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DEMENTIA

Dementia is a syndrome due to disease of the brain, usually of a chronic or progressive nature, 
in which there is disturbance of multiple higher cortical functions, including memory, thinking, 
orientation, comprehension, calculation, learning capacity, language, and judgement. 
Consciousness is not clouded. The impairments of cognitive function are commonly 
accompanied, and occasionally preceded, by deterioration in emotional control, social 
behaviour, or motivation. This syndrome occurs in Alzheimer’s disease, in cerebrovascular 
disease, and in other conditions primarily or secondarily affecting the brain (World Health 
Organization’s International Classification of Diseases (ICD-10, version 2007)). It is estimated 
that there are currently 35.6 million people with dementia around the world and that this 
number will nearly double every 20 years, to 65.7 million in 2030 and 115.4 million in 
20501.  Dementia mainly affects the elderly; after 65 years of age the prevalence doubles 
with every five-year increase in age. The most common types of dementia are Alzheimer’s 
disease (AD; 50-70%), vascular dementia (VaD; 20-30%), frontotemporal dementia (5-
10%) and dementia with Lewy bodies (<5%)1. The borders between the different types 
are not at all strict, most of the times a mix of various types is observed. This is particularly 
true for AD and VaD, and AD and dementia with Lewy bodies. In a large autopsy study of 
1050 elderly demented individuals, 86% had AD related pathology. From this percentage 
only 43% had pure AD, 23% had mixed AD and VaD and 11% had AD with Lewy bodies2. 

Alzheimer’s disease

Alzheimer’s disease (AD) was first described by Alois Alzheimer in 19073, 4. He described 
the case of a woman in her fifties who first suffered from delusions, and then rapidly 
deteriorated exhibiting signs of memory dysfunction, paranoia, and problems with 
language and behavior. After her death autopsy samples of the brain showed cerebral 
atrophy, intraneuronal fibrillar bundles, and numerous extracellular deposits in the 
cerebral cortex, but also atherosclerotic changes. Research in the 1980s, has established 
that the intraneuronal fibrillar bundles or tangles contained hyperphosphorylated tau 
protein filaments5, and that the extracellular deposits were composed mainly of β-amyloid 
peptides6, nowadays usually referred to as amyloid plaques. The definite diagnosis of AD 
can only be made after death, when neuropathological examination shows the presence 
of neurofibrillary tangles and amyloid plaques in the brain of a person with dementia 
symptoms. Until this neuropathological examination is done, diagnosis is either “possible” 
or “probable” AD.
AD can be divided in two types: familial AD and late-onset AD. Familial AD represents less 
than 1% of all AD cases and is characterized by early onset (<60 years) and autosomal 
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dominant inheritance of mutations in one of three genes: amyloid precursor protein 
(APP)7 and presenilins 1 and 2 (PSEN1, PSEN2)8, 9. Most mutations in APP, PSEN1 and PSEN2 
increase the production of β-amyloid peptides. Late-onset AD is characterized by later 
onset (>60 years) and no genetic linkage, although the apolipoprotein E gene (APOE) is 
known as a risk factor10, 11. Although familial AD and late-onset AD differ in age of onset, 
both forms of the disease are defined by the same pathological features. 
At present, five drugs have been approved by the United States Food and Drugs 
Administration (US FDA) to treat AD12. Four of these are acetylcholinesterase inhibitors 
and the fifth is an NMDA antagonist. However, these drugs can only delay symptom 
progression and not cure AD.

Mild cognitive impairment

Mild cognitive impairment (MCI) refers to the transitional stage between normal aging and 
dementia. MCI is defined as the presence of subjective cognitive complaints and objective 
memory impairment, with normal performance in non-anamnestic cognitive domains 
and overall general functioning, in the absence of dementia13. When memory loss is the 
predominant symptom in MCI, it is termed amnestic MCI. Amnestic MCI is frequently a 
preliminary state of AD14. Additionally, when not memory but other domains show more 
impairment (non-amnestic MCI), other types of dementia are more likely to develop 15.

PROTEOMICS

Proteomics is the large-scale study of proteins, in particular of their expression levels, 
post-translational modifications, and interactions, to obtain insight in disease processes, 
cellular processes and networks at the protein level16. Proteomics is frequently used in 
the search for protein biomarkers, defined as characteristics (in this case proteins) that 
are objectively measured and evaluated as indicators of normal biological processes, 
pathological processes, or pharmacological responses to a therapeutic intervention17. 
The field of proteomics can be roughly divided in discovery proteomics and targeted 
proteomics. Discovery proteomics is the unbiased analysis of proteins or peptides present 
in complex samples like body fluids and tissues, and can be used in the search for new 
biomarkers. In targeted proteomics, proteins of interest are selected prior to analysis and 
information of only these proteins will be obtained. This method is mainly used for the 
validation of potential biomarkers found by discovery proteomics and is more focused on 
quantification of proteins and peptides.
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Discovery proteomics

For discovery proteomics, mass spectrometry is the most commonly employed technique. 
It can be applied to map detectable protein expression, as well as to identify the 
proteins that are differentially expressed18. Every mass spectrometry-based proteomics 
experiment consists of three steps. (1) Isolation of proteins from their biological source 
and optionally fractionate them. The protein sample is usually enzymatically digested 
and the resulting peptide sample is further fractionated. (2) The peptides are subjected 
to mass-spectrometric analysis. (3) The generated datasets are analyzed by dedicated 
software and peptide identity can be assigned through database searching19.
Most biological samples used in discovery proteomics studies are very complex. For 
example, blood contains more than 10,000 proteins with a dynamic range of concentration 
that spans more than 10 orders of magnitude20. Besides the wide dynamic range, the 14 
most abundant proteins make up around 95% of the total protein mass. A commonly 
used strategy to overcome the dynamic range problem is depletion of the most abundant 
proteins. However, there is also a downside of depletion namely the removal of proteins 
that complex with these abundant proteins such as albumin and immunoglobulins. 
Separation or fractionation of proteins, or after digestion peptides, is another way to handle 
the overwhelming complexity of body fluids and tissues. The classical and now almost old-
fashioned approach is to separate proteins by two-dimensional gel electrophoresis (2DE) 
followed by analysis of the protein(s) in a single gel spot. Nowadays, 2DE is often replaced 
by non-gel based technologies like liquid chromatography (LC). LC can be used for the 
separation of both proteins and peptides. Usually, the separation is performed on peptide 
level, because LC can then directly be (online) coupled to a mass spectrometry (LC-MS) 
device. The chemical diversity of peptides (charge, isoelectric point, hydrophobicity, size) 
makes them very well suited to be separated by nearly every liquid-based separation 
mode. Often used are reversed-phase LC (RPLC, based on differences in polarity), ion 
exchange chromatography (IEX, based on charge), size exclusion chromatography (SEC) 
and hydrophilic interaction chromatography (HILIC)21. LC columns can consist of a cluster 
of packed particles (packed columns) or of a single piece of separation media (monolithic 
columns). The separation capability of an LC column is described by its peak capacity. The 
peak capacity is defined as the number of peaks that can be separated within a retention 
window. The peak capacity can be improved by increasing the column length, decreasing 
the particle size or usage of a more optimal column material, and by optimizing LC 
characteristics (e.g. temperature, flow rate and gradient time)21. These LC methodologies 
can be used as stand alone; however, very often they are combined (two-dimensional and 
even multi-dimensional LC) to further raise the possibility to overcome the complexity of 
digested protein samples and thereby increase the overall resolving power22. Well known 
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combinations are strong-cation exchange (type of IEX) with RPLC, as two separate columns 
or packed together in one column (multidimensional protein identification technology, 
MudPIT), RPLC with RPLC, HILIC with RPLC, and SEC with RPLC. RPLC is generally regarded 
as the back-end separation of choice due to its compatibility with MS.
Mostly MS analysis of peptides or proteins starts with their ionization. Two ionization 
techniques predominantly used in proteomic research are electrospray ionization (ESI)23 
and matrix assisted laser desorption/ionization (MALDI)24. After ionization various types 
of analyzers can be used to either simply measure the molecular mass or to determine 
additional structural features including amino acid sequence or the site of attachment 
and type of posttranslational modifications. In the latter case, after the initial mass 
determination, specific ions are selected and subjected to fragmentation through collision. 
These experiments are referred to as tandem mass spectrometry (MS/MS). In table 1.1, 
the types of mass spectrometers commonly used in proteomics, along with some of their 
distinctive traits, are summarized25. 
The amount of data generated by (LC-)MS experiments can be too overwhelming for 
manual interpretation, so automation of data collection and analysis is essential. The 
raw data needs to be converted to lists of monoisotopic masses, intensities and in case 
of LC-MS also retention time. This is done by processes like peak detection, removal of 
non-peptide peaks and (retention time) alignment. The next step is peptide and protein 
identification by searching the data against an appropriate database. A well-known web-
based search engine is Mascot26. Statistical analysis can then be performed to look for (a 
panel of ) differentially expressed peptide masses (not identified), peptides or proteins 
between groups of interest (potential biomarkers).

Table 1.1. Mass analyzers commonly used in proteomics (freely taken from Domon & Aebersold, 
2010).

Analyzer
Implemen-
tation Type

Resolving 
power

Mass 
accuracy

Limit of 
detection

Dynamic 
range

Quadrupole TQ-QTOF In-beam 1,000-2,000 Low Very low 4-5

Ion trap IT Trapping 1,000-2,000 Low Very low 2-3

TOF Q-TOF In-beam >25,000 High Low 3

OT/ICR Hybrid Trapping >50,000 Very high Low 3

TOF, time of flight; OT, Orbitrap; ICR, ion cyclotron resonance; TQ, triple quadrupole; IT, iontrap; 
Q-TOF, quadrupole time of flight.



15

Introduction

Targeted proteomics

Traditionally, the enzyme-linked immunosorbent assay (ELISA) has been the major 
method used for targeted protein quantification and biomarker validation. In case an 
ELISA assay or high quality antibodies are available, the quantification of proteins with 
ELISA is relatively straightforward with a good sensitivity and throughput. The limiting 
factors for the ELISA are the restricted possibility to analyze more than one protein at the 
same time and the expensive development of new assays. The simultaneous analysis of 
multiple proteins (dozens or more) can be done by so called multiplex assays, like antibody 
arrays27 and bead-based assays (Luminex®). Multiplex assays have a higher throughput, 
but are usually less sensitive than ELISAs. This is due to the fact that the optimal detection 
conditions are not similar for all proteins in the assay, and therefore not all proteins will be 
analyzed under the ideal circumstances28.
Alternatively, an antibody-free technology for multiplex and quantitative analysis of 
proteins is multiple reaction monitoring (MRM). MRM is an MS-based technique for the 
targeted detection and quantification of selected peptides with known fragmentation 
patterns in a complex sample29. The selected peptides can serve as representatives for 
the candidate protein, when they have an amino acid sequence that is unique for the 
candidate protein and are easily detected by MS. A triple quadrupole mass spectrometer 
(TQ) is the most suitable mass spectrometer for quantification with MRM (table 1.1). 
In the first quadrupole, a specific precursor ion of the peptide is selected based on its 
mass-to-charge (m/z) ratio. The precursor ion is fragmented in the second quadrupole, 
which allows for the selection of a specific fragment of the target peptide ion, according 
to its m/z ratio, in the third quadrupole. For absolute quantification (AQUA) using MRM 
an internal standard must be spiked into the sample30. Often a peptide containing a 
stable-isotope labeled amino acid is synthesized based on the sequence of the peptide of 
interest that is being targeted for quantification, and used as an internal standard. MRM 
coupled with stable isotope dilution MS has shown to be highly reproducible, within 
and across laboratories, and sensitive to low μg/mL protein concentrations in complex 
samples without enrichment of the proteins of interest31.

PROTEIN BIOMARKERS IN DEMENTIA

In dementia and other neurodegenerative disorders, proteomics research is mainly 
performed in brain tissue and cerebrospinal fluid (CSF). CSF is the only body fluid that 
directly interchanges with the extracellular fluid of the central nervous system, making it 
an ideal source for biomarker discovery in neurodegenerative disorders32. For AD, the most 
reproducible findings are decreased levels of Aβ42 peptide and increased levels of total 
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tau and phosphorylated tau proteins in CSF33. Besides these biomarkers for AD, no reliable 
pathology associated biomarkers have yet been discovered for other types of dementia. 
However, hundreds of candidate proteins with altered concentrations have been detected 
that are related to neurodegeneration. They are mainly involved in energy and protein 
metabolism, signal transduction, transport, and cytoskeleton formation34. Some of these 
proteins identified in CSF and found to be altered in AD in several proteomic analyses 
are albumin, α-1-antitrypsin, α-1β glycoprotein, amyloid β A4 protein, apolipoprotein 
A-I, A-II and E, complement C3a and C4a, cystatin C, retinol-binding protein and β-2-
microglobulin35. 

Serum biomarker research in AD

Although CSF is a good resource for biomarker research in AD, it is limited by the invasive 
procedure and the requirement of highly trained personnel to draw CSF. Biomarker 
research in serum and plasma has therefore become more popular. Several studies have 
investigated the levels of Aβ peptides in serum and plasma and most groups have found 
no significant difference between AD and controls36. Furthermore, no correlation was 
found between CSF Aβ levels and plasma Aβ levels in individual patients37. Numerous 
discovery proteomics studies in serum and plasma have been performed over the last 
decade38-46. Proteins reported to be altered in serum or plasma of AD patients as well as in 
CSF are α-1-antitrypsin, apolipoprotein A-I and E, and complement C3 and C445. Among 
all other proteins found related to AD, α-2-macroglobulin and complement factor H show 
the greatest difference in expression between AD and control samples39. 

SCOPE OF THIS THESIS

The overall goal of this thesis is to search for proteins that are differentially expressed in 
serum of people who later develop AD or with MCI. We applied state of the art proteomics 
techniques, unbiased as well as targeted, to search for, identify and quantify these proteins. 
The main part of this thesis is on serum proteomics research related to AD. In chapter 2, 
I describe the results of a search for proteins which could predict the onset of AD. To this 
end, the serum proteome of persons who developed AD a few years after blood sampling 
(presymptomatic AD), and matched controls who remained dementia free, was examined 
using nano LC Orbitrap MS. Chapter 3 describes an immunohistochemistry study of 
a protein found to be elevated in serum of presymptomatic AD patients compared to 
controls and showed a strong expression in AD brain compared to almost no expression 
in control brain. The goal of this study was to gain more insight in the expression of this 
protein and its possible role in AD. In chapter 4, I have investigated a reported potential 
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biomarker for AD, clusterin, for its applicability in the prediction of AD. To this end, an 
MRM assay specific for clusterin was developed to quantify clusterin levels in serum of 
presymptomatic AD patients and controls.
Chapter 5 describes a proteomics study performed on samples from MCI patients. The 
serum proteome of MCI patients and controls were compared by means of nano LC 
Orbitrap MS. Differentially expressed proteins were quantified using MRM assays. Chapter 

6 is of a more technical nature where I compare targeted and label free MS methods for 
the quantification of proteins.
Finally, the work presented in this thesis is summarized and discussed in chapter 7.
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ABSTRACT

We have sought for disease-related proteins which could predict the onset of Alzheimer’s 
disease (AD) in a study population derived from the Rotterdam Scan Study, a population 
based prospective cohort study, designed to investigate the etiology and natural history 
of age-related brain changes in the elderly. The serum proteome of 43 persons who 
developed AD, after an average 4.2 years (±2.6 years SD) after blood sampling, and 43 
gender and age matched controls who remained dementia free during follow-up, was 
investigated by liquid chromatography mass spectrometry. We identified 61 differentially 
expressed peptides between presymptomatic AD and controls, 9 of which were derived 
from pregnancy zone protein (PZP). Quantitative measurements using a multiple reaction 
monitoring assay showed a significant increase in concentration of PZP in presymptomatic 
AD (34.3 ± 20.6 mg/l) compared with controls (23.6 ± 13.6 mg/l) (p = 0.006). The difference 
in PZP was significant in women. Immunohistochemical validation of the findings on brain 
tissue sections showed strong PZP expression in senile plaques and in microglial and glial 
cells in AD with only low expression in some scattered glial cells in controls. 
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INTRODUCTION

It is estimated that there are currently 35.6 million people with dementia worldwide 
and that this number will nearly double every 20 years, to 65.7 million in 2030 and 115.4 
million in 20501. Dementia mainly affects elderly; after 65 years of age the prevalence 
doubles with every five-year increase in age. Alzheimer’s disease (AD) represents 50 
to 75% of all dementias. In people with AD, the increasing impairment of learning 
and memory eventually leads to the diagnosis. The pathological characteristics of AD 
(amyloid-β containing senile plaques and neurofibrillary tangles) may occur decades 
before the onset of the clinical symptoms2. At present, five drugs have been approved by 
the United States Food and Drugs Administration (US FDA) to treat AD3. Four of these are 
acetylcholinesterase inhibitors and the fifth is an NMDA antagonist. Because these drugs 
can delay symptom progression, but are not curative, it is important to initiate treatment 
as early as possible. Therefore, early detection in the presymptomatic phase of the disease 
is of paramount importance. So far, there is no test to detect people with presymptomatic 
AD.
Because of the large-scale accessibility and applicability of blood sampling, the 
identification of a (panel of ) serum biomarker(s) for presymptomatic AD would be ideal. 
Several proteomics studies in plasma or serum have identified proteins as potential 
biomarkers for AD4-12 and even very early stages of AD13, 14, but not for the presymptomatic 
condition. For example, clusterin levels in plasma were associated with the progression 
and severity of AD10 but were not helpful in discovering presymptomatic AD15. 
In this study, we have sought to identify serum biomarkers associated with presymptomatic 
AD. We used blood samples of people who were enrolled in a population-based 
prospective cohort study designed to detect determinants of physical and psychological 
health and their predictors in the elderly. As part of this survey, blood samples were taken 
at regular points in time. In addition, repetitive neuropsychological testing was part of 
the survey protocol. From this population, the serum proteome of 43 persons who later 
developed AD and 43 gender and age matched controls was investigated by various mass 
spectrometric techniques.

