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1 

 

Scope of the thesis 
This thesis handles the whole proteome/metabolome screening of cerebrospinal 

fluid (CSF). The main focus is the unraveling of the importance of correct sample 

handling by the study of stability markers in porcine and human CSF as well as 

the exploration of disease markers connected to  experimental autoimmune 

encephalomyelitis (EAE), modeling the human central nervous system (CNS) 

disorder multiple sclerosis (MScl). 

 

Chapter 1 is an introduction to the EAE model. Here the model is 

described, and the importance of animal models and biomarker studies is 

discussed. The chapter gives an overview of current literature handling proteomic 

biomarker studies performed on the EAE model and the translational possibility 

to the human disease multiple sclerosis.  

 

In Chapter 2 sample handling procedures are investigated. The proteome 

of porcine CSF as well as the metabolome and free-amino acids are screened for 

discriminatory differences in abundance after different sample handling 

procedures. To mimic a possible clinic situation CSF was left at room temperature 

for up to two hours without cellular elements removed. CSF samples were also 

exposed to a number of freeze-thaw cycles to mimic the real situation of sample 

handling in the laboratory. To imitate the auto-sampler environment, digested 

CSF was left at 4 ˚C and analyzed after various time spans to investigate the 

quantitative effect on peptides.  

 

Chapter 3 describes a stability study on the proteome, metabolome and 

free-amino acids of human CSF left at room temperature for up to two hours after 

centrifugation and removal of cellular traces.  

 

Chapter 4 portrays a proteomic biomarker study on CSF from an acute 

EAE model in rats. The proteome was screened for disease related markers. The 

study was performed on two different platforms with two different data 

processing techniques applied on each of the both data sets. 

 

In Chapter 5 a continuation of the study presented in chapter 4 is 

described. Here the effect of the tetracycline derivate minocycline is tudied on 

previous detected biomarker candidates. The thesis is summed up with 

conclusions and future perspectives. 
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General Introduction 

The Experimental Autoimmune 

Encephalomyelitis model as foundation for 

proteomic biomarker studies: From rat to 

human. 
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Abstract 

  
Multiple sclerosis (MScl) is defined by central nervous system (CNS) 

inflammation, demyelination and axonal damage. Some of the disease 

mechanisms are known but the cause of this complex disorder stays an enigma. 

Experimental autoimmune encephalomyelitis (EAE) is an animal model 

mimicking many aspects of MScl, developed in order to study the pathology in 

more detail. This review aims to describe the EAE model and the proteomic 

biomarker studies implemented so far. Further connections of discriminatory 

proteins discovered in EAE to findings in MScl are described. 



Chapter 1 

5 

 

1. Introduction 

 
Multiple sclerosis is a CNS disorder characterized by neuroinflammation, 

neurodegeneration and myelin degradation. Symptoms of disease range from 

sensory changes and fatigue to motor dysfunctions and visual impairments. 

Diagnosis is done by clinical examinations aided by cerebrospinal fluid (CSF) 

analysis and magnetic resonance imaging (MRI) scans. For a definite MScl 

diagnose evidence of relapses separated in time and space is a criterion. The cause 

of the disease is yet to be surveyed; what is known is that both environmental 

factors as well as genetic susceptibility have an influence. Multiple sclerosis has a 

main prevalence of occurrence in northern Europe, northern America and eastern 

Australia, leading to some of the theories connected to low sunlight, and high 

hygiene. A few other hypotheses include infection by a virus, toxin exposure, sex 

hormone relations, dietary habits and air pollution as possible causes (1). Multiple 

sclerosis exhibits various disease courses described as relapsing-remitting (RR), 

primary-progressive (PP), secondary-progressive (SP) and progressive-relapsing 

(PR) as seen in Figure 1. Multiple sclerosis has been studied by means of 

proteomics in order to reveal causes of the disease, increased understanding of 

pathomechanisms and to discover biomarkers. The discovery of a quick and 

simple method for diagnosis would be invaluable and the possibility to follow up 

the disease progression and therapeutic response would be precious as well. 

Another interesting opportunity of the discovery of proteomic biomarkers is the 

development of personalized medicine.  

 

 
Figure 1.  Typical disease curves of different EAE models. Black solid line: MBP in Lewis 

rat, dotted black line: MOG in dark agouti rat, grey solid line: PLP in SJL/J mouse, black 

broken line: rhMOG in marmoset. 
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The study of human subjects is limited. Since MScl affects the CNS, tissue 

samples can be collected post mortem exclusively, making it impossible to follow 

the disease course by means of proteomics in a longitudinal manner using tissue 

samples. Blood samples are easily collected but the detection of disease-related 

proteins might be hampered by the complexity of the blood proteome, the 

masking effect by highly abundant proteins and the possible dilution effect, 

especially if the sample is collected peripheral to the diseased area. Some of the 

CNS-specific proteins might not even be present in the blood stream because of 

the blood- brain barrier (BBB). The collection of CSF is a somewhat invasive 

method but it is possible to collect samples in a longitudinal way and at any stage 

of the disease. The proximity to the diseased tissue also makes this body fluid a 

better choice than blood. 

