NADH dehydrogenase [ubiquinone] 1 beta subcomplex
subunit 8, mitochondrial

8,33

F7I1Q9

Transgelin

10,00

F7I2W7

Annexin A5

10,00

F7I3B9

Apolipoprotein O

10,00

F7I656

Poly(rC)-binding protein 2 (Fragment)

0,00

F7I6P6

NADH dehydrogenase [ubiquinone] iron-sulfur protein
4, mitochondrial

0,00

F7ID71

Clathrin light chain B

8,33

F7IE38

Microtubule-associated protein RP/EB family member 3

10,00

F7INK0

Histone H2B type 1-B

0,00

F7HJE4

Calcyphin

F6T4B8

Protein bassoon

H-R

L-A

R-A

R-L

0,00

0,00

4

0,00

0,00 0,00
0,00

F6X7P6

Leucine-rich PPR motif-containing protein, mitochondrial

0,00

F7DE33

Isoform 2 of LIM and SH3 domain protein 1

0,00

0,00

F7G288

Isoform 2 of NAD(P)H dehydrogenase [quinone] 1

0,00

F7HK38

Isoform 2 of Adenylate cyclase type 5

0,00

F6U753

Cell adhesion molecule 4

F7HG28

GPI initol-deacylase

0,00

F7HJ38

Isoform 5 of Septin-9

0,00

0,00

N.B Contrasts are depicted as acute (A), control (C), high (H), recovery (R), low (L)

We then performed a pairwise analysis of the data at the level of individual proteins per
contrast using a Student’s t-test without correction for multiple protein comparisons. As
might be expected, this approach resulted in a higher number of differentially regulated
candidate proteins, but at the expense of an increase in the number of false positives. Using
this approach we observed many more candidate regulated proteins in the putamen than in
the SN, which is in line with our observation that protein-based LFQ intensities were less
variable in the putamen samples and in agreement with our prediction that detection of
differential protein expression would thus be more robust. However, when we performed
functional enrichment analyses on these groups of proteins, no specific functional enrichment
was observed in any of the contrasts, suggesting that these groups of differently expressed
proteins may represent false positives that obscure the underlying biological phenomena.
Three regulated proteins from control vs. recovery animals were randomly selected for
independent validation by immunoblotting, i.e., MARCKS, SPTN-4 and GAD67 (Figure 7, next
page). These proteins were found significantly up-regulated in SN between control and
recovered animals, based on the LFQ values tested for significance using a Student t-test
(MARCKS, p = 0.02; SPTN-4, p = 0.045; GAD67, p = 0.014). Immunoblotting confirmed the
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Figure 7: Immunoblotting of three selected proteins. Upper panels show immunoblot signal (top) and
protein loading (bottom). Middle panels show the quantification in absolute LFQ values and of immunoblot
intensities. Lower panels show correlation between immunoblot and LFQ intensities in each sample
separately. Immunoblotting exemplifies the variation among individual animals. Immunoblotting can only
confirm the statistical significant findings of SPTN-4, whereas GAD-67 shows a similar trend, and MARCKS
on immunoblot shows regulation in a different direction between measures. Strongest correlation of MS
and immunoblot values is observed for SPTN-4.