MATERIALS AND METHODS

Study population

The study population was derived from the Rotterdam Scan Study (RSS), a population 
based prospective cohort study initiated in 1995-1996, which included 1077 non-



26

Chapter 2

demented healthy subjects aged between 60 to 90 years. Participants in the RSS were 
randomly selected from two ongoing population based studies, the Rotterdam Study16 
and the Zoetermeer Study17. The Erasmus University Medical Ethics Committee approved 
the study and written informed consent was obtained from all participants. 
The RSS was designed to study the etiology and natural history of age-related brain changes 
in the elderly. At baseline (1995-1996), information was obtained on socio-demographic 
characteristics, medical history, current health status, medication use and determinants 
for chronic diseases. In addition, participants underwent brain imaging, veni-puncture 
and several physical examinations including a neurological and cognitive screening. 
Cognitive screening included the Mini Mental State Examination (MMSE) and the Geriatric 
Mental State (GMS) schedule. Apolipoprotein E (APOE) genotyping was performed on 
coded genomic DNA, as described in detail elsewhere18. Follow-up re-examinations took 
place in 1997-1999 and 2002-2004, and included the same standardized interviewing, 
veni-puncture and physical examination. 
Of the 1077 subjects 43 developed AD (4%) during the 10-year follow-up period 
according to the AD assessment protocol described elsewhere19. Persons that were 
screened positive  for MMSE (< 26) and GMS (> 0) during follow-up, were assessed with the 
Cambridge Examination for Mental Disorders of the Elderly interview (CAMDEX). Persons 
suspected to have AD were further examined by a neurologist and underwent additional 
neuropsychological testing by a neuropsychologist. Besides the above described tests 
for AD assessment, the memory function of all subjects was also tested by means of a 
15-word verbal learning test, the Stroop test and the letter-digit substitution test. These 
tests were used to determine and exclude other cognitive stages like mild cognitive 
impairment (MCI). For each AD case we randomly selected a control, matched on gender, 
and in strata of age (5 years). The selected controls had no cognitive problems, remained 
dementia-free and were still alive at the end of follow-up (2005). 
The blood samples were taken in the Research Centers of the Rotterdam Study and the 
Zoetermeer Study between 9.00 AM and 4.00 PM. After coagulation for 30 minutes serum 
was obtained by centrifugation for 10 minutes at 3,000 rpm (Microcentrifuge 5417R; 
Eppendorf, Hamburg, Germany) at room temperature. Serum samples were aliquoted 
into 1 ml portions, fast frozen at -196 °C in liquid nitrogen, transferred to the laboratory 
and subsequently stored at -80 °C until further use. 
To prepare the serum samples for liquid chromatography mass spectrometry (LC-MS), 
an enzymatic digestion was performed as described previously15. Briefly, neat serum was 
diluted 500 times in 0.1% RapiGest SF (Waters, Milford, MA), reduced using dithiothreitol 
and alkylated using iodoacetamide. Subsequently, trypsin was added for digestion. After 
incubation the pH was reduced to terminate the digestion reaction and the serum digest 
were aliquoted (25 μl) and stored at -20 °C until further use.
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Nano LC Orbitrap MS

LC-MS measurements were carried out on a nano LC system (Ultimate 3000; Dionex, 
Amsterdam, Netherlands) online coupled to a hybrid linear ion trap/Orbitrap MS (LTQ 
Orbitrap XL; Thermo Fisher Scientific, Bremen, Germany). 1 μl of serum digest was injected 
onto the nano LC system, which held a C18 trap column (PepMap C18, 300 μm ID × 5 mm, 
5 μm particle size and 100 Å pore size; Dionex) and a 50 cm long analytic column (PepMap 
C18, 75 μm ID × 500 mm, 3 μm particle size and 100 Å pore size; Dionex). A 180-minute 
gradient with a 300 nl/min flow was run with solvent A (H2O/acetonitrile (ACN) 98/2 (v/v), 
0.1% formic acid (FA)) and solvent B (H2O/ACN 20/80 (v/v), 0.1% FA): 0-25% solvent B in 
120 min and 25-50% solvent B in the next 60 min. All solvents used were purchased from 
Biosolve (Valkenswaard, Netherlands). The separation of the peptides was monitored by a 
UV detector (absorption at 214 nm).
High resolution full scan MS was obtained from the Orbitrap (resolution 30,000; AGC 
1,000,000); MS/MS spectra were obtained by CAD fragmentation. MS/MS was performed 
on the top five masses in the full scan spectra. Dynamic exclusion was used, with a repeat 
count of one; exclusion duration was set at 3 min and exclusion width at ±5 ppm.
To check the reproducibility of the nano LC system and the performance of the Orbitrap 
MS, one of the serum digests was re-measured every ten runs as a technical control. 
Data analysis was done using the software package Progenesis LC-MS (version 2.5; 
Nonlinear Dynamics Ltd, New Castle, UK). This package processes raw data files by peak 
modeling, LC-MS run alignment, peptide detection, and normalization of peak areas to 
the total ion current20. After peptide detection a filter was used, yielding only peptides 
with charges two to eight and more than two isotope peaks. 
For peptide identification, MSMS data was searched against the human SwissProt database 
using Mascot (version 2.2.06; Matrix Science Inc., London, UK). The following settings were 
used; enzyme: trypsin, fixed modifications: carbamidomethyl (C), variable modifications: 
oxidation (M), mass values: monoisotopic, protein mass: unrestricted, peptide mass 
tolerance: ±10 ppm (# 13C = 2), fragment mass tolerance: ±0.5 Da, max missed cleavages: 
2, instrument type: ESI-TRAP. The identifications were imported in Progenesis and a matrix 
was generated containing the following information for each peptide; retention time, 
normalized peak area and when present its sequence. 

Quantification of Pregnancy Zone Protein

Fifteen unique peptides of pregnancy zone protein (PZP; Uniprot accession number P20742) 
were identified. For one of the peptides, VVVQTESGGR (primary amino acid position 204-
213) a multiple reaction monitoring (MRM) assay was developed according to the method 
described previously15 (for peptide selection, see supplementary data). A synthetic version 
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of the selected peptide together with its internal standard, VVGVQTESGGR, were obtained 
from Pepscan Presto (Lelystad, Netherlands) with a peptide purity > 95%. The selected 
peptide and its internal standard showed comparable intensities and ion efficiency, only 
a slight shift in retention time was observed (0.8 min). Calibration curves were made for 
both synthetic peptides in digested serum. The following concentrations of synthetic 
peptide were measured: 0, 0.16, 0.8, 4, and 20 fmol/μl. Each concentration point for the 
calibration curve was measured in triplicate. The limit of detection (LOD) and the lower 
limit of quantification (LLOQ) were determined. The LOD was defined as three times the 
signal-to-noise ratio of an unspiked serum digest and the LLOQ as the lowest calibration 
point of the curve that could be measured with a CV < 20%. 
Serum digests of case-control samples were spiked with 20 fmol/μl of internal standard. 
Chromatographic separation of spiked serum digests, was performed on a nano LC 
system (Ultimate 3000; Dionex, Amsterdam, Netherlands). Two μl of spiked serum digest 
was loaded onto a C18 trap column (PepMap C18, 300 μm ID × 5 mm, 5 μm particle size 
and 100 Å pore size; Dionex) and washed for 5 min at a flow rate of 20 μL/min 0.1% TFA in 
H2O. Next, the trap column was switched in line with the analytic column (PepMap C18, 
75 μm ID × 150 mm, 3 μm particle size and 100 Å pore size; Dionex). Peptides were eluted 
at a flow rate of 300 nl/min with the following gradient: 0-45% solvent B in 30 min, solvent 
A (H2O/acetonitrile (ACN) 98/2 (v/v), 0.1% formic acid (FA)) and solvent B (H2O/ACN 20/80 
(v/v), 0.1% FA). MRM detection was performed by means of a triple quadruple tandem 
mass spectrometer (4000 QTRAP; AB SCIEX, Concord, Ontario, Canada) in the positive ion 
mode. 
For each transition, the peak area was determined using the program Skyline v0.621. The 
concentration of PZP in the serum digests was calculated using the ratio of the original 
peptide to the internal standard. 

Immunohistochemical staining

For immunohistochemical staining four brains of subjects with AD and two control 
brains were taken from the files of the Department of Pathology, Erasmus Medical Center, 
Rotterdam, The Netherlands. The brains are not from persons who participated in the 
RSS study and whose serum proteome was examined in this study. The four brains with 
AD came from male subjects (including one patient with a familial form of AD) while the 
controls came from females. The brain samples had been fresh-frozen. Immunostaining 
was performed on frontal cortex and hippocampus in all cases.
Sections of 5 μm from each sample were made and staining was performed following 
the manufacturer’s instructions (alkaline phosphatase technique) using rabbit polyclonal 
antibody for PZP (GeneTex, Irvine, USA). Briefly, sections were fixed in acetone for 15 
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minutes and then air-dried. The sections were washed with phosphate-buffer saline (PBS) 
and incubated with the antibody for 30 minutes. After washing the sections with PBS, 
the secondary antibody was added and incubated 30 minutes at room temperature. 
Afterwards, the sections were washed with tap water, counterstained and coverslipped 
with permanent mounting medium. The sections were examined by the neuropathologist 
(JMK) for the presence and spatial localization of PZP in the tissue.

Statistical analysis

To test for homogeneity between the presymptomatic AD patients and the cognitive 
normal controls, a Mann-Whitney test was used with a significant level of 0.05. A non-
parametric test was used, since not all variables were normally distributed. To determine 
whether peptides present in sera from presymptomatic AD patients were significantly 
higher or lower than that in sera from cognitive normal controls, the normalized peak 
areas of the nano LC Orbitrap MS measurements were compared using a two-sided 
t-test with a significance level of 0.05. The same t-test was used in the MRM assay to test 
for differences in quantitative levels of PZP between presymptomatic AD and controls. 
To determine the influence of the absence or presence of one or two APOE �4 alleles 
on the PZP levels measured, an ANOVA was used followed by a t-test for the separate 
comparisons. All statistical analyses were performed using the SPSS statistical software 
package (version 15.0).
 

RESULTS

Subject characteristics

At the time that the serum samples were collected for this study, no differences between 
cases and controls were observed in age and gender (table 2.1). Although the Mini 
Mental State Examination (MMSE) scores were above 25 for both groups, the cases scored 
significantly lower (26) compared with the controls (27). In addition, the cases were more 
likely to carry one or two APOE �4 alleles. The diagnosis of AD was made on average 4.2 ± 
2.6 (SD) years after the blood samples were taken.
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Table 2.1. Subject characteristics. 

Subjects

Cases Controls p-valuea

Number 43 43 1

Mean age (years; SD) 78 (6.5) 78 (6.8) 0.88

Female/Male 32/11 32/11 1

Mean MMSEb score (SD) 26 (2.2) 27 (2.7) 0.01

Mean duration until AD diagnosis (years; SD) 4.2 (2.6) 0 (0) 0

APOE ε4/- (%) 15 (35%) 5 (12%) 0.01

APOE ε4/4 (%) 5 (12%) 0 (0%) 0.02

ap-value, a Mann-Whitney test was used to test for homogeneity between cases and controls; 
bMMSE, Mini Mental State Exam, maximum score 30.

Nano LC Orbitrap MS

A technical control serum digest, that was measured every ten samples, was used to 
determine the coefficient of variance (CV) as an indication of LC reproducibility. The CV 
was calculated using the retention time of eight peptides belonging to eight different 
proteins. The peptides were present in all runs and had retention times evenly distributed 
throughout the run. The control serum digest showed an average % CV of 3.2 ± 1.6 (SD) 
for the retention time (in minutes), indicating good reproducibility.
The nano LC Orbitrap MS measurements detected a total of 47,715 features. Of these 
features, 6,070 were identified as peptides. The total number of unique peptides in this 
sample set was 2,370 belonging to 377 proteins (179 proteins were identified with a 
minimum of two peptides).
Statistical analysis of the 2,370 identified peptides revealed 61 peptides that discriminated 
between presymptomatic AD and controls (t-test p < 0.05, table 2.2). Eighty-four percent 
(51/61) of the discriminating peptides were more abundant in presymptomatic AD than 
in controls. Proteins found with more than two discriminating peptides were pregnancy 
zone protein (PZP; 9 of 15 peptides), apolipoprotein B-100 (6 of 162 peptides) and 
complement C2 (3 of 13 peptides). Since PZP was the only protein of which the majority 
of its identified peptides (9 of 15) differed significantly between presymptomatic AD and 
controls this protein was analyzed further. Furthermore, all 15 identified PZP peptides 
were more abundant in presymptomatic AD (figure 2.1) and this was not the case for all 
identified peptides of apolipoprotein B-100 and complement C2 (not shown). 
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Figure 2.1. Normalized peak areas of identified peptides specific for pregnancy zone protein 
measured with nano LC Orbitrap MS. Peptides are arranged in order of increasing p-value. Dark bars, 
presymptomatic AD (n = 43); light bars, controls (n = 43); error bars, standard error (SE); * significant 
difference between presymptomatic AD and controls (p < 0.05). 

Quantitative levels of PZP

Calibration curves of the original peptide of PZP (VVVQTESGGR) and its internal standard 
(VVGVQTESGGR), showed comparable slopes and intercepts. The developed MRM assay 
had a limit of detection of 0.12 fmol/μl and a lower limit of quantification of 0.16 fmol/
μl. The expected concentration of PZP in control serum is around 40 mg/l (in female)22, 
corresponding to 0.24 fmol/μl in our serum digests.
The MRM assay showed a significantly higher concentration of PZP in presymptomatic AD 
(34.3 ± 20.6 mg/l) compared with controls (23.6 ± 13.6 mg/l) (p = 0.006). We found that the 
difference in PZP was significant in women but not in men. In women, PZP levels were 41.7 
± 18.8 mg/l for presymptomatic AD (n = 32) and 26.5 ± 14.0 mg/l for controls (n = 32) (p < 
0.005) whereas in men PZP levels were 12.8 ± 3.1 mg/l for presymptomatic AD (n = 11) and 
15.1 ± 8.3 mg/l for controls (n = 11) (p = 0.40) (figure 2.2). 



35

Serum levels of PZP are elevated in presymptomatic AD

Figure 2.2. PZP concentrations measured by LC-MRM. (A) PZP concentrations in presymptomatic 
AD and controls. For both groups the mean is indicated together with the standard deviation (error 
bars). A two-sided t-test shows that there is a significant difference between both groups (p = 0.006). 
The sample set was divided into men (B) and women (C). In men, there is no significant difference 
(p = 0.40). In women, there is a significant difference in PZP levels between presymptomatic AD and 
controls (p < 0.005). 

When the presymptomatic AD cases were grouped based on the presence of no, one or 
two APOE �4 alleles, no significant difference (ANOVA, p = 0.22) was observed between 
the different groups. A (non-significant) difference in PZP concentration was observed 
between persons with no or one APOE �4 alleles present and persons with two APOE �4 
alleles present (t-test, p = 0.08 and p = 0.12) (figure 2.3). 
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Figure 2.3. Association between PZP concentrations in presymptomatic AD patients and APOE ε4 
genotype. An ANOVA shows that there is no significant difference in PZP levels between persons 
with no, one or two APOE ε4 alleles present (p = 0.22). A non-significant difference is observed 
between persons with no or one APOE ε4 alleles and persons with two APOE ε4 alleles (t-test, p 
= 0.08 and p = 0.12). APOE ε-/-, no ε4 alleles present (n = 23); APOE ε4/-, one ε4 allele present (n = 
15); APOE ε4/4, two alleles present (n = 5). For all groups the mean is indicated together with the 
standard deviation (error bars). Squares indicate males while circles indicate females.