From animal models tissue samples can be collected at any time point and 

during all stages of the disease, the biological variation is less than in a human 

population and knock-outs can be created in order to study specific questions in 

more detail. The animal model of MScl, experimental autoimmune 

encephalomyelitis (EAE), has become an important tool for the understanding of 

the human disease. This review aims to give an overview of proteomic EAE 

studies, what questions need to be answered and what is already known. Further 

this review will describe discriminatory proteins discovered in EAE and the 

connection to observations done in the study of MScl patients.  

 

 

2. Why use animal models 

 
The use of animal models in research is an ongoing topic of discussion, sometimes 

heated but always necessary. Over the past few decades, intensive discussions 

between organizations opposing the use of animals and those supporting it have 

led to increased attention towards the further implementation of Russell and 

Burch’s so-called 3R’s – Replacement, Reduction and Refinement (1959). Indeed 

where possible, alternative models are used in which hypotheses are tested in 

silico, in vitro or ex vivo. This strategy is not only beneficial for the animals, but 

also helps increase knowledge on a specific scientific subject (2). However, when 

research areas address increasingly complex systems, such as the immune system 

or the central nervous system, the use of animal models becomes increasingly 

dictated. 

Research using animal models can be separated into two distinct 

categories: a) fundamental (or basic) research, in which new light is shed upon yet 

unknown biological mechanisms involving complex systems and/or interactions 
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thereof, and b) applied research, focused on understanding pathological 

mechanisms to help us find and develop cures for human and animal diseases. 

Much is written on the quality and/or validity of a model (3). Current 

knowledge on pathological processes is limited, which imposes a reductionistic 

approach by focusing on parts or elements of a disease one attempts to 

understand and/or cure. Typical examples of such reductionism are so-called 

disease models. In these types of animal models, one or several aspects of a 

disease are mimicked and their validity can be categorized as follows: i) face 

validity, which is the degree of similarity between an aspect of particular disease 

and the parameter measured in the animal model; ii) predictive validity, which is 

the degree of extrapolation of the outcome of an experimental procedure to the 

human (or target) situation; and iii) construct validity, which is the degree of 

similarity between the mechanisms modeled and the mechanism thought or 

proven to play a role in the situation studied (i.e. a disease of interest or biological 

process investigated) (4). Additionally, with an increase in reported results from 

animal models and from clinical trials, comparative meta-analyses such as 

performed by Perel et al. (5) will become valuable in determining the strength of 

animal models to predict clinical outcome and further improve the validity of 

disease models.   

These disease models, used for both fundamental and applied research, 

have often led to a better understanding of biological processes. As example, it is 

worth noticing that the EAE (see also below) has enabled scientists to elucidate the 

mechanisms involved in immune responses. This knowledge was then the basis 

for the development of two commercialized drugs that alleviate MScl symptoms: 

Copaxone ® (Teva Pharmaceuticals); and Tysabri ® (Biogen and Elan) (reviewed 

in Steinman and Zamvil, 2005) (6).  

In the late preclinical (i.e. non-clinical) stage of drug development, 

evaluation of the safety aspects of a potential new drug as well as pharmacological 

testing is mandatory. Institutions responsible for approving the commercialization 

of new drugs, such as the Food and Drug Administration (FDA - US) and the 

European Medicines Agency, require proof of efficacy and safety of a given 

pharmaceutical prior to the first human exposure. Indeed, in a very early stage of 

application of a novel drug, the FDA states in its Drug Review Process that 

organizations applying for approval must show results from laboratory animal 

testing prior to discussing their plans for clinical trials (7).  

The use of animal models is therefore the price that society decides to pay 

to ensure the safety of healthy volunteers and of patients participating in these 

clinical trials required to bring a new drug to the medicine cabinets. In this view, it 

is of importance that all animal testing is performed with the highest possible 

respect and care for the animals involved. To warrant for such a ‘humane’ 

approach, performing experiments on animals is heavily regulated. Although 
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these regulations differ from country to country, local and international law (8) set 

strict regulations to handling and care of laboratory animals as well as strict 

definitions and limitations to the use of these animals, allowing only tests that are 

essential in answering scientific or medical questions. The local implementation of 

these regulations is often taken care of by ethical committees responsible to 

evaluate the balance between the suffering and/or discomfort caused to the 

animals studied versus the benefits for the target species (humans, but also in the 

veterinary field). 

It is therefore our responsibility as scientists that our understanding of the 

disease models and their extrapolation to the human situation is such that the 

chances increase that effects observed in animals reflect efficacy in human.  