up-regulation of SPTN-4 in MPTP-treated animals (p = 0.007), protein levels of MARCKS and
GAD67 showed no significant difference on immunoblot between conditions (MARCKS, p =
0.23, GAD67, p = 0.24), and in the case of MARCKS a trend was observed in the wrong
direction, i.e., down-regulated instead of up-regulated as was predicted by the proteomics
data (Figure 7 A-B). A correlation analysis of MS and immunoblot data using linear regression
shows a much stronger correlation for SPTN-4 compared to MARCKS and GAD67 (SPTN-4:
R2= 0,4204, MARCKS: R2=0,00067, GAD67: R2=0,024) (Figure 7C), indicating that individual
protein measurements per sample using these two methods do not always correlate,
reflecting both the high degree of inter-individual variation in the data and the high number
of false positives if only uncorrected p-values are used for candidate selection.
Power analysis
Power analysis is a tool to predict the number of observations needed to obtain significant
differences in a study, given a known variation. In the current study, power analysis (with a
power of 0.80) revealed that 36 animals per group were needed to reach significance (p<0.05)
of medium to large effect sizes (60-100% change) in the putamen according to Cohen’s
theory [26]. To obtain statistical significant differences in the SN with current variation and
medium to large effect size, one would need 35 animals per group.
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DISCUSSION
The importance of proteomics is widely acknowledged in the PD research field and beyond
[71, 104, 120, 127, 207]. With regards to PD, proteomics has been proven useful to gain
insight into mechanisms underlying the disease and has offered the possibility to investigate
disease-modifying strategies at the molecular level [105]. Most animal models used in PD
research are based on rodents, which are convenient when “omics” approaches are involved,
but non-human primates are instrumental for delineating neurodegenerative disease
processes that occur with high prevalence in humans. To date, no proteomics research has
been conducted to identify proteins in brain areas that are involved in PD in the common
marmoset, neither under healthy conditions, nor in combination with PD-inducing agents,
such as MPTP or 6-OHDA. The current study was designed to identify differences in protein
expression in the marmoset after MPTP induction focusing on the SN, which contains the
dopaminergic cell bodies that are highly affected in PD, and on the putamen, which is one of
the principle target areas of dopaminergic fibers originating from the SN. We used marmosets
that were acutely exposed to MPTP, and marmosets that showed different sensitivities to
chronic MPTP exposure or were allowed to recover from parkinsonian symptoms induced by
MPTP. The behaviour and neurochemical changes in these animals were reported in Chapters
2 and 3. Although these groups of animals could be separated based on disease scores,
hierarchical clustering based on protein expression did not reveal a clear subdivision into
treatment groups.
Performing proteomics studies in non-human primates may be challenging due to the lack
of solid protein sequence reference databases. The complete genome sequence of the
marmoset has only recently been published [169], and the database that we used for protein
identification is based on this genome sequence. Because not all predicted proteins at this
moment have been reviewed and validated, it was not possible to directly obtain protein
identifiers for every protein match that we identified. We therefore used BLAST-searching
against the human Uniprot database to provide identifiers for the missing protein matches.
This matching process showed an overall 96% homology between human and marmoset
protein sequences, which is comparable to, or higher than, found in other studies [88, 192].
After having established identifiers for most proteins, between-group comparisons at the
protein level did not reveal significant differences based on statistics tools designed for
multiple proteomic comparisons [172]. Variation within the different groups was too large to
identify statistically regulated proteins between groups. In order to address this variability in
more detail, it is important to acknowledge the distinction between biological and technical
variation. Biological variation is caused by individual differences between animals and occurs
as a result of the genetic makeup and environmental influences throughout life [15, 117].
Biological variation is often observed among selected animals of out-bred origin [51, 203],
and is similar to the genetic diversity and individual variation seen in the human population.
The marmosets that we used in our study are of out-bred origin, which on one hand is a key
aspect of the clinical relevance with respect to sporadic PD, yet on the other hand contributes
to the variation that we observed in our protein expression analyses [51].
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Technical variation is introduced by the analysis of a sample, which in this case encompasses
the entire procedure from obtaining the sample to eventually the peptide identification on
the mass spectrometer. In an attempt to reduce technical variation, the number of slices in
which preparative gels were cut for subsequent in-gel protein digestion was reduced during
the experiment from 12 (SN samples) to 6 (putamen samples). However, although the
reduction of slices resulted in lesser steps of sample preparation, this did not reduce overall
variation. Moreover, it also resulted in lower total numbers of detected proteins because the
Orbitrap mass spectrometer was only capable of detecting approximately 5,000 spectra per
slice. Most likely, with regards to the protein complexity of the sample and the technology
used, an experimental setup of 8-10 slices would have been the optimum. Apart from the
considerations given here, technical variation can likely also be reduced by using the latest
FASP/SWATH approach [22]. With this method, sample preparation steps are reduced (FASP)
resulting in fewer fractions per sample subjected to the MS. In addition, SWATH analysis is
thought to improve quantification and reduce signal variation [21, 187]. However, it still
needs to be determined whether sample complexity will be an issue using this method.
Another source of technical variation might come from dissection. In particular, freehand
dissection might introduce differences between samples. In fact, the variation observed in
the immunoblotting experiments for the selected three proteins turns out to be larger than
the quantitative data for these three as obtained by mass spectrometry. This leaves the
possibility that technical variation introduced at the level of sample preparation was into
play. Novel methods of laser capture microscopy might reduce this type of variation (see
Chapter 5).
In summary, the currently used set up and methods of proteome analysis of different brain
areas of the common marmoset failed to detect significant differences in protein expression
between treatment groups. Both technical and biological variation contributed to the poor
detection of protein regulation. Theoretically and retrospectively, one can determine the
number of animals needed to find statistically significant differences between treatment
conditions considering the currently observed variation. When group sizes would be
increased to a minimum of 35 animals per group, it becomes likely that MPTP-induced
differences in protein expression above 60% can be measured with statistical significance.
Besides the unethicality of such large group sizes, this would also be far beyond the financial
resources available in most research laboratories. By using different dissection methodologies,
and other proteomic techniques such as FASP/SWATH, technical variation likely can be
reduced, which may allow more sensitive measurements and thereby identification of more
subtle differences in protein levels between groups. For that reason the FASP/SWATH
method is explored in Chapter 5.
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