Immunohistochemistry

In figure 2.4 immunostaining of PZP is illustrated in cerebral cortex of four AD patients 
and two control patients.  In the AD brains strong immunopositivity was seen in (micro)
glial cells and in senile plaques. In the cerebral cortex of the control patients only some 
scattered glial cells were immunopositive. PZP staining in the cerebral cortex of a familial 
AD patient (figure 2.5) also showed immunopositivity in senile plaques, microglial and 
glial cells with additional immunoreactivity around blood vessels.
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Figure 2.4.  Immunohistochemical analysis of PZP expression in AD and normal brain sections. 
(A-D) Cerebral cortex of patients with AD, stained with the PZP antibody, shows immunopositivity 
in microglial cells and in senile plaques (arrows). In addition, some adventitial immunopositivity 
is present (x 200). (E-F) Cerebral cortex of control patients (cause of death cardiovascular arrest), 
stained with the PZP antibody. There is immunopositivity in some scattered glial cells (x200). 
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Figure 2.5. Immunohistochemical analysis of 
PZP expression in familial AD brain sections. 
(A) Cerebral cortex of a patient with familial 
AD shows PZP immunopositivity in the senile 
plaques, microglial and glial cells, and around 
blood vessels (x 20). (B) Magnification of A: 
detail of the immunoreactivity of the senile 
plaque and the microglial and glial cells (x 200). 
(C) Section adjacent slide to (B) shows the senile 
plaque (asterix) and microglial and glial cells in 
H&E staining (x 200).
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DISCUSSION

In this population-based study, we found that pregnancy zone protein (PZP) levels were 
significantly higher in persons who were to develop AD compared with gender and age 
matched controls who remained dementia free. The difference was significant in women, 
not in men. Immunohistochemical validation of the findings on brain tissue sections 
showed strong PZP expression in senile plaques and in microglial and glial cells in AD 
with only low expression in some scattered glial cells in controls.

Elevated PZP levels

PZP is one of the major pregnancy-associated plasma proteins. In serum of healthy non-
pregnant persons PZP concentration is low (women, 10-40 mg/l; men, <10 mg/l)22. With 
advancing gestation, circulating levels of PZP increase up to 1000 mg/l and return to 
pre-pregnancy levels within a few weeks after delivery22, 23. Increased levels of PZP also 
occur after oestrogen administration in both sexes24. Folkersen et al. reported a slight, but 
significant, age-dependent increase in both healthy males and females22. Confounders 
of gender and age were minimized in the present study by selecting matching controls. 
PZP concentrations in men were approximately 3 to 4 times lower than in women, as 
described in the literature. The sex difference in serum PZP concentration prompted us 
to compare the values separately for men and women (figure 2.2) and a clear difference 
between presymptomatic AD and controls was found only for females. Apart from the 
generally lower concentrations of PZP in men, a possible explanation may be that the 
number of males in this study was small. Further, the range of quantification of the 
MRM assay used in this study did not reach lower than 0.16 fmol/μl corresponding to a 
concentration of 25 mg/l. Since the majority of concentrations measured in men were 
below this value, it may well be that a significant difference is also present in males. 
Furthermore, immunohistochemistry showed the presence of PZP in AD brain, which 
were all from males. At this time point no female AD brains were available in our archives. 
Further immunohistochemical studies will be conducted on prospectively collected tissue 
from other institutes, to determine whether a difference in PZP expression in male and 
female AD brain is present. To our knowledge, nothing is known in the literature about 
PZP expression in the brain and the capability of PZP crossing the blood-brain barrier. The 
only related literature is by Chiabrando et al.25 showing that methylamine-activated PZP 
was capable of inhibiting nerve growth factor-promoted neurite extension in cell cultures, 
while normal PZP had little or no effect. The only indication we have about the presence 
of PZP in the central nervous system, comes from a researcher within our group who has 
occasionally observed PZP peptides in cerebrospinal fluid (not published). 
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Since our study has a long and virtually complete follow-up, it was possible to search 
for a relation between the measured PZP concentrations and the period between blood 
sampling and the diagnosis of AD. We found no correlation between PZP concentrations 
and the time to diagnosis (4.2 ± 2.6 years). 

Possible link PZP and AD

To the best of our knowledge, a relation between PZP and AD has never been reported in 
the literature. The primary structure of PZP is remarkably similar to alpha-2-macroglobulin 
(A2MG). Of all corresponding amino acid residues 71% are identical in both proteins and 
this increases to 78% when chemically similar residues are included (V = I = L, K = R, T = S, E 
= D, F = Y, G = A, Q = N)26. Both proteins are capable of inhibiting serine proteinases. When 
a bait region in the protein is cleaved by a proteinase, a conformational change is induced 
in the protein which traps the proteinase. Since the bait-region sequence appears to be 
the region with lowest similarity between PZP and A2MG, there are probably different 
or complementary functions for the proteinase inhibition exerted by both proteins27. 
The close link between PZP and A2MG is interesting since A2MG has been implicated 
in AD. Hye et al. found elevated levels of A2MG in plasma of AD patients by comparing 
two-dimensional gel images of cases and controls7. A2MG is also found in plaques in the 
brain of AD patients, where it forms complexes with amyloid-β28. In the present study the 
presence of PZP was immunohistochemically detected in and around blood vessels, in 
microglial and glial cells, and also, like A2MG, in plaques present in the brains of the AD 
patients (figure 2.4 and 2.5). Importantly, the used antibody was raised against a unique 
region in PZP which is not present in A2MG. It has been suggested that A2MG plays a role 
in amyloid-β clearance via the low-density lipoprotein receptor-related protein (LRP)29. 
LRP is widely studied in relation to AD, since three of the susceptibility genes, amyloid 
precursor protein, apolipoprotein E and  A2MG, encode proteins that are ligands for LRP30. 
LRP is also responsible for the clearance of PZP-proteinase complexes31. Although PZP 
and A2MG are highly similar, a difference in binding properties to LRP is reported27. An 
important role in the different binding properties could be that A2MG exists exclusively 
in a tetrameric form where PZP exists predominantly as a dimer. The close resemblance 
in structure and function of these proteins and the much lower concentrations of PZP 
may well explain that PZP was not previously detected in AD. The fact that apolipoprotein 
E (APOE) is also a ligand for LRP is very interesting, since we noticed a difference in PZP 
levels between subjects with two, and with no or only one,  APOE ε4 allele (figure 2.3). 
The APOE ε4 allele is a strong susceptibility factor for development of AD32. Risk increases 
3-fold in persons with one APOE ε4 allele and about 9- to 12-fold in persons with two 
APOE ε4 alleles as compared to persons with no APOE ε4 alleles33. We observed lower 
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PZP levels in persons with two APOE ε4 alleles, which was the opposite effect of what one 
would expect since these persons have an increased risk for developing AD. The small 
number of persons in the presymptomatic AD group with two APOE ε4 alleles, however, 
does not allow any conclusion on the relationship between PZP and APOE.

In summary, our search for proteins related to presymptomatic AD resulted in the discovery 
of PZP. PZP levels were significantly higher in persons who later developed AD compared 
to gender and age matched controls who remained dementia free. The developed MRM 
assay confirmed this finding. The difference was significant in women, not in men. The 
resemblance of PZP to A2MG and the fact that PZP is observed by immunohistochemistry 
in brain of AD patients is intriguing. Further studies are warranted to unravel the role of 
PZP in AD.
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ABSTRACT

Increased plasma levels of clusterin have recently been found to be associated with 
severity and progression in Alzheimer’s disease (AD). We have investigated clusterin levels 
in serum of elderly people with presymptomatic AD from a population based prospective 
cohort study. During 10 years follow-up, 43 participants were diagnosed with AD after 
on average 4.2 years (± 2.6 years SD) after the initial blood sampling. At the time of blood 
sampling these participants showed normal cognitive function. For each presymptomatic 
AD case, a control was matched on gender and age. Furthermore, the selected controls 
had to remain dementia-free and still be alive at the end of follow-up. Quantitative serum 
clusterin levels were measured with a newly developed multiple reaction monitoring 
(MRM) assay. Results of the assay showed no significant difference in clusterin levels 
between presymptomatic AD and controls (p-value 0.54). In conclusion, serum clusterin is 
not an early, presymptomatic biomarker for AD.
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INTRODUCTION

In 1990, May et al.1 first described increased expression of clusterin (or apolipoprotein J) in 
Alzheimer’s disease (AD) hippocampus. Subsequently, several studies have demonstrated 
a role for clusterin in the aggregation of amyloid-β (Aβ) peptides2-4. It can either prevent 
Aβ oligomerization or enhance the formation of fibrillar structures, depending on the ratio 
of clusterin and Aβ-peptides5. Also, clusterin may participate in the amyloid-β clearance 
from the brain across the blood-brain barrier6, 7. 
In 2009, two genome-wide association studies independently identified an association 
of late-onset AD with a single-nucleotide polymorphism within an intron of the clusterin 
gene on chromosome 88, 9. Following this genetic discovery, Thambisetty et al.10 reported 
an association of plasma clusterin levels with atrophy of the entorhinal cortex, a region 
known to show early pathological changes in AD. They also observed elevated plasma 
clusterin levels in AD patients with rapid clinical progression. 
Because treatment of AD is still aimed at delaying symptoms rather than curing the 
disease, early detection of the disease and initiation of treatment is of great importance. 
We have therefore investigated serum clusterin concentrations as a potential biomarker 
in presymptomatic AD patients from a population based prospective cohort study, the 
Rotterdam Scan Study (RSS).

MATERIALS AND METHODS

Subjects and samples

The study population was derived from the Rotterdam Scan Study (RSS), a population 
based prospective cohort study initiated in 1995-1996, which included 1077 non-
demented healthy subjects aged between 60 to 90 years. Participants in the RSS were 
randomly selected from 2 ongoing population based studies, the Rotterdam Study and 
the Zoetermeer Study11. The Erasmus University Medical Ethics Committee approved the 
study, and written informed consent was obtained from all participants. 
The RSS was designed to study the etiology and natural history of age-related brain changes 
in the elderly. At baseline (1995-1996), information was obtained on socio-demographic 
characteristics, medical history, current health status, medication use, and determinants 
for chronic diseases. In addition, participants underwent brain imaging, veni-puncture and 
several physical examinations, including a neurologic and neuropsychologic screening. 
Participants have been followed since. In person re-examinations took place in 1997-1999 
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and 2002-2004, and involved the same standardized interviewing, veni-puncture and 
physical examination. For the current study we considered a 10-year follow up period.
Among the 1077 subjects 43 developed AD (4%), the AD assessment protocol for these 
patients has been described elsewhere12. Per AD case we randomly selected a control 
matched on gender, sampled in 5-year age categories. The selected controls remained 
dementia-free and were still alive at the end of follow-up (2005). 
At baseline, blood samples were drawn by veni-puncture from non-fasting subjects at 
the Research Centres of the Rotterdam Study and the Zoetermeer Study between 9.00 
AM and 4.00 PM. After coagulation for 30 minutes serum was obtained by centrifugation 
for 10 minutes at 3,000 rpm (Microcentrifuge 5417R; Eppendorf, Hamburg, Germany) at 
room temperature. Serum samples were aliquoted in 1 ml portions, fast frozen at -196 °C 
in liquid nitrogen, transferred to the laboratory and subsequently stored at -80 °C until 
further use. 

Sample preparation

Serum samples were thawn on ice, 20 μl was taken and diluted 50 times in 50 mM 
ammonium bicarbonate. Of this dilution 10 μl was further diluted by adding 90 μl 
of 0.1% RapiGest SF (Waters, Milford, MA). Samples were reduced and alkylated with 
1,4-dithiothreitol (DTT) and iodoacetamide. One μl of 0.5 M DTT was added, and incubated 
at 60 °C for 30 minutes. Next, 5 μl of 0.3 M iodoacetamide was added, and incubated in the 
dark at room temperature for 30 minutes. For the enzymatic digestion 10 μl of 100 μg/ml 
gold grade trypsin (Promega, Madison, WI) in 3 mM Tris-HCl was added and samples were 
incubated overnight at 37 °C. To inactivate trypsin and degrade RapiGest SF, trifluoric acid 
(TFA; Biosolve, Valkenswaard, Netherlands) was added to a final concentration of 0.5%. 
Subsequently samples were incubated for 30 minutes. Serum digest were aliquoted and 
stored at -20 °C until further use. 

Peptide selection clusterin

Since different peptides from a single protein can vary in detectability in the mass 
spectrometer, we chose peptides for our MRM assay based on experimental data from the 
bottom-up proteomics study described in chapter 2. In this study twelve unique peptides 
of clusterin (Uniprot accession number P10909) were identified (see table 4.1). These twelve 
peptides were subjected to criteria described by Han and Higgs13 including no internal 
trypsin cleavage sites, no potential modification sites, no ragged end and between 7 and 
30 amino acids residues. Of two peptides that met the criteria, EIQNAVNGVK (primary 
amino acid position 45-54) and ASSIIDELFQDR (183-194), synthetic versions together with 
an internal standard were obtained from Pepscan Presto (Lelystad, Netherlands) with a 
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peptide purity > 95%. As internal standards peptides with the same amino acid residue 
sequences were taken with an additional glycine inserted in the middle of the sequence 
(EIQGNAVNGVK, ASSGIIDELFQDR). The assumption was made that incorporation of 
an extra glycine would not alter the properties of the peptide significantly. Amino acid 
analysis of both internal standards showed that the peptide content for EIQGNAVNGVK 
and ASSGIIDELFQDR were 70.6% and 68.6%, respectively. 
Calibration curves were made for all synthetic peptides in digested serum. The following 
concentrations of synthetic peptide were measured 0, 0.16, 0.8, 4, 20 and 100 fmol/μl. 
Each concentration point for the calibration curve was measured in triplicate. 
Serum digests of case-control samples were spiked with 20 fmol/μl of internal standards, 
which were corrected for their peptide content.  

Table 4.1. Information of identified clusterin peptides. 

Peptide sequence Start - end
Missed 
cleavages

m/z 
measured

Mass 
calculated Score

No. of 
spectra

R.KYNELLK.S 340 - 346 1 454.266 906.517 44 70

K.FMETVAEK.A 430 - 437 0 477.734 953.453 32 6

K.EIQNAVNGVK.Q 45 - 54 0 536.292 1070.572 49 89

K.TLLSNLEEAK.K 69 - 78 0 559.308 1116.603 64 47

R.KTLLSNLEEAK.K 68 - 78 1 415.906 1244.698 65 77

R.KTLLSNLEEAK.K 68 - 78 1 623.355 1244.698 49 60

K.TLLSNLEEAKK.K 69 - 79 1 623.356 1244.698 36 1

R.KTLLSNLEEAKK.K 68 - 79 2 458.605 1372.793 59 89

R.ASSIIDELFQDR.F 183 - 194 0 465.237 1392.689 61 86

R.ASSIIDELFQDR.F 183 - 194 0 697.352 1392.689 83 78

R.EILSVDCSTNNPSQAK.L 307 - 322 0 588.279 1761.820 56 90

R.EILSVDCSTNNPSQAK.L 307 - 322 0 881.919 1761.820 85 103

R.QQTHMLDVMQDHFSR.A 168 - 182 0 468.968 1871.841 31 6

R.QQTHMLDVMQDHFSR.A 168 - 182 0 624.956 1871.841 37 3

K.LFDSDPITVTVPVEVSR.K 409 - 425 0 625.332 1872.983 49 69

R.VTTVASHTSDSDVPSGVTEVVVK.L 386 - 408 0 772.065 2313.170 68 117

For each identified peptide the sequence, its position in the protein, number of missed cleavages, 
measured  m/z-value and calculated mass is listed. Some peptides are listed twice, this is because 
the peptide was detected in two different charge states, resulting in two m/z-values. The score given 
is a probability based score, a value above 25 indicates identity.
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Nano LC-MRM MS

Chromatographic separation of spiked serum digests, was performed on a nano LC 
system (Ultimate 3000; Dionex, Amsterdam, Netherlands). Two μl of spiked serum digest 
was loaded onto a C18 trap column (PepMap C18, 300 μm ID × 5 mm, 5 μm particle size 
and 100 Å pore size; Dionex) and washed for 5 min at a flow rate of 20 μL/min 0.1% TFA 
in H2O. Next, the trap column was switched in line with the analytic column (PepMap 
C18, 75 μm ID × 150 mm, 3 μm particle size and 100 Å pore size; Dionex). Peptides were 
eluted at a flow rate of 300 nl/min with the following gradient: 0-45% solvent B in 30 min, 
solvent A (H2O/acetonitrile (ACN) 98/2 (v/v), 0.1% formic acid (FA)) and solvent B (H2O/ACN 
20/80 (v/v), 0.1% FA). All solvents used were purchased at Biosolve. The separation of the 
peptides was monitored by a UV detector (absorption at 214 nm).
MRM detection was performed by means of a triple quadruple tandem mass spectrometer 
(4000 QTRAP; AB SCIEX, Concord, Ontario, Canada) in the positive ion mode. MRM 
parameters were optimized using the synthetic peptides, the optimized parameters are 
listed in table 4.2. For all peptides the entrance potential was set to 9 volts and the dwell 
time to 100 msec. The mass spectrometer (MS) was controlled using Analyst 1.5.1 (AB 
SCIEX). As technical control one spiked serum digest was re-measured every ten runs.

Table 4.2. Parameters for MRM assay. 

Peptide Charge Q1 Q3
Collision 
energy

Declustering 
potential

EIQNAVNGVK 2 536.29 516.31 (y5) 25.5 80

EIQGNAVNGVK 2 564.80 516.31 (y5) 28.5 90

ASSIIDELFQDR 2 697.35 922.43 (y7) 33 95

ASSGIIDELFQDR 2 725.86 922.43 (y7) 35 95

For each peptide, the precursor ion charge state is given together with the selected transitions 
(Q1 and Q3). Between brackets the numbered fragmented y-ion is listed. In the last columns the 
optimized collision energy and declustering potential (both in volts) are given.

Data analysis

For each transition, the peak area was determined using the MRM data analysis program  
Skyline v0.614. By setting the internal standard concentration constant, the concentration 
of clusterin in the serum digests was calculated using the ratio of the internal standard 
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to the original peptide. A two-sided t-test was used to test for differences in the peptide 
concentrations between cases and controls.

RESULTS

Subject characteristics

By design, cases and controls were similar with respect to age and gender and non-
demented at the time that the serum samples were collected for this study (table 4.3). The 
average Mini Mental State Examination (MMSE) score was however significantly lower in 
cases (26) than in controls (27).  In addition, cases were more likely to carry one or two 
APOE ε4 alleles. The cases were diagnosed with AD after an average of 4.2 years (± 2.6 
years SD) following blood sampling. 

Table 4.3. Subject characteristics. 

Subjects

Cases Controls p-valuea

Number 43 43 1

Mean age (years; SD) 78 (6.5) 78 (6.8) 0.88

Female/Male 32/11 32/11 1

Mean MMSEb score (SD) 26 (2.2) 27 (2.7) 0.01

Mean duration until AD diagnosis (years; SD) 4.2 (2.6) 0 (0) 0

APOE ε4/- (%) 15 (35%) 5 (12%) 0.01

APOE ε4/4 (%) 5 (12%) 0 (0%) 0.02

ap-value, a Mann-Whitney test was used to test for homogeneity between cases and controls; 
bMMSE, Mini Mental State Exam, maximum score 30.

MRM assay

Enhanced product ion scans were obtained from the four synthetic peptides, two original 
clusterin peptides and their two internal standards. On the basis of these experiments, 
the  strongest transition per peptide that could be explained based on the structure was 
selected for MRM measurements. Once the transition was chosen, the collision energy 
and declustering potential were optimized. Extracted ion chromatograms resulted in 
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corresponding retention times and intensities for the original peptides and its internal 
standards.
Calibration curves were made for all synthetic peptides in digested serum. For both 
original peptides, the calibration curve of the original peptide was plotted together 
with the curve of the internal standard (figure 4.1). To exclude significant interference of 
the additional glycine the curves would ideally have the same slope and intercept. The 
slopes and intercepts for peptide EIQNAVNGVK and its internal standard EIQGNAVNGVK, 
were not significantly different with a p-value of 0.826 and 0.409, respectively. Peptide 
ASSIIDELFQDR and its internal standard ASSGIIDELFQDR,  were significantly different with 
a p-value of 0.054 for the slopes and 0.024 for the intercepts.
For both internal standards, the limit of detection (LOD) and the lower limit of quantification 
(LLOQ) were determined. The LOD was defined as three times the signal-to-noise ratio of 
an unspiked serum digest and the LLOQ as the lowest calibration point of the curve that 
could be measured with a CV (coefficient of variance) less than 20%. For the MRM assay 
with internal standard EIQGNAVNGVK, the LOD was 0.5 fmol/μl and the LLOQ 0.8 fmol/μl. 
For the MRM assay with internal standard ASSGIIDELFQDR, the LOD and LLOQ were higher 
with values of 2.5 fmol/μl and 4 fmol/μl, respectively. Based on literature15, 16 the expected 
concentration of clusterin in control serum is 100 ± 50 mg/l which corresponds to 1.9 ± 0.9 
fmol/μl in our serum digests.
Since the calibration curve of the internal standard ASSGIIDELFQDR is significantly 
different from its original peptide and both the LOD and LLOQ of the MRM assay using this 
peptide is above the expected concentration, only the MRM assay with internal standard 
EIQGNAVNGVK was used to determine clusterin concentrations in cases and controls. 

Clusterin levels in presymptomatic AD

There was no significant difference in clusterin concentration between presymptomatic AD 
(62.7 ± 13.9 mg/l) and controls (61.0 ± 11.4 mg/l) (figure 4.2A). When the presymptomatic 
AD cases were arranged on decreasing time to diagnosis, no (positive) trend in the 
concentration of clusterin could be observed (Pearson correlation, p-value 0.37). Also 
no correlation was found between the presence of one or two APOE ε4 alleles and the 
concentration of clusterin (figure 4.2B). The clusterin concentration measured with the 
MRM assay are in line with concentrations given in literature15, 16.
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Figure 4.1. MRM calibration curves for the synthetic clusterin peptides together with their internal 
standards. All synthetic peptides were spiked into a serum digest at final concentrations of 0.16, 
0.8, 4, 20 and 100 fmol/μl (three replicates per concentration point). Regression factors (R2) for 
EIQNAVNGVK and EIQGNAVNGVK are both > 0.99. For ASSIIDELFQDR and ASSGIIDELFQDR the R2 are 
> 0.99 and 0.98, respectively. 

Figure 4.2. (A) Clusterin concentrations measured in presymptomatic AD and controls. For both 
groups the mean is indicated together with the standard deviation (error bars). A two-sided t-test 
shows that there is no significant difference between both groups (p-value 0.5462). (B) Clusterin 
concentrations within the presymptomatic AD group divided based on the presence of APOE ε4 
alleles. APOE ε-/-, no ε4 alleles present; APOE ε4/-, one ε4 allele present; APOE ε4/4, two alleles 
present. For all groups the mean is indicated together with the standard deviation (error bars). A 
two-sided t-test shows that there is no significant difference in clusterin levels between persons 
with no APOE ε4 alleles present and persons with one or two APOE ε4 alleles present (p-value 0.7009 
and p-value 0.7482).
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DISCUSSION

In this population based cohort study, we found no difference in clusterin levels between 
persons with presymptomatic AD and gender and aged matched controls who remained 
dementia free for at least 10 years. The presence of one or two APOE ε4 alleles did not 
influence the clusterin concentrations. 
An important strength of our study is the long and virtually complete follow-up, and the 
rigorous assessment of AD. Furthermore, we used an MRM assay for the measurement 
of clusterin. MRM has shown to be a highly reproducible and sensitive technique17. The 
choice of the standard is of great importance as it needs to be stable, show linearity and 
have a good sensitivity. We investigated an alternative for heavy isotope labeled peptides 
and were able to demonstrate that glycine inserted peptide standards has comparable 
chemical behaviour in retention time, intensity and ion efficiency.  Of the two peptide 
standards selected for the MRM assay to measure clusterin concentrations in serum, only 
one proved to be more suitable (EIQGNAVNGVK) in respect to sensitivity and identical 
ion efficiency (figure 4.1). Therefore, we measured clusterin concentrations with an assay 
based on EIQNAVNGVK. A weakness of our study is the relatively small sample size, and 
the selective Caucasian ethnicity of our population. This means that the results of our 
study should be viewed with caution, particularly with respect to generalizability.
Thambisetty et al.10 reported, besides the association of plasma clusterin levels in 
the progression and severity of AD, also an association between plasma clusterin 
concentrations and the amount of amyloid deposition in the brain assessed 10 years 
later. Based on these results they implicated a role for clusterin in the very early process 
of AD. However, their subjects showed no cognitive decline according to MMSE results 
and were not diagnosed with AD at the time of amyloid assessment (supplementary 
data Thambisetty et al.10). Our result of normal serum clusterin levels in AD patients 
approximately 4 years before diagnosis, does not support their hypothesis. 
In summary, we have developed an MRM assay to measure clusterin levels in serum and 
applied this assay to serum samples from 43 persons who later developed AD and 43 
gender and aged matched controls who remained dementia free. The results showed no 
significant difference in clusterin levels between the two groups. These findings suggest 
that clusterin is not a promising biomarker for the very early detection of AD. 
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ABSTRACT

We have explored proteins related to mild cognitive impairment (MCI). The serum 
proteome of 35 amnestic MCI patients and 35 cognitively healthy persons was investigated 
by liquid chromatography mass spectrometry. We identified 108 differentially expressed 
peptides between MCI patients and controls, belonging to 39 proteins. Eight proteins 
were selected for further investigation by quantitative protein measurements using a 
multiple reaction monitoring (MRM) assay; apolipoprotein E (APOE), carboxypeptidase N 
subunit 2 (CPN2), complement factor B (CFAB), galectin-3 binding protein (LG3BP), lumican 
(LUM), serum amyloid A-4 protein (SAA4), serum amyloid P-component (SAMP), and sex 
hormone binding globulin (SHGB). Results of the quantitative protein measurements 
showed significantly decreased levels of CPN2, CFAB, LG3BP, SAA4 and SAMP in serum 
from amnestic MCI patients compared with cognitive healthy controls (two-sided t-test; 
p<0.05). APOE and LUM showed no significant difference in protein levels, SHGB could 
not be quantified since the MRM assay did not reach the required sensitivity. A model 
based on the three most significantly decreased proteins (CFAB, LG3BP and SAA4) showed 
a sensitivity and specificity of 73% and 66%, respectively, for the initial sample set. A small 
external validation set yielded 77% sensitivity and 75% specificity.
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INTRODUCTION

Dementia is a clinical syndrome of cognitive impairment that interferes with social 
or occupational functioning. Affected areas of cognition may be memory, attention, 
language and executive functioning. The most common causes of dementia at older 
age are Alzheimer’s disease (AD) and cerebral vascular disease. As our population ages, 
dementia becomes a major health issue. Research regarding the early stages of dementia 
is of value, in particular for the development of novel strategies to prevent or delay 
dementia. Amnestic mild cognitive impairment (MCI) is considered to be a pre-stage of 
Alzheimer’s disease, and can be defined as the presence of a memory complaint, objective 
memory impairment abnormal for age with relatively preserved general cognition, and 
essentially intact activities of daily living (no dementia)1-3. In the past decades, several 
techniques have been used to identify early alterations in this at-risk group4, and most 
research has focused on clinical biomarkers for MCI in cerebrospinal fluid (CSF) or structural 
and functional neuroimaging5. Even though blood samples are more easily to obtain than 
CSF samples or MRI images, biomarkers for MCI derived from serum or plasma are scarce.
Most serum or plasma biomarker research in the field of dementia and cognitive decline 
has been performed in patients with AD in the dementia stage. MCI patients are often 
included in these studies as a control group for AD cases6. A previous study by Blasko et 
al., showed that plasma Aβ-42 levels are high in MCI and drop as the cognitive functions of 
patients further decline in AD7. Therefore, it is of interest to examine the serum or plasma 
proteome of MCI patients in comparison with healthy persons.
In this study, we used an unbiased proteomics approach to search for and identify serum 
biomarkers associated with MCI. We investigated the serum proteome of 35 amnestic 
MCI patients and 35 cognitively healthy persons using liquid chromatography mass 
spectrometry. Subsequently, we used multiple reaction monitoring to quantify the 
detected differences on the same samples and on extra independent samples.

MATERIALS AND METHODS

Subjects and samples

We recruited 35 MCI patients aged 65 years or older, from outpatient clinics of the 
departments of Geriatrics and Neurology of the Erasmus MC, Rotterdam, and surrounding 
clinics. All patients met the criteria for amnestic MCI described by Petersen et al.8. Briefly, 
these criteria are 1) presence of cognitive complaints from patient or caregiver, 2) decline 
in one or more cognitive domains as measured by neuropsychological assessment, 3) 



82

Chapter 5

absence of dementia according to the DSM-IV or NINCS ADRDA criteria for dementia9, and 
4) preserved overall general functioning. Patients were not included if they had a history 
of neurological or psychiatric disorders which could negatively affect cognition (e.g. stroke 
or depression). All MCI patients underwent MRI imaging of the brain, routine physical and 
neurological examination, extensive neuropsychological testing, and veni-puncture. We 
used the results of the MRI imaging, neurological examination and neuropsychological 
tests to assure study eligibility of the MCI patients. In addition, we recruited 35 control 
persons from the Erasmus Stroke Study, who were friends or spouses, no family members, 
of patients treated for transient ischaemic attack or stroke at the Erasmus MC10. They 
had neither cognitive complaints nor cognitive impairment, and were matched with 
MCI patients within a five-year age range. The Erasmus MC Medical Ethics Committee 
approved the study and written informed consent was obtained from all participants.
The collected serum samples were aliquoted in 1 mL portions, fast frozen in liquid nitrogen 
and subsequently stored at -80 °C until further use. To prepare the serum samples for liquid 
chromatography mass spectrometry (LC-MS), an enzymatic digestion was performed 
as described previously11. Briefly, serum was diluted 500 times in 0.1% RapiGest SF 
(Waters, Milford, MA), reduced using dithiothreitol and alkylated using iodoacetamide. 
Subsequently, trypsin was added for digestion. After incubation the pH was reduced to 
terminate the digestion reaction and the serum digests were aliquoted (25 μL) and stored 
at −20 °C until further use.

Nano LC Orbitrap MS

LC-MS measurements were carried out on a nano LC system (Ultimate 3000; Dionex, 
Amsterdam, Netherlands) online coupled to a hybrid linear ion trap/Orbitrap MS (LTQ 
Orbitrap XL; Thermo Fisher Scientific, Bremen, Germany). Four microliters of serum digest 
was loaded onto a C18 trap column (PepMap C18, 300 μm ID × 5 mm, 5 μm particle size 
and 100 Å pore size; Dionex) and desalted for 10 min at a flow rate of 20 μL/min 0.1% 
TFA in H2O. Next, the trap column was switched inline to an analytic column (PepMap 
C18, 75 μm ID × 500 mm, 3 μm particle size and 100 Å pore size; Dionex). A 180-minute 
gradient with a 300 nl/min flow was run with solvent A (H2O/acetonitrile (ACN) 98/2 (v/v), 
0.1% formic acid (FA)) and solvent B (H2O/ACN 20/80 (v/v), 0.1% FA): 0-25% solvent B in 
120 min and 25-50% solvent B in the next 60 min. All solvents used were purchased at 
Biosolve (Valkenswaard, Netherlands). The separation of the peptides was monitored by a 
UV detector (absorption at 214 nm).
High resolution full scan MS spectra were obtained from the Orbitrap (resolution 30,000; 
AGC 1,000,000), MS/MS spectra were obtained by CAD fragmentation. MS/MS was 
performed on the top five masses in the full scan spectra. Dynamic exclusion was used, 
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with a repeat count of one; exclusion duration was set at 3 min and exclusion width at ± 5 
ppm. As a technical control a pool of serum digests was re-measured every ten runs.
Data analysis/management was done using the software package Progenesis LC-MS 
(version 3.0; Nonlinear Dynamics Ltd, New Castle, UK). After peptide detection a filter was 
used, yielding only features charged with two to eight protons and containing more than 
two isotope peaks. Of the whole experiment a matrix was generated, which includes all 
features with their corresponding (normalized) intensities and abundances.
For peptide identification, MS/MS data was searched against the human SwissProt 
database (version July 23th 2009) using Mascot (version 2.3.01; Matrix Science Inc., 
London, UK). The following settings were used; enzyme: trypsin, fixed modifications: 
carbamidomethylation of cysteine (+57.021 u), variable modifications: oxidation of 
methionine (+15.995 u), peptide mass tolerance: ± 10 ppm (#  13C = 2), fragment mass 
tolerance: ± 0.5 Da, max missed cleavages: 2. Peptide identifications with a score above 
25 were imported in Progenesis and a matrix was generated containing the following 
information for each peptide feature; retention time, normalized peak area and when 
present its sequence.

Capillary LC MRM MS

For the proteins of interest, stable isotope labeled peptides were ordered (Pepscan Presto, 
Lelystad, Netherlands) to use as internal standards. The C-terminal amino acid (arginine 
or lysine) of the isotope labeled peptides contained the isotopes 13C and 15N in place of 
12C and 14N. We prepared calibration series of the internal standards ranging from 0.2 
to 100 fmol/μL in serum digest matrix. Each concentration of the calibration series was 
measured in triplicate. Serum digests of case-control samples were spiked with 20 fmol/
μL of each standard. For each standard, the limit of detection (LOD) and the lower limit of 
quantification (LLOQ) were determined. The LOD was defined as three times the signal-to-
noise ratio of an unspiked serum digest and the LLOQ as the lowest calibration point of 
the curve that could be measured with a CV (coefficient of variance) less than 20%.
Chromatographic separation of spiked serum digests was performed on a capillary LC 
system (Ultimate 3000; Dionex, Amsterdam, Netherlands). Fifteen microliters of spiked 
serum digest was loaded onto a C18 trap column (PepMap100 C18, 500 μm ID × 5mm, 5 
μm particle size and 100 Å pore size; Dionex) and washed for 5 min at a flow rate of 25 μL/
min 0.1% TFA in H2O. Next, the trap column was switched in line with the analytic column 
(PepMap C18, 300 μm ID × 150 mm, 3 μm particle size and 100 Å pore size; Dionex). 
Peptides were eluted at a flow rate of 6 μL/min with the following gradient: 4-25% solvent 
B in 20 min and 25-50% solvent B in the next 10 min, solvent A (H2O, 0.1% formic acid (FA)) 
and solvent B (H2O/acetonitrile 20/80 (v/v), 0.08% FA). All solvents used were purchased 
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at Biosolve. The separation of the peptides was monitored by a UV detector (absorption 
at 214 nm).
MRM detection was performed by means of a triple quadruple tandem mass spectrometer 
(4000 QTRAP; AB SCIEX, Concord, Ontario, Canada) in the positive ion mode. A turbo-V 
source was used with ion spray voltage of 4500 V at 200 °C. A scheduled MRM method was 
used with the MRM detection window set to 240 sec and the target scan time to 3 sec. The 
dwell times of the various peptides varied between 71 and 500 ms. The MS system was 
controlled using Analyst 1.5.1 (AB SCIEX). As technical control one spiked serum digest 
was repeatedly measured every 10 runs.
For each transition, the peak area was determined using the program Skyline v0.612. The 
concentrations of the endogenous peptides in the serum digests were calculated using 
the ratios of the original peptide to its internal standard.

Statistical analysis

The present study was conducted as pilot study using a data set which was available at 
our department. Recognizing this fact a proportional power analysis13 using an α-level 
of 0.05 and a power (1-β) level of 0.80 revealed that for two-sided testing at least 90 MCI 
patients and 90 controls were needed to show an increase from 0.50 to 0.70 in either 
sensitivity or specificity qualifications. It is emphasized that the outcome in the current 
study was unknown, moreover, to our knowledge, no information on our approach from 
the international literature is available. Since the actual number in both groups, being 35 
in both arms, was substantially lower than required for the above mentioned increase 
randomized boot strap approach was applied to minimize variation issues in the outcome. 
Moreover, this approach enabled us to detect potential impact by specific persons on the 
outcome in sensitivity and specificity determinations. Accepting these facts the extra 13 
MCI persons and 4 controls was only used to establish to which extent the results of these 
small groups would strengthen or contradict the results obtained in the 35 patients and 
35 controls.
To test for homogeneity in the obtained data between the MCI patients and controls, 
an ANOVA or chi square test was used with a significance level of p<0.05. To determine 
whether peptides present in sera from MCI patients were significantly higher or lower 
than in sera from controls, the normalized peak areas of the nano LC Orbitrap MS 
measurements were compared using a two-sided t-test with a significance level of p<0.05. 
For the proteins selected as significantly different by nano LC Orbitrap MS measurements, 
an independent and quantitative mass spectrometry analysis was performed. Differences 
in protein concentrations between MCI patients and controls were tested for significance 
by a two-sided t-test and ANCOVA, corrected for gender and age (significance level of 
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p<0.05). The statistical tests were performed using the SPSS statistical software package 
(version PASW 17.0.2).
The concentrations of the quantified proteins were also used to build models to 
differentiate between MCI and controls. The 35 observations of MCI patients and the 
35 observations of the controls were randomly split into two groups: group I and II. This 
resulted in groups of either 18 observations for MCI and 17 for control, or vice versa. This 
process was randomly (using Latin square design) repeated at least twenty times, yielding 
different combinations of patients and controls, to gain insight in the robustness and the 
sensitivity and specificity of the various models consisting of varying combinations of the 
peptides. Model building was done via a combination of canonical linear discriminant 
analysis14 and stepwise logistic regression analysis15 in order to yield that model with 
the highest sensitivity and specificity in group I which was validated using the data in 
group II. Canonical linear discriminant analysis was applied to quantify the difference in 
the incidence of a “0” (control) versus that of a “1” (MCI). It provides information on the 
difference in group means on canonical variables indicating the relative difference using 
these peptides between cases and controls. The logistic regression model was applied to 
determine which peptide could be taken out without a major drop in either sensitivity 
or specificity characteristics as observed via canonical linear discriminant analysis. In 
other words: could we minimize the number of peptides without losing sensitivity and 
specificity. This resulted in various models with different combinations of the proteins 
evaluated. In the logistic regression analysis control data were assigned with “0” and MCI 
data with “1”. The outcome of this process was statistically analyzed using the parameter 
free Wilcoxon matched-pairs signed-rank test. This allowed identification of the optimal 
combination of the seven identified proteins. Since after the start of the present study 
new patients (and controls) became available the obtained models were checked for 
sensitivity and specificity in a small group of 13 patients and 4 controls as well (external 
validation) having not been included in the original analysis.
The analyses were done using STATA (version 10; StataCorp, Texas, US).

RESULTS

Subject characteristics

The MCI patients and controls showed no statistically significant differences regarding 
age, gender and MMSE score (table 5.1). Although not significant, MCI patients were more 
likely to carry one or two APOE ε4 alleles. Neuropsychological assessment confirmed that 
MCI patients consisted of the amnestic MCI subtype2, either single or multiple-domain 
(data not shown).
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Table 5.1. Subject characteristics. 

MCI
(n = 35)

Controls
(n = 35) p-Value†

Mean age 74 (4.6) 73 (4.6) 0.535

Male/Female 27/8 21/14 0.122

MMSE (max. 30) 27 (2.0) 29 (1.2) a 0.514

APOE ε4/- / APOE ε4/4 16 / 3 1 / 0 a 0.074

Values are unadjusted means (standard deviation) or proportions. aMMSE and APOE data were only 
present for 6/35 controls. † By means of one way ANOVA or chi square test. MMSE = Mini Mental 
State Examination.

Nano LC Oribtrap MS

The nano LC Orbitrap MS measurements resulted in a total of 31,122 detected features, 
whereby, 3,356 of these features could be assigned to a peptide. The total number of 
unique peptides identified in this sample set was 1,981 belonging to 326 proteins.
Statistical analysis of the 1,981 identified peptides revealed 108 peptides that could 
discriminate between MCI and controls (t-test p<0.05). Proteins that met the following 
criteria were selected for further quantitative analysis: 1) the protein must be identified 
by at least two peptides, 2) of the identified peptides of a protein more than 15% of the 
peptides needed to show a significant difference between MCI and controls (no cut-
off value for the fold change was used), and 3) in general, all peptides of the protein 
should either all show an increase or a decrease. Proteins fulfilling these criteria were 
apolipoprotein E (APOE), carboxypeptidase N subunit 2 (CPN2), complement factor B 
(CFAB), galectin-3 binding protein (LG3BP), lumican (LUM), serum amyloid A-4 protein 
(SAA4), serum amyloid P-component (SAMP), and sex hormone binding globulin (SHGB) 
(table 5.2). LUM and SHGB were increased in MCI compared to control serum samples, the 
other six proteins were decreased (table 5.2).
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Table 5.2. Proteins selected for further quantitative analysis.

Protein
Accession 
number

Significant 
peptides
(total peptides)

Increased or 
decreased in 
MCI

Peptides selected
for MRM assaya

Apolipoprotein E 
(APOE)

P02649 3 (17) � AATVGSLAGQPLQER

LGPLVEQGR

Carboxypeptidase N 
subunit 2 (CPN2)

P22792 1 (6) � AGGSWDLAVQER
GQVVPALNEK

Complement factor B 
(CFAB)

P00751 8 (24) � ISVIRPSK

QLNEINYEDHK

Galectin-3 binding 
protein (LG3BP)

Q08380 1 (3) � LADGGATNQGR

YSSDYFQAPSDYR

Lumican (LUM) P51884 2 (8) � LPSGLPVSLLTLYLDNNK
NNQIDHIDEK

Serum amyloid A-4 
protein (SAA4)

P35542 1 (2) � GPGGVWAAK

Serum amyloid 
P-component (SAMP)

P02743 3 (6) � AYSLFSYNTQGR

VGEYSLYIGR

Sex hormone-binding 
globulin (SHBG)

P04278 1 (3) � IALGGLLFPASNLR

aThese peptides were selected and tested for the development of an MRM assay for quantitative 
protein measurements. Peptides in bold were used in the final MRM assay.

Protein quantification using MRM

The peptides given in table 5.2 were synthesized with stable isotope labeled arginine 
or lysine at the C-terminal end of the peptide and were used as internal standards to 
develop an MRM assay for protein quantification. The limit of detection and lower limit 
of quantification were determined for each internal standard. Four internal standards 
had limits above the expected protein concentration and were therefore not suitable 
for quantitative measurements.  SHBG concentrations could not be determined as the 
only peptide selected for this protein had detection limits above the expected serum 
concentration. Results of the protein levels for APOE, CPN2, CFAB, LG3BP, LUM, SAA4 
and SAMP are listed in table 5.3. Serum concentrations of CPN2, CFAB, LG3BP, SAA4 and 
SAMP were significantly lower in MCI compared to controls. When corrected for gender 
and age using ANCOVA, the serum concentrations of CPN2, CFAB, LG3BP, SAA4 and SAMP 
remained significantly lower in MCI patients.
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Table 5.3. Quantitative levels of APOE, CPN2, CFAB, LG3BP, LUM, SAA4 and SAMP in MCI and controls. 

Protein 
MCI 
[mg/L] Controls [mg/L] p-Valuea

Apolipoprotein E (APOE) 81.4 (29.4) 100.8 (51.9) 0.06

Carboxypeptidase N subunit 2 (CPN2) 68.1 (8.9) 73.4 (9.2) 0.02

Complement factor B (CFAB) 304.5 (58.5) 353.2 (60.1) 0.001

Galectin-3 binding protein (LG3BP) 18.4 (7.4) 24.0 (8.8) 0.006

Lumican (LUM) 48.6 (6.6) 50.5 (6.9) 0.23

Serum amyloid A-4 protein (SAA4) 59.2 (13.7) 71.5 (23.3) 0.009

Serum amyloid P-component (SAMP) 66.8 (17.2) 76.8 (22.0) 0.04

Values are unadjusted means (standard deviation). aA two-sided t-test was used to test for differences 
in quantitative protein levels between MCI and controls.

Internal validation

Based on the serum levels of the seven proteins in table 5.3, various models were built that 
could differentiate between MCI patients and controls. Internal validation of these models 
was performed by randomly splitting the groups of MCI patients and controls multiple 
times and repeatedly determining the sensitivity and specificity. The various models and 
their average sensitivities and specificities are listed in table 5.4.

Table 5.4. Average sensitivity and specificity for the various models after randomly splitting the 
groups of MCI patients and controls multiple times (n).

Model Proteins used n
Average
sensitivity

Average
specificity

1 APOE, CPN2, CFAB, LG3BP, LUM, SAA4, SAMP 40 74.8 % 66.7 %

2 CFAB, LG3BP, SAA4 40 73.1 % 65.7 %

3 CPN2, LUM, SAMP 40 68.0 % 64.0 %

4 CFAB 36 74.3 % 63.9 %

5 LG3BP 24 73.0 % 56.9 %

6 CPN2, CFAB, LG3BP, LUM, SAA4, SAMP 20 73.3 % 66.0 %

Model 3 showed an average sensitivity which is significantly lower (p<0.05) than all the other models 
and for model 5 a significantly (p<0.05) lower specificity is observed. All other models listed have 
similar sensitivity and specificity values, which renders model 2, using the proteins: CFAB, LG3BP 
and SAA4, the most practical combination to distinguish MCI from control by applying the lowest 
number of proteins to be determined.
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The algorithm of this model is:
Incidence = (-0.00188 x CFAB) + (-0.00933 x LG3BP) + (-0.00371 x SAA4) + 1.56104, 
F: 5.14, p<0.005

with incidence being defined as “0” for control and “1” for  MCI.

External validation

After the start of this study, we continued inclusion of MCI patients and controls for a 
prospective MRI study providing us with a potential validation set. Unfortunately, we could 
only include 13 MCI patients and 4 controls. Quantitative protein measurements of the 
seven interesting proteins were performed on sera from these subjects. The results of the 
t-tests, although not reliable due to the small number of controls, only showed a significant 
difference in protein concentration for LUM. All proteins showed the same change when 
comparing MCI and controls, with exception of SAA4 and SAMP. Concentrations of these 
proteins showed an increase in MCI in this validation set, while in the set described in 
the manuscript they showed a decrease. Notwithstanding the low numbers of cases and 
controls in this set model 2 yielded 77.0 % sensitivity and 75.0 % specificity.

DISCUSSION

In this study, we found significantly lower concentrations of complement factor B (CFAB), 
carboxypeptidase N subunit 2 (CPN2), galectin-3 binding protein (LG3BP), serum amyloid 
A-4 protein (SAA4) and serum amyloid P-component (SAMP) in persons with amnestic MCI 
compared with controls without cognitive impairment. These proteins (as well as APOE, 
LUM and SHBG) were not found in a previous study in which the same proteomics approach 
was taken in the search for differentiating proteins in presymptomatic Alzheimer’s disease 
(AD)16. A model based on CFAB, LG3BP and SAA4 (the three most significantly decreased 
proteins) showed a sensitivity and specificity of 73% and 66%, respectively. Further 
inclusion of MCI patients and controls resulted in only a small external validation set 
(n=13 and n=4 for MCI patients and controls, respectively). Despite of the small number 
of subjects in the validation set, the model based on CFAB, LG3BP and SAA4 yielded 77% 
sensitivity and 75% specificity.
CFAB showed the largest and most significant (p=0.001) difference in concentrations 
between MCI patients and controls and was of great influence on the sensitivity and 
specificity in the different models. CFAB is part of the alternative complement pathway 
which acts as a rapid and efficient immune surveillance system in the absence of specific 
antibodies. CFAB binds to hydrolyzed molecules of complement C3 and is cleaved by 
complement factor D. This cleavage generating C3 convertase that activates complement 
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by cleaving C3 into its active fragments C3a and C3b17. Complement proteins are 
mainly produced by the liver, but can also be synthesized locally in the brain. There is 
evidence that the complement system is involved in neurodegenerative diseases like 
AD, Parkinson’s disease, Pick’s disease and prion disease18. In these diseases, complement 
proteins interact or are activated by a number of proteins of different etiology that form 
highly fibrillar deposits with specific motifs, like amyloid-β fibrils in AD19. Whether the 
neurotoxicity in these diseases is a result of the aggregates itself or of a reaction activated 
by these aggregates remains to be determined.
Another protein found differentially expressed in this study, CPN2, is also linked to the 
complement system. CPN2 is part of the zinc metalloprotease carboxypeptidase N 
(CPN), which consists of two enzymatically active small subunits (CPN1) and two large 
subunits (CPN2) that protect the protein from degradation. CPN cleaves the basic amino 
acids, lysine and arginine, from the carboxy-terminus of biologically active peptides and 
proteins. Substrates for CPN are complement anaphylatoxins (C3a, C4a and C5a), creatine 
kinase and kinins20. To our knowledge nothing is known in the literature on CPN2 or CPN 
in relation to MCI or neurodegeneration. However, kinins (especially bradykinin) are 
known to be involved in modulating cerebrovascular tone, eliciting vasodilatation and 
increasing the permeability of the blood-brain barrier (BBB). There is evidence that the 
permeability of the BBB is increased in AD21 and epidemiological studies have shown that 
many risk factors for cognitive decline and dementia relate to cerebrovascular disease 
(e.g., hypertension, atherosclerosis)22. Since the vascular condition of the subjects could 
possibly be linked to the CPN levels, a closer look was taken at the medication of the 
subjects. Medication to control blood pressure was taken by two subjects in the MCI group 
and by two subjects in the control group. This medication use did not have an influence 
on the CPN2 levels.
LG3BP, also known as 90K or mac-2 binding protein, is a secreted glycoprotein. LG3BP, 
originally identified by its ability to bind to galectin-3, binds proteins and molecules 
mediating in cell-matrix and cell-cell adhesions such as collagens, integrins and 
fibronectin23. Although its function in not yet entirely defined, LG3BP has been investigated 
in relation to the enhancement of natural killer cell activation, the production of various 
cytokines, interleukins and growth factors, and its role in tumor growth suppression24-26. 
Increased levels for LG3BP have been observed in cancer tissue and sera, and have been 
demonstrated to be associated with poor progression27. To our knowledge LG3BP has 
never been associated with MCI, dementia or other neurodegenerative diseases.
Serum amyloid A proteins (SAAs) are apolipoproteins of high density lipoprotein (HDL) 
and can be divided in two groups. The first group comprises the acute phase SAAs which 
associate with HDL during inflammation. The second group consists of constitutive SAAs 
which exist as minor apolipoproteins on HDL but constitute more than 90% of the total 
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SAA during homeostasis28. SAA4, the SAA we found in lower concentrations in MCI patients 
compared to controls is part of the latter. For SAA4 no relation with MCI or dementia was 
ever proposed in the literature. However, acute phase SAAs were detected in brain of 
AD patients as well as in brain of patients with conditions with a known inflammatory 
component, but not in brains of patients with other neurological diseases29.
SAMP is a glycoprotein of the pentraxin family which is always present in amyloid deposits 
in vivo where it binds strictly calcium-dependent, to ligands present on all amyloid fibrils30. 
Amyloidoses, the disorders in which amyloid deposits are found, are of diverse etiology and 
ultimately lead to progressive destruction of tissue. Amyloidoses can be localized like Aβ 
deposits in AD, or systemic like in amyloid light-chain amyloidosis (AL), the most common 
form of amyloidosis, in which the amyloid deposits are derived from immunoglobulin 
light chains31. In the second most common type of amyloidosis worldwide, the deposits 
are formed by the acute phase SAAs described previously (AA amyloidosis). Tennent et 
al. showed that SAMP prevents proteolysis of the amyloid fibrils in AD, AL and AA and 
may thereby contribute to their persistence in vivo32. SAMP is not an enzyme inhibitor 
and is protective only when bound to the fibrils. Levels of SAMP serum and/or CSF levels 
have been investigated as a biomarker for AD with contradictory results33-38.  Verwey et al. 
studied next to AD patients and controls also MCI patients and found lower SAMP levels in 
CSF of MCI patients that progressed to dementia compared to nonprogressors38.

Of the five proteins that were significantly different between persons with amnestic MCI 
and controls with normal cognition, only SAMP had a direct link to dementia. The other 
four proteins are all involved in complement or immune reactions. Confirmation of our 
findings in a larger external validation set is needed to unravel the role of CFAB, CPN2, 
LG3BP, SAA4 and SAMP in amnestic MCI.
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ABSTRACT

We compared data acquired on an LTQ-Orbitrap MS used in a typical shotgun proteomics 
setting (optimized for protein identification) with data from a quadrupole ion trap MS 
operated in the MRM mode. Six relative abundant proteins were quantified in identical 
sets of serum and CSF samples by the following methods; a qual/quant method with and 
without use of internal standards and a quantitative method (MRM with use of internal 
standards). Comparison of these methods with an antibody-based method in CSF samples 
showed good linearity for both methods (R2 of 0.961 and 0.971 for the qual/quant method 
with use of internal standards and the quantitative method, respectively). Besides its 
better linearity, the quantitative method was also more reproducible with lower CVs for 
all samples. Next to these comparisons we also explored why a qual/quant approach had 
typically a lower reproducibility compared to MRM analyses. We observed that modified 
peptides, or peptides with a cysteine or a methionine, yielded a significant increase in 
CV. Furthermore, a positive correlation was found between the length of the peptide and 
the CV. We conclude that qual/quant is an alternative for the quantification of abundant 
proteins and that the use of internal standards in qual/quant could be advantageous. 
Furthermore, the ongoing development in MS techniques increases the possibilities of 
qual/quant in protein quantification.
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INTRODUCTION

Mass spectrometry (MS) is a well-established tool in protein quantification and is 
increasingly used for the verification of biomarkers. multiple reaction monitoring (MRM) 
has been a reference quantitative technique to analyze small molecules for more than 
30 years1, but the past decade it has emerged as a tool in quantitative proteomics2, 3. 
MRM can be used for relative quantification, in which a reference sample is labeled either 
metabolically (SILAC)4, chemically (ICAT5, mTRAQ6) or enzymatically with stable isotopes 
(O18)7. By addition of internal standards, like synthetic stable-isotope labeled homologs8 
or glycine inserted peptides9, the absolute amount of the corresponding endogenous 
peptide can be determined. MRM coupled with stable isotope dilution MS has shown 
to be highly reproducible, within and across laboratories, and sensitive to low μg/
mL protein concentrations in complex samples without enrichment of the proteins of 
interest10. At these concentration levels, immunoassays can be replaced by MRM assays in 
the verification of larger numbers of candidate biomarkers in a single experiment. In the 
biomarker discovery phase, often qualitative MS measurements are performed aiming at 
identifying large numbers of proteins for instance in shotgun proteomic experiments11. 
Due to higher accuracy and faster scan speeds of modern equipment, workflows have 
been developed which combine qualitative measurements with high-resolution, 
accurate mass measurements for quantitative purposes. These approaches that combine 
qualitative and quantitative aspects are called qual/quant. Qual/quant measurements 
have a considerable advantage over a targeted approach, because prior to the MS 
measurements no target proteins or peptides have to be selected. All observed peptides 
by MS are in principle available for quantification and can under circumstance improve 
the quality of quantification.
In this study, we investigated whether qual/quant measurements performed on equipment 
routinely used for protein identification, are of sufficient sensitivity and reproducibility 
to use for quantification of proteins in complex samples. Secondly, we examined why a 
qual/quant approach has typically a lower reproducibility and quantitative performance 
compared to MRM analyses. To answer these questions, six proteins (ranging from 
mg/mL to low μg/mL concentrations) were quantified in identical sets of serum and 
cerebrospinal fluid (CSF) digests, by qual/quant measurements using an Orbitrap-
platform and by quantitative measurements using a Qtrap-platform. We used the two 
instruments operating in a general way which has been described in previous chapters 
(Orbitrap-platform for biomarker discovery and Qtrap-platform for biomarker verification/
validation)12-14. Stable-isotope labeled peptides were used as internal standards in the 
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quantitative measurements. In addition, these standards were also spiked in the samples 
for the qual/quant analysis, in order to determine if this improves quantification. 

MATERIALS AND METHODS

Sample background

The serum samples used in this study were a selection of control samples from a 
previous biomarker study14. The CSF samples originated from a previous proteomics 
and metabolomics analysis of normal CSF samples15. Both studies were approved by 
the Erasmus University Medical Ethics Committee, and written informed consents were 
obtained from all participants.

Protein selection

The six proteins selected for a quantitative analyses are proteins which were detected 
in previous proteomics studies in serum14 as well as in CSF16. The concentrations of the 
proteins are in the mg/mL (albumin) to low μg/mL (galectin-3 binding protein) range. For 
each protein two peptides were selected for quantification. These peptides had to meet 
the following criteria; no internal trypsin cleavage sites, no potential modification sites 
(cysteine and methionine), no ragged ends, and a maximum of 30 amino acid residues. 
For each selected peptide, a stable-isotope labelled peptide standard was synthesized 
(Pepscan Presto, Lelystad, the Netherlands), in which the arginine (R) or lysine (K) at the 
C-terminus was replaced with the heavy form of the amino acid. The sequences of the 
selected peptides and the corresponding standards can be found in table 6.1.
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Table 6.1. Transitions used in MRM assay of the selected peptides and their standards.

Protein Peptide Q1 [m/z] Q3 [m/z]

Albumin SLHTLFGDK 509.27 579.31 (y5), 680.36 (y6), 817.42 (y7)

SLHTLFGDK 513.27 587.33 (y5), 688.38 (y6), 825.43 (y7)

FQNALLVR 480.78 500.36 (y4), 571.39 (y5), 685.44 (y6)

FQNALLVR 485.79 510.36 (y4), 581.40 (y5), 695.44 (y6)

Complement C3 IWDVVEK 444.74 474.29 (y4), 589.32 (y5), 775.40 (y6)

IWDVVEK 448.75 482.31 (y4), 597.33 (y5), 783.41 (y6)

VVLVAVDK 421.77 432.25 (y4), 531.31 (y5), 644.40 (y6)

VVLVAVDK 425.78 440.26 (y4), 539.33 (y5), 652.41 (y6)

Vitamin D 
binding protein

VLEPTLK 400.25 458.30 (y4), 587.34 (y5), 700.42 (y6)

VLEPTLK 404.26 466.31 (y4), 595.35 (y5), 708.44 (y6)

HLSLLTTLSNR 627.86 691.37 (y6), 917.54 (y8), 1004.57 (y9)

HLSLLTTLSNR 632.87 701.38 (y6), 927.55 (y8), 1014.58 (y9)

Complement 
factor B

QLNEINYEDHK 701.83 805.35 (y6), 918.43 (y7), 1161.52 (y9)

QLNEINYEDHK 705.84 813.36 (y6), 926.45 (y7), 1169.53 (y9)

ISVIRPSK 450.29 600.38 (y5), 699.45 (y6), 786.48 (y7)

ISVIRPSK 454.29 608.40 (y5), 707.47 (y6), 794.50 (y7)

Galectin-3 
binding protein

LADGGATNQGR 530.26 575.29 (y5), 760.37 (y8), 875.40 (y9)

LADGGATNQGR 535.27 585.30 (y5), 770.38 (y8), 885.41 (y9)

YSSDYFQAPSDYR 799.84 338.18 (y2), 637.29 (y5), 708.33 (y6)

YSSDYFQAPSDYR 804.85 348.19 (y2), 647.30 (y5), 718.34 (y6)

Apolipoprotein E LGPLVEQGR 484.78 360.20 (y3), 588.31 (y5), 701.39 (y6)

LGPLVEQGR 489.78 370.21 (y3), 598.32 (y5), 711.40 (y6)

AATVGSLAGQPLQER 749.40 642.36 (y5), 827.44 (y7), 898.47 (y8)

AATVGSLAGQPLQER 754.41 652.37 (y5), 837.45 (y7), 908.48 (y8)

For each peptide the transitions (Q1 and Q3) are given (all doubly charged). Peptides with a bold K 
(lysine) or R (arginine) and the C-terminus are stable-isotope labeled. Stable-isotope labeled  amino 
acids K and R contained 13C and 15N in place of 12C and 14N. 

Albumin concentration

Albumin concentrations were determined by the department of Clinical Chemistry, 
Erasmus Medical Center with an antibody-based method on the Immage 800 (Beckman 
Coulter, Brea, CA). Shortly, the samples were diluted, an albumin-specific antibody was 
added and the resulting immunoprecipitation was measured by nephelometry.
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Preparation spiked digests

To prepare the spiked serum digests, serum samples (n=20) were thawed on ice, 20 μL 
was taken and diluted 50 times in 50 mM ammonium bicarbonate. From this dilution 
10 μL was further diluted by adding 90 μL of 0.1% RapiGest SF (Waters, Milford, MA). 
During this second dilution step, synthetic stable-isotope labelled peptide standards 
(Pepscan Presto, Lelystad, Netherlands) were added to yield final concentrations after 
digestion of 100 fmol/μL for the albumin peptides and 25 fmol/μL for all other peptides 
investigated. Subsequently, samples were reduced and alkylated with 1,4-dithiothreitol 
(DTT) and iodoacetamide. For the enzymatic digestion 10 μL of 100 μg/mL gold grade 
trypsin (Promega, Madison, WI) in 3 mM Tris-HCl was added and samples were incubated 
overnight at 37 °C. To inactivate trypsin and degrade RapiGest SF, trifluoroacetic acid 
(TFA; Biosolve, Valkenswaard, Netherlands) was added to a final concentration of 0.5%. 
Subsequently, samples were incubated for 30 minutes. The spiked serum digests were 
aliquoted to perform LC Orbitrap MS and LC MRM MS measurements on identical samples.
To prepare the spiked CSF digests, CSF samples (n=21) were thawed on ice and 20 μL was 
taken. Twenty microliters of 0.2 % RapiGest SF was added together with the synthetic 
peptide standards to yield final concentrations after digestion of 100 fmol/μL for the 
albumin peptides and 25 fmol/μL for all other peptides. After reduction and alkylation, 
4 μL of trypsin was added for the enzyme digestion and the samples were incubated 
overnight at 37 °C and treated as described above for serum. The spiked CSF digests were 
aliquoted to perform LC Orbitrap MS and LC MRM MS measurements on identical samples.

LC Orbitrap MS

LC-MS measurements were carried out on a nano LC system (Ultimate 3000; Dionex, 
Amsterdam, Netherlands) online coupled to a hybrid linear ion trap/Orbitrap MS (LTQ 
Orbitrap XL; Thermo Fisher Scientific, Bremen, Germany). Four microliters of spiked serum 
digest or 5 μL of spiked CSF digest was injected onto the nano LC system, which held a 
C18 trap column (PepMap C18, 300 μm ID × 5 mm, 5 μm particle size and 100 Å pore size; 
Dionex) and a 25 cm long analytic column (PepMap C18, 75 μm ID × 500 mm, 3 μm particle 
size and 100 Å pore size; Dionex). A 90-minute gradient with a 300 nL/min flow was run 
with solvent A (H2O/acetonitrile (ACN) 98/2 (v/v), 0.1% formic acid (FA)) and solvent B (H2O/
ACN 20/80 (v/v), 0.1% FA): 0-25% solvent B in 60 min and 25-50% solvent B in the next 30 
min. All solvents used were purchased from Biosolve (Valkenswaard, Netherlands). The 
separation of the peptides was monitored by a UV detector (absorption at 214 nm).
High resolution full scan MS was obtained from the Orbitrap (resolution 30,000; AGC 
1,000,000), MS/MS spectra were obtained by CAD fragmentation. MS/MS was performed 
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on the top five masses in the full scan spectra. Dynamic exclusion was used, with a repeat 
count of one; exclusion duration was set at 3 min and exclusion width at ± 5 ppm.
To check the performance of the system, one of the spiked serum or CSF digests was 
remeasured every 5 runs as a technical control.

LC MRM MS

Chromatographic separation of spiked digests, was performed on a nano LC system 
(Ultimate 3000; Dionex, Amsterdam, Netherlands). Two microliters of spiked serum or CSF 
digest was loaded onto a C18 trap column (PepMap100 C18, 300 μm ID × 5mm, 5 μm 
particle size and 100 Å pore size; Dionex) and washed for 5 min at a flow rate of 20 μL/
min 0.1% TFA in H2O. Next, the trap column was switched in line with the analytic column 
(PepMap C18, 75 μm ID × 150 mm, 3 μm particle size and 100 Å pore size; Dionex). Peptides 
were eluted at a flow rate of 300 nL/min with the following gradient: 0-45% solvent B in 
30 min, solvent A (H2O, 0.1% formic acid (FA)) and solvent B (H2O/acetonitrile 20/80 (v/v), 
0.08% FA). All solvents used were purchased at Biosolve. The separation of the peptides 
was monitored by a UV detector (absorption at 214 nm).
MRM detection was performed by means of a quadrupole ion trap tandem mass 
spectrometer (4000 QTRAP; AB SCIEX, Concord, Ontario, Canada) in the positive ion 
mode. A scheduled MRM method was used with the MRM detection window set to 240 
sec and the target scan time to 3 sec. The transitions used are listed in table 1. The mass 
spectrometer was controlled using Analyst 1.5.1 (AB SCIEX).
To check the performance of the system, one of the spiked serum and CSF digests was 
remeasured every 5 runs as a technical control.
Calibration curves for the standards were made in digested serum and CSF. The following 
concentrations of standards were measured 0, 0.5, 2, 5, 20, 50, and 200 fmol/μL. Each 
concentration point for the calibration curve was measured in triplicate.

Data analysis

The program Skyline v1.117 was used to analyse both LC Orbitrap MS and LC MRM MS data 
measured with internal standards. For quantification of Orbitrap data, we used the sum 
of the integrated areas of the extracted ion chromatograms (XIC) of the monoisotopic 
precursor and first 13C isotope precursor. For the MRM data, the peak areas for all 
measured transitions were determined. The concentration of the peptides was calculated 
using the ratio of the original peptide to its standard. The program Progenesis LC-MS 
(version 3.0; Nonlinear Dynamics Ltd, Newcastle-upon-Tyne, UK) was used additionally 
for analysis of LC Orbitrap MS data. After peptide detection a filter was used, yielding only 
features charged with two to eight protons and containing more than two isotope peaks. 
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Of the whole experiment a matrix was generated, which includes all features with their 
corresponding intensities and (normalized) abundances. For peptide identification, MS/
MS data was searched against the human SwissProt database (version July 23th 2009) 
using Mascot (version 2.3.01; Matrix Science Inc., London, UK). The following settings were 
used; enzyme: trypsin, fixed modifications: carbamidomethylation of cysteine (+57.021 u), 
variable modifications: oxidation of methionine (+15.995 u), peptide mass tolerance: ± 10 
ppm (# 13C = 2), fragment mass tolerance: ± 0.5 Da, maximally allowed missed cleavages: 2.

Statistical analysis

To test for differences in CV of the six proteins between serum and CSF, a paired t-test was 
used with a significance level of 0.05. For each peptide of the six proteins identified by the 
qual/quant method, the CV was calculated. To determine whether there was a significant 
difference in CV between identified peptides with and without a modification, a potential 
modification site present (cysteine or methionine), or a missed cleavage, a two-sided 
t-test with a significance level of 0.05 was used. To test for the presence of a significant 
correlation between the CV and the number of amino acids, the intensity or the number 
of co-eluting peptides within 0.1 minutes time window, the Pearson’s correlation was 
used with a significance level of 0.05. The statistical tests were performed using the SPSS 
statistical software package (version PASW 17.0.2).

RESULTS

Linearity

The albumin concentrations in cerebrospinal fluid (CSF) measured by qual/quant and 
quantitative methods were compared with the albumin concentrations determined by 
an antibody-based method (figure 6.1). The regression coefficient (R2) was taken as a 
measure for the linearity of the methods. The quantitative method (figure 6.1A) showed 
the best linearity (highest R2) and the qual/quant method based on the average intensity 
of all identified peptides of albumin the worst linearity (figure 6.1D). The use of an internal 
standard in the qual/quant method improved this linearity (figure 6.1B). The albumin 
concentrations measured with both the quantitative and the qual/quant methods differed 
systematically from the antibody-based method with factor of 1.7.
The same methods were applied to determine the concentrations of albumin in serum. 
The results of these measurements were similar to the results obtained in CSF.



105

A comparative study of targeted and label-free MS methods for protein quantification

Figure 6.1. Albumin concentrations in CSF determined via various methods plotted against the 
concentration measured with the anti-body based method on the x-axis; (A) Quantitative method 
(Qtrap-platform) with internal standards. (B) Qual/quant method (Orbitrap-platform) with internal 
standards. (C) Qual/quant method (Orbitrap-platform), average intensity displayed of two peptides 
used in the methods with internal standard. (D) Qual/quant method (Orbitrap-platform), average 
intensity displayed of all identified peptides for albumin.

Reproducibility

The technical reproducibility of the different methods was determined by calculating the 
CV for each of the six proteins quantified in one serum and one CSF sample that was 
repeatedly measured during the sequence (table 6.2). The quantitative method showed 
the lowest CV for all six proteins in serum and CSF expect for complement factor B 
measured in CSF. The CV calculated for the quantitative method increased when proteins 
became less abundant. The addition of internal standards to the sample using the qual/
quant method resulted in lower CVs for the less abundant proteins, when only the peptides 
corresponding to the standards were analyzed. The CVs for the qual/quant method using 
all identified peptides per protein (last column of table 6.2) showed lower CVs than the 
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qual/quant methods based on only two peptides, with or without the addition of internal 
standards. The various methods did not show significant differences in CVs between 
serum and paired CSF sample, except for the CVs calculated for the qual/quant method 
where only two selected peptides for quantitation were included (p-value 0.029).

Table 6.2. CVs for the level of six different proteins measured in serum and CSF by quantitative and 
qual/quant methods.

Proteins in serum Quantitative
Qual/quant
with standard

Qual/quant
(2 peptides)

Qual/quant
(all peptides)

Albumin 0.98 22.24 27.15 6.18

Complement C3 3.22 10.82 22.55 8.95

Vitamin D binding protein 5.50 21.27 26.15 6.61

Complement factor B 5.55 4.18 30.00 9.07

Apolipoprotein E 5.97 10.69 43.22 10.30

Galectin-3 binding protein 12.17 29.07 24.11 34.65

Proteins in CSF Quantitative
Qual/quant
with standard

Qual/quant
(2 peptides)

Qual/quant
(all peptides)

Albumin 1.49 17.21 12.07 6.01

Complement C3 3.22 8.67 8.03 4.47

Vitamin D binding protein 3.84 7.97 24.16 3.92

Complement factor B 14.63 9.52 8.79 4.30

Apolipoprotein E 2.32 11.06 11.72 3.99

Galectin-3 binding protein 2.32 9.44 22.73 4.88

p-value† 0.712 0.188 0.029* 0.130

†p-Value of paired t-test to check for differences in CVs between serum and CSF (* significant 
difference p < 0.05).

CVs for internal standards in just water were calculated for the quantitative method and 
the qual/quant method (table 6.3). The CVs for the quantitative method varied between 
2.08 and 5.82 for eleven of the twelve standards. Peptide HLSLLTTLSNR had a divergent CV 
of 17.47. For the qual/quant methods the CVs ranged from 6.96 to 17.30.
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Table 6.3. CVs for the internal standards measured in water by the quantitative method (Qtrap-
platform) and by the qual/quant method (Orbitrap-platform).

Standards in water Quantitative Qual/quant

Albumin SLHTLFGDK 5.82 10.33

FQNALLVR 2.53 11.64

Apolipoprotein E LGPLVEQGR 2.84 11.05

AATVGSLAGQPLQER 2.87 8.97

Complement C3 IWDVVEK 3.21 13.01

VVLVAVDK 4.62 6.96

Complement factor B QLNEINYEDHK 4.62 17.30

ISVIRPSK 2.08 13.07

Galectin-3 binding protein LADGGATNQGR 3.90 7.51

YSSDYFQAPSDYR 3.61 9.49

Vitamin D binding protein VLEPTLK 2.10 9.88

HLSLLTTLSNR 17.47 13.31

Influence on reproducibility in the qual/quant method

In the CSF samples, 242 peptides were identified belonging to the six proteins with an 
average CV for the normalized intensity of 12.9. The CV’s of these peptides were used 
to determine which factors were of influence on the reproducibility of the qual/quant 
measurements. We examined the influence of the presence of modifications, the 
presence of a cysteine or the presence of a methionine and missed cleavages, the length 
of the peptide (number of amino acids), the number of co-eluting peptides within 0.1 
minutes and the intensity of the peptide (table 6.4). When the peptide had one or more 
modifications, or when a cysteine or a methionine were present, a significant increase in 
the CV was observed (p=0.005, p=0.005 and p<0.001, respectively). A positive correlation 
was found between the length of the peptide and the CV (Pearson correlation coefficient 
0.238, p<0.001).
To confirm the influence of these factors in practice, we used data from two other 
studies. In these studies both qual/quant (Orbitrap-platform) and quantitative (Qtrap-
platform) measurements have been performed. In one study apolipoprotein E levels were 
determined in 70 serum digests (see chapter 5) and in the other study haptoglobin levels 
were determined in 34 CSF digests (unpublished data). In both studies we determined 
the correlation (R2) between the intensity measured of each individual peptide using the 
Orbitrap-platform and the concentration determined using the Qtrap-platform. In figure 
6.2, the R2 for the individual peptides are plotted for both the filtered and the unfiltered 
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situation. We observed that the average correlation improved when the peptide list was 
filtered using the criteria described above and when peptides were removed containing 
missing values in the qual/quant approach, since these were the peptides with the lowest 
R2 values.

Table 6.4. Influence of various factors on the CVs of identified peptides using the Orbitrap-platform. 

Factor CV
pres

CV
abs

p-value†

Modification 18.2 12.0 0.005

Cysteine 16.5 11.5 0.005

Methionine 18.6 11.4 < 0.001

Missed cleavage 14.1 12.2 0.25

Factor Correlation coefficient p-value‡

Number of amino acids 0.238 < 0.001

Number of co-eluting peptides 
(within 0.1 minute)

-0.054 0.05

Intensity of the peptide -0.043 0.51

†A t-test was used to test for differences in CVs of peptides with the presence (CVpres) or absence 
(CVabs) of the factor (average CVs are listed). ‡For these factors, the presence of a correlation was 
determined using Pearson’s correlation (correlation coefficients are listed).

Figure 6.2. Plot of the correlation coefficients of the concentration determined on the Qtrap-
platform and the intensity measured on the Orbitrap-platform for each individual peptide. Plot A 
shows the values for apolipoprotein E in serum and plot B for Haptoglobin in CSF. In the plots the 
R2 for all the peptides are shown and the peptides that have been filtered based on the criteria 
proposed in this manuscript.
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DISCUSSION

In this study, we investigated the differences in quantitative performance between a purely 
quantitative method (Qtrap-platform) and a qual/quant method with and without the use 
of internal standards and partially cross-validated these methods with an antibody-based 
technique that is routinely used in clinical chemistry laboratories. The Qtrap-platform is a 
dedicated system that is optimized for quantification. On the other hand, the settings for 
the Orbitrap MS were intentionally not optimized for quantitative measurements because 
this instrument is intended for identification. Yet, we were interested in its quantitative 
performance next to its (optimized) qualitative performance. Identical samples were used 
throughout all the measurements to ensure a fair comparison between all quantification 
methods.
The linearity of the measured albumin concentrations in CSF compared to the antibody-
based technique was best for the quantitative method, followed by the qual/quant 
method with use of internal standards and without use of internal standards. Although 
the linearity of the qual/quant method without prior knowledge of the identified peptides 
was the least accurate method, there was still a regression coefficient (R2) of 0.898 in CSF 
when compared to the concentrations determined using an antibody-based method. We 
therefore conclude that qual/quant is a good method to give a first and rather accurate 
quantitative impression. The factor 1.7 observed between the concentrations measured 
by MS methods and the antibody-based method can be explained by the amino acid 
content of the used internal standards, which is in general 60-80% of the weighted mass 
of the standard. If one corrects for this percentage, the values correlate within acceptable 
ranges.
When comparing the three qual/quant analysis (with internal standards and without 
internal standards taken two peptides or all identified peptides into account), the analysis 
using the internal standards showed a better reproducibility, but the best reproducibility 
for the qual/quant methods were observed for the analysis performed without internal 
standards and when all peptides were taken into account, so measurements without 
prior knowledge of the identified peptides. This was to be expected since the intensity of 
the protein is dominated by its most intense peptides which are not necessarily the best 
signature peptides for the protein to be used in a quantitative method.
The CVs were only significantly lower in CSF than in serum when measured by the qual/
quant method without internal standards taken only two peptides into account. All other 
methods also showed lower CVs for CSF but these differences were not significant. To 
determine the lowest possible CVs, we calculated the CV for the pure internal standards 
without biological sample added. For the quantitative method, the CVs in water for the 
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highest abundant serum / CSF proteins are in the same range as the CVs for these proteins 
in serum or CSF. For the qual/quant method on the other hand the CVs in water are clearly 
lower indicating a larger influence of the other compounds present in the biological 
sample on the CV.
We examined why peptide measurements by qual/quant approaches typically have a lower 
reproducibility than peptide measurements using a targeted quantitative approach. To 
this end we examined peptide properties that influence digestion and chromatographic 
separation, as well as the intensity of the measured peptides for their influence on the CV. 
Factors that showed a significant influence on the CV were the presence of modifications, 
the presence of a cysteine and the presence of a methionine. The presence of missed 
cleavages did not have a significant influence per se, but the closely related length of the 
peptide was of significant influence on the CV. Related to the chromatographic separation 
the influence of co-eluting peptides was examined, which was found not to be significant. 
The CV was surprisingly also not influenced by the intensity of the peptides. This could 
be due to the fact that it was based on a very high abundant protein (albumin). With 
exception of the last two factors mentioned, the described factors are also the factors 
taken into account when peptides for MRM assays are selected18. Applying these criteria 
to two independent data sets resulted in an improved average correlation between 
MRM determined protein concentration and average peptide intensity in the qual/
quant measurements. In addition, we observed that the peptides with the lowest R2 were 
removed from the dataset. We therefore conclude that peptides fulfilling the general 
criteria for peptide selection for MRM are also the most reproducible peptides in qual/
quant measurements and that the quantitative performance of qual/quant measurements 
is significantly improved when these criteria in combination with the removal of peptides 
with missing values is applied to a dataset.
Recently, new instrumentation has become available which is even better suited for 
qual/quant approaches. Both the new types of Q-TOF instruments and the Q-Orbitrap 
(Q-Exactive) have improved quantitative capabilities19. The advantages of these 
instruments are that the resolution for both MS and MS/MS is improved which generates 
theoretically an additional selectivity. New mass spectrometry methods like all ion 
fragmentation and MSE on a high resolution instrument are used on these instruments to 
perform fragmentation on all peptides present in an MS scan20, 21. The high resolution of 
all ion fragment spectra can be used to quantify peptides based on specific fragments. For 
the quantitation of small molecules a shift is already observed from MRM to qual/quant 
using high resolution MS22, 23. At the moment however quadrupole ion trap instruments 
remain the mass spectrometer of choice for quantitation of peptides in complex samples.
The data presented in this manuscript confirms that the most reproducible quantitative 
results are obtained using a Qtrap-platform. Also in terms of sample throughput this 
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platform outperformed the Orbitrap-platform using the qual/quan method. However, we 
showed that the quantitative capabilities of a qual/quan approach can considerably be 
improved by applying previously proposed filtering criteria for peptides and the addition 
of internal standards. The quantitative performance for the proteins for which internal 
standards have been spiked in the samples is improved and absolute quantitation for 
spiked peptides/proteins is possible. The quantitative results obtained from a limited 
number of proteins can be used for normalization of the samples, to decrease the run-
to-run variability in long samples sequences. Additionally, internal standards can be used 
to monitor the quality of the data in time. Mass spectrometry response, retention time 
reproducibility and other chromatographic parameters can even be fully automatically 
determined for each individual sample using the signals of the internal standards. Besides 
the quantitative data of proteins of interest also a large shotgun proteomics data set 
remains which can easily be used for reanalyzes of other proteins.
We have shown that qual/quant in combination with modern LC and high resolution 
measurements could offer an alternative for the quantification of abundant proteins in 
complex samples. In the near future, we foresee an improvement in specifications of qual/
quant methods and qual/quant becoming an equivalent method to pure quantitative 
methods. The largest challenge in this technology is still to reach the ng/ml range.
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Dementia is not a single disease of the brain, but rather a syndrome in which memory, 
thinking, orientation, language and judgment are affected. Dementia mainly affects the 
elderly and it is estimated that by the year 2050 there will be 115.4 million people with 
dementia around the world. Alzheimer’s disease (AD) is with 50-70% the most common 
type of dementia. Mild cognitive impairment (MCI) refers to the transitional stage between 
normal aging and dementia and is frequently a preliminary state of AD. As described in 
chapter 1, protein biomarker research in dementia is mainly performed on brain tissue 
and cerebrospinal fluid (CSF), and is often focused on end-stage dementia. The overall 
goal of this thesis is to search for proteins that are differentially expressed in serum of 
people who later develop AD or people with MCI, using various proteomics techniques.

Chapter 2 presents the search for proteins which are able to predict the onset of AD using 
serum samples from the Rotterdam Scan Study (RSS), a population based prospective 
cohort study. From the RSS, 43 persons who developed AD, after an average 4.2 years (±2.6 
years SD) after blood sampling, and 43 gender and age matched controls who remained 
dementia free during follow-up were selected of which the serum proteome was examined 
using mass spectrometric techniques. Persons who were to develop AD (presymptomatic 
AD) were found to have significantly higher pregnancy zone protein (PZP) levels compared 
to controls. The difference was significant in women, not in men. It could well be that a 
significant difference is also present in males, but this was not detected in this study due 
to the small number of males included and the fact the majority of the measured PZP 
levels in males, which are generally lower than in females, were below the quantification 
limit of the developed multiple reaction monitoring (MRM) assay. No correlation was 
found between the measured PZP levels and the period between blood sampling and the 
diagnosis of AD. The primary structure of PZP is similar to alpha-2-macroglobulin (A2MG). 
A2MG was found to be elevated in plasma of AD patients and to be present in plaques 
in the brain of AD patients, where it forms complexes with amyloid-β peptides. PZP and 
A2MG are both ligands for the low-density lipoprotein receptor-related protein (LRP) 
receptor, which is also true for apolipoprotein E (APOE). Immunohistochemical validation 
on a limited set of brain tissue sections showed PZP expression in senile plaques and a 
subset of (micro)glial cells, suggesting a possible role for PZP in AD. 

The finding of PZP expression in the brain of AD patients as described in chapter 2, was 
further examined and presented in chapter 3. The expression pattern of PZP in AD (n=20) 
and control (n=7) superior frontal gyrus (SFG) was examined via immunohistochemistry. 
The specificity of the PZP antibody was confirmed using mass spectrometry and cross 
reactivity with A2MG was excluded. PZP immunoreactivity was observed in microglia in 
both AD and control cases, and occasionally immunoreactive neurons were observed in 
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AD SFG. A statistically significant increase of both the amount of immunoreactive cells and 
their staining intensity was apparent in AD compared to control cases in the SFG cortex. 
In the neighboring white matter the same trend was observed though not significant. 
Furthermore, PZP immunoreactive cells were found in close association with senile 
plaques in AD SFG. These cells were presumed to be microglia, based on their location and 
our observation that PZP is predominantly expressed in microglia. The expression of PZP 
in microglia, in addition to its similarity with A2MG, suggests that PZP, via the LRP receptor, 
could be involved in the clearance or deposition of amyloid β. The immunohistochemical 
data combined with the previous findings described in chapter 2 are suggestive of an 
early involvement of PZP in AD. 

Clusterin has been of renewed interest in AD research since genome-wide association 
studies identified polymorphisms in the clusterin gene to be associated with AD. 
Thambisetty et al. found increased plasma levels of clusterin to be associated with severity 
and progression of AD1. Chapter 4 presents the investigation of the applicability of 
clusterin levels in the prediction of AD. The same serum samples from the RSS were used 
as in the search for differentially expressed proteins in presymptomatic AD (described in 
chapter 2) and the clusterin levels were measured with a newly developed MRM assay. No 
difference in clusterin levels between persons with presymptomatic AD and gender and 
aged matched controls was found. Thambisetty et al. reported, besides the association of 
plasma clusterin levels in the progression and severity of AD, also an association between 
plasma clusterin concentrations and the amount of amyloid deposition in the brain 
assessed 10 years later. Based on these results they implicated a role for clusterin in the 
very early process of AD. Our result of unchanged serum clusterin levels in presymptomatic 
AD patients did not support their hypothesis. Another report from the RSS where clusterin 
levels were measured by a multiplex immunoassay in a larger set of samples, did show 
association with the presence and progression of AD, but also showed no association with 
the development or prediction of AD2.

Chapter 5 presents a study where the serum proteome of 35 amnestic MCI patients 
and 35 cognitively healthy persons was investigated by liquid chromatography mass 
spectrometry. This resulted in the selection of seven proteins for further quantitative 
analysis using MRM. The quantitative protein measurements showed significantly 
decreased levels in serum from amnestic MCI patients compared with cognitive healthy 
controls of the following five proteins: carboxypeptidase N subunit 2 (CPN2), complement 
factor B (CFAB), galactin-3 binding protein (LG3BP), serum amyloid A-4 protein (SAA4) 
and serum amyloid P-component (SAMP). Based on the serum levels of the three most 
significantly decreased proteins CFAB, LG3BP and SAA4, a model was built that could 
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differentiate between MCI patients and controls with a sensitivity of 73% and a specificity 
of 66%. When this model was applied to a small validation set of 13 MCI patients and 4 
controls, it showed a sensitivity and specificity of 77% and 75%, respectively. Of the five 
proteins that were significantly different between persons with amnestic MCI and controls 
with normal cognition, only SAMP had a direct link to dementia. SAMP is a glycoprotein 
which is present in amyloid deposits and prevents their proteolysis. The other four proteins 
are all involved in complement or immune reactions. Confirmation of our findings in a 
larger external validation set is needed and to unravel the role of CFAB, CPN2, LG3BP, SAA4 
and SAMP in amnestic MCI more research is required.

Chapter 6 describes a study in which the quantitative performance of two different 
mass spectrometric techniques was examined. The purely quantitative MRM method was 
compared with a method in which qualitative and quantitative aspects are combined 
(qual/quant). The qual/quant measurements were performed on an Orbitrap MS which is 
routinely used for protein identification (see chapter 2 and 5) with and without the use of 
internal standards. The linearity and reproducibility of the methods were determined in 
serum and CSF sample sets by measuring the quantitative levels of six relatively abundant 
proteins. The linearity of the measured albumin concentrations in CSF compared to an 
antibody-based technique was best for the quantitative method, followed by the qual/
quant method with use of internal standards and without use of internal standards. 
Although the linearity measurements showed that the qual/quant method was the least 
accurate method, there was still a regression coefficient (R2) of 0.898 making it a good 
method to give a first and rather accurate quantitative impression. In addition to its better 
linearity, the quantitative method also showed a better reproducibility with lower CVs 
for both serum and CSF samples. Next to these comparisons the question why a qual/
quant approach has typically a lower reproducibility compared to MRM analyses was 
addressed. Factors that showed a significant influence were the presence of modifications 
and the presence of a cysteine or a methionine in the peptides. The presence of missed 
cleavages did not have a significant influence per se, but the closely related length of the 
peptide was of significant influence. Filtering out peptides based on the above described 
criteria resulted in a better correlation between the qual/quant and the quantitative data 
as demonstrated on data of apolipoprotein E measured in chapter 5. These criteria were 
also applied to the data of PZP (chapter 2). In this case however, no increase in correlation 
was observed. This could be due to the fact that PZP is a low abundant protein and that 
the signature peptide chosen for the MRM measurements was not the most appropriate. 
In conclusion, qual/quant could offer an alternative for the quantification of abundant 
proteins in complex samples. Further improvement of methods and equipment is still 
needed to reach the ng/ml range.
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Future perspectives

The ultimate goal of research in dementia is to unravel the disease mechanism and find 
a treatment to help dementia patients. The increase in serum PZP in presymptomatic 
AD patients and the expression of PZP in AD brains are interesting findings but the 
contribution of these findings to the ultimate goal is still unknown. To understand the 
role of PZP in AD, information is needed about the interaction of PZP with other proteins. 
This can be investigated by identifying proteins in senile plaques that interact with PZP. 
To this end, a method combining laser capture microdissection, immunoprecipitation 
and mass spectrometry could be used3. Mass spectrometry could also be deployed in 
the determination of the activity of PZP. Chymotrypsin is among others a substrate for 
PZP4. By the binding of chymotrypsin to PZP, chymotrypsin will become inactive and 
therefore unable to cleave proteins. Monitoring of the cleavage products using MRM 
could be a method to indirectly determine the activity of PZP. Next to information about 
the interaction of PZP with other proteins, further research is also needed regarding 
the serum levels of PZP. The increase of PZP in presymptomatic AD patients needs to be 
confirmed in a larger independent sample set which preferably also includes sera from 
other groups like AD patients and MCI patients. Such studies will show the applicability of 
PZP as a biomarker for presymptomatic AD.
In general the search for biomarkers is a challenging one. Many differentially expressed 
proteins are found, but only few meet the criteria of a biomarker. In complex diseases like 
dementia one should probably not focus on a single biomarker but on a combination 
of multiple biomarkers. This could be a combination of multiple differentially expressed 
proteins, making models as described in chapter 6 for amnestic MCI, or a combination 
of biomarkers from different research fields like proteomics, genomics and imaging. The 
motive for the clusterin study described in chapter 5 was a study in which genomics and 
proteomics data were combined.
Implementation of protein biomarkers in a clinical setting demands a technique that is 
able to measure protein levels with a high sensitivity and high sample throughput. There 
are approximately 200 clinical assays for proteins in plasma and serum approved by the 
United States Food and Drugs Administration (FDA) which are almost all immunoassays5. 
Although MRM has been a reference technique to analyze small molecules for many years, 
mass spectrometry is only occasionally used for the analysis of proteins. To create a field 
called Clinical Chemistry Proteomics, quantitative mass spectrometric techniques need 
to be further optimized6. The biggest challenge is dealing with the complexity of the 
samples. Solutions could lie in better controlled pre-analytical procedures like enzymatic 
digestion, protein precipitation, and the use of antibodies to capture the analyte. These 
procedures however introduce a degree of variability. The development of the mass 
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spectrometers themselves is also still ongoing resulting in more sensitive and reproducible 
methods. Clinical Chemistry Proteomics is an emerging field, but in the near future mass 
spectrometers will remain in the background.
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Samenvatting
Dementie is een syndroom waarin het geheugen, denkvermogen, oriëntatie, taalgebruik 
en beoordelingsvermogen zijn aangetast. Dementie treft over het algemeen ouderen 
en geschat wordt dat er in het jaar 2050 115,4 miljoen mensen wereldwijd lijden aan 
dementie. De ziekte van Alzheimer (AD) is met 50-70% de meest voorkomende vorm 
van dementie. Mild cognitive impairment (MCI) refereert naar het overgangsstadium van 
normale veroudering naar dementie en is vaak het voorstadium van AD. Zoals beschreven 
in hoofdstuk 1, wordt biomarkeronderzoek met name uitgevoerd in hersenweefsel en 
hersenvocht (CSF) en ligt de focus vaak op het eindstadium van dementie. Het doel van 
dit proefschrift was het zoeken naar eiwitten die verschillend tot expressie komen in 
serum van personen die later AD ontwikkelden of van personen met MCI hierbij gebruik 
makend van verschillende proteomics technieken.

Hoofdstuk 2 presenteert de zoektocht naar eiwitten die het begin van AD kunnen 
voorspellen in serum monsters van de Rotterdam Scan Study (RSS), een prospectieve 
populatie cohort studie. Van de RSS studie, 43 personen die AD ontwikkelden na 
gemiddeld 4,2 jaar (±2.6 jaar SD) na de bloedafname en 43 geslacht en leeftijd gematchte 
controles werden geselecteerd waarvan het serum proteome werd onderzocht met 
behulp van massaspectrometrische technieken. Personen die later AD ontwikkelden 
(presymptomatische AD) bleken een significant hoger niveau van het pregnancy zone 
protein (PZP) te hebben vergeleken met de controles. Het verschil was significant voor 
vrouwen, niet voor mannen. Het is goed mogelijk dat een significant verschil tevens bij 
mannen aanwezig is maar dat dit niet gedetecteerd is als gevolg van het lage aantal 
mannen in de studie en het feit dat het overgrote deel van de gemeten PZP niveaus bij 
mannen, welke over het algemeen lager zijn dan bij vrouwen, onder de detectiegrens van 
het ontwikkelde multiple reaction monitoring (MRM) assay lagen. Er werd geen correlatie 
gevonden tussen de gemeten PZP niveaus en de tijd verstreken tussen de bloedafname en 
het moment van diagnose van AD. De primaire structuur van PZP is gelijk aan die van alfa-
2-microglobuline (A2MG). A2MG werd in verhoogde mate gevonden in het plasma van 
AD patiënten en is tevens aanwezig in de plaques in de hersenen van AD patiënten waar 
het complexen vormt met amyloïd-β peptiden. PZP en A2MG zijn beide liganden voor de 
low-density lipoprotein receptor-related protein (LRP) receptor, net als apolipoproteïne 
E (APOE). Immuunhistochemische validatie op een beperkte set hersenweefsel monsters 
laat de expressie van PZP zien in plaques en in een gedeelte van de (micro)gliale cellen 
wat wijst op een mogelijke rol van PZP in AD.
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De ontdekking van PZP expressie in de hersenen van AD patiënten, zoals beschreven 
in hoofdstuk 2, werd verder onderzocht en gepresenteerd in hoofdstuk 3. Het 
expressiepatroon van PZP in AD (n=20) en controle (n=7) superior frontal gyrus (SFG) 
werd onderzocht met behulp van immuunhistochemie. De specificiteit van het PZP-
antilichaam werd middels massaspectrometrie bevestigd en kruisreactiviteit met A2MG 
werd uitgesloten. PZP immuunreactiviteit werd gezien in microglia in zowel AD als in 
controle weefsel en af en toe werden immuunreactieve neuronen gezien in AD SFG. Een 
statistisch significante stijging van zowel de hoeveelheid van de immuunreactieve cellen 
als de intensiteit van de kleuring was zichtbaar in AD vergeleken met de controles in de 
SFG cortex. In de aangrenzende witte stof werd eenzelfde trend gezien echter was deze 
niet significant. Tevens werden PZP immuunreactieve cellen gevonden in nauwe associatie 
met plaques in AD SFG. Deze cellen werden verondersteld microglia te zijn, gebaseerd op 
hun ligging en onze observatie dat PZP voornamelijk tot expressie komt in microglia. De 
expressie van PZP in microglia, naast de gelijkheid met A2MG, suggereert dat PZP, via 
de LRP receptor, een rol zou kunnen spelen bij de opruiming of afzetting van amyloïd-β. 
De immuunhistochemie data in samenhang met de eerdere bevindingen beschreven in 
hoofdstuk 2 wijzen mogelijk op een vroege betrokkenheid van PZP in AD.

Clusterine is van hernieuwde interesse in AD onderzoek sinds genome-wide association 
studies aantoonden dat polymorfismen in het clusterine gen geassocieerd zijn met AD. 
Thambisetty et al. vonden een associatie tussen verhoogde plasma clusterine niveaus 
en de hevigheid en progressie van AD. Hoofdstuk 4 presenteert het onderzoek naar de 
toepasbaarheid van clusterine niveaus in de voorspelling van AD. Dezelfde set serum 
monsters van de RSS werd gebruikt als in de zoektocht naar differentieel tot expressie 
komende eiwitten in presymptomatische AD (beschreven in hoofdstuk 2) en de clusterine 
niveaus werden gemeten middels een nieuw ontwikkeld MRM assay. Er werd geen verschil 
gevonden in clusterine niveaus tussen personen met presymptomatische AD en geslacht 
en leeftijd gematchte controles. Thambisetty et al. beschreven, naast de associatie tussen 
verhoogde plasma clusterine niveaus en de hevigheid en progressie van AD, ook een 
associatie tussen plasma clusterine niveaus en de hoeveelheid van amyloid afzetting in 
de hersenen na tien jaar. Ons resultaat van onveranderde serum clusterine niveaus in 
presymptomatische AD ondersteunt deze veronderstelling niet. Een ander verslag van de 
RSS, waarin clusterine niveaus werden gemeten middels multiplex immuunassays in een 
grotere set monsters, liet een associatie zien met de aanwezigheid en progressie van AD, 
maar eveneens geen associatie met de ontwikkeling of voorspelling van AD.

Hoofdstuk 5 presenteert een onderzoek waarbij het serum proteome van 35 amnestische 
MCI patiënten en 35 cognitief gezonde personen onderzocht werd met behulp van 
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vloeistofchromatografie gekoppeld aan massaspectrometrie. Dit onderzoek resulteerde 
in een selectie van zeven eiwitten voor verdere kwantitatieve analyse middels MRM. 
De kwantitatieve eiwitmetingen lieten een significant lager niveau in serum zien in 
amnestische MCI patiënten vergeleken met cognitief gezonde personen van de volgende 
vijf eiwitten: carboxypeptidase N subunit 2 (CPN2), complement factor B (CFAB), 
galactin-3 binding protein (LG3BP), serum amyloid A-4 protein (SAA4) and serum amyloid 
P-component (SAMP). Op basis van de serum niveaus van de drie meest significant lagere 
eiwitten CFAB, LG3BP en SAA4, werd een model gebouwd dat onderscheid kon maken 
tussen MCI patiënten en controles met een sensitiviteit van 73% en een specificiteit van 
66%. Wanneer dit model werd toegepast op een kleine validatie set van 13 MCI patiënten 
en 4 controles, werd er respectievelijk een sensitiviteit en specificiteit van 77% en 75% 
gezien. Van de vijf eiwitten die significant verschillend werden gevonden tussen personen 
met amnestische MCI en controles met normale cognitie, heeft alleen SAMP een directe 
relatie met dementie. SAMP is namelijk een glycoproteïne wat aanwezig is in amyloïde 
afzettingen en de afbraak hiervan voorkomt. De overige vier eiwitten zijn allen betrokken 
bij complement of immuun reacties. Bevestiging van onze bevindingen in een grotere 
externe validatieset is nodig en voor het ontrafelen van de rol van CFAB, CPN2, LG3BP, 
SAA4 en SAMP in amnestische MCI is verder onderzoek vereist.

Hoofdstuk 6 beschrijft een studie waarbij de kwantitatieve prestaties van twee 
verschillende massaspectrometrietechnieken werden onderzocht. De uitsluitend 
kwantitatieve MRM methode werd vergeleken met een methode waarin kwalitatieve en 
kwantitatieve aspecten zijn gecombineerd (qual/quant). De qual/quant metingen werden 
uitgevoerd met behulp van een Orbitrap MS, welke routinematig wordt gebruikt voor eiwit 
identificatie (zie hoofdstuk 2 en 5), met en zonder gebruik van interne standaarden. De 
lineariteit en reproduceerbaarheid van de methoden werden bepaald middels het meten 
van de kwantitatieve eiwit niveaus van zes relatief hoog abundant eiwitten in serum en 
CSF monsters. De lineariteit van de gemeten albumine niveaus in CSF vergeleken met 
een antilichaam gebaseerde methode was het beste voor de kwantitatieve methode, 
gevolgd door de qual/quant methode met gebruik van interne standaarden en zonder 
gebruik van interne standaarden. Alhoewel de lineariteit metingen lieten zien dat de 
qual/quant methode de minst accurate methode was, was de regressiecoëfficiënt (R2) 
wel 0.898 waardoor het een goede methode is voor een eerste en redelijk accurate 
kwantitatieve impressie. Behalve de betere lineariteit liet de kwantitatieve methode ook 
een betere reproduceerbaarheid zien met lagere CVs in zowel de serum als CSF monsters. 
Naast deze vergelijkingen werd er ook gekeken naar het feit dat de qual/quant methode 
typisch resulteert in een lagere reproduceerbaarheid vergeleken met MRM analyses. 
Factoren die een significante invloed lieten zien waren de aanwezigheid van modificaties 
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en de aanwezigheid van een cysteïne of methionine in de peptiden. De aanwezigheid 
van missed cleavages was op zichzelf niet van significante invloed, maar de nauw 
gerelateerde lengte van de peptiden was dit wel. Het weglaten van peptiden gebaseerd 
op bovenstaande criteria, resulteerde in een betere correlatie tussen de qual/quant en de 
kwalitatieve data zoals gedemonstreerd werd op data van apolipoproteïne E gemeten 
in hoofdstuk 5. Deze criteria werden tevens toegepast op de data van PZP (hoofdstuk 2), 
echter werd hier geen toename in correlatie gezien. Dit kan het gevolg zijn van het feit 
dat PZP een laag abundant eiwit is en dat het peptide gekozen voor de MRM metingen 
niet de meest geschikte bleek. Concluderend, qual/quant biedt een alternatief voor het 
kwantificeren van abundant eiwitten in complexe monsters. Verdere verbetering van 
methoden en apparatuur is nog altijd nodig om het ng/ml niveau te bereiken.

In hoofdstuk 7 worden de belangrijkste bevinden van mijn proefschrift beschreven en 
doe ik suggesties voor toekomstig onderzoek betreffende proteomics in dementie.
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