 

 

3. Description of the EAE model 

 
During the late 19th century, in the early period of the search for a rabies vaccine, 

suspensions of CNS material extracted from infected rabbits were injected as 

prophylactic treatment for the disease. However, such interventions led to the 

development of paralysis in some of the vaccinated patients (9). To understand the 

link between these observed effects and the vaccination, several experiments were 

performed in which CNS material was injected in the rabbit (10, 11). However, 

these authors could not correlate the neurological symptoms observed with any 

pathological changes in the nervous system. This correlation was first 

demonstrated by Rivers who performed repeated administration of emulsified 

rabbit brains in monkeys and described a type of ‚encephalomyelitis‛ (12, 13). 

These series of experiments constitute the first steps towards the development of 

the EAE as the protocols for induction became increasingly refined over the last 75 

years (14, 15). Equally important, these first steps also led to the development of 

the hypothesized immunological basis of Multiple Sclerosis’ pathology, as 

similarities were observed with human demyelinating diseases (16).   

The EAE has been instrumental in discovering and developing three of the 

six currently approved therapies for MScl: Copaxone, Mitoxantrone and 

Natalizumab. Both Copaxone and Natalizumab were discovered by developing 

working hypotheses on the pathological processes involved in EAE (17, 18). 

Mitoxantrone, however, was already discovered and used for cancer. It is when 

this type of drug was hypothesized to be effective in MScl (19), that Mitoxantrone 

was first tested in EAE and showed positive effects (20). This eventually led to its 

use in reducing the frequency of relapses in Relapsing Remitting MScl and 

slowing the progression of Secondary Progressive MScl.  
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The use of the EAE in defining a therapeutic strategy for MScl has also 

been heavily contested. Sriram & Steiner (21), elaborated on the differences in 

pathology between EAE and MScl and linked this lack of correlation to the high 

number of failures in clinical trials. Also, Steinman & Zamvil (2005) although 

praising the EAE for its use in understanding neuroimmunological processes and 

for being responsible for most of the current therapies for MScl, warn that the EAE 

fails to detect potential infectious complications from novel therapies and lacks 

predictability on toxicity. 

An important aspect in the discussion of the validity of the EAE as model 

for MScl is its heterogeneous nature. Currently, there exist several types of EAE 

models: the antigen used (all from myelin origin) the species or even the strain in 

which it is induced, influence the course of the disease (22) (see Fig 1). Depending 

on the protocol, a different aspect of MS can be modeled. Indeed, several models 

have been refined to mimic relapsing remitting MScl (23-25), secondary 

progressive or primary progressive MScl (26). Next to exhibiting different disease 

courses, these models also present different cellular and molecular aspects of 

Multiple Sclerosis (14). Hence, there is not one EAE model, but rather a wide 

range of variations on the theme, each representing one or more characteristic of 

the pathologies observed in the different subtypes of MScl. 

In this light, the difficulty arising by the differences in cellular and 

molecular aspects of EAE models may not need to be impeding on our 

understanding of the disease. On the contrary, by wisely combining studies 

performed in different types of EAE models as Steinman and Zamvil advocate (6), 

and adding studies from other models, a broader range of underlying MScl 

pathological processes might come to light. As Gold et al. concluded ‚owing to the 

complexities of human diseases, it is obvious that there is no single EAE model, 

but rather a combination of different approaches that will finally help us to 

develop new and more effective approaches‛. 

It is undeniable that more studies are necessary to assess the degree of 

extrapolation of EAE findings to the human situation. Also the application of 

advanced technologies, such as Mass Spectrometry and the study of the EAE 

metabolite and/or protein profile compared to the human situation will 

undoubtedly lead to the discovery of potential new targets. 

 

 

4. Why proteomic biomarkers 

 
The set of all proteins expressed in a cell, tissue, body fluid or an organism is 

called the proteome. The study of the proteins thereof in terms of quality, 

quantity, function, structure, localization, modifications, activities and 
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identification is named ‚proteomics‛ (27, 28). Proteomics can also be defined as an 

interpretation of genome coded information (29). The definition of a biomarker is 

termed: ‚a characteristic that is objectively measured and evaluated as an 

indicator of normal biologic processes, pathogenic processes or pharmacologic 

responses to a therapeutic intervention‛ (30). In the case of proteomic biomarker 

research, the proteins are the entities examined for changes according to different 

disease states and drug interventions using material from patients or animal 

disease models. 

The proteome with the estimated 300 000 proteins (31) is by far more 

complex than the genome that consists of maybe less than 30 000 genes (32). There 

is truly no one-gene-one protein relationship and mRNA levels are not in direct 

relationship with protein levels. The proteins exist in splice variations, conformal 

changes and with post translational modifications leading to a large variation in 

the proteome. The proteome influenced by metabolism, stress, drug interactions, 

circadian rhythm, cell type, stimuli, micro and macro environment is highly 

dynamic compared to the more static genome. Proteins play crucial roles in the 

body with function as enzymes, transporters, structure creators, receptors, growth 

factors and antibodies among many others. The proteome can be analyzed in a 

range of different sources as e.g. cells, tissues, blood, cerebrospinal fluid, amniotic 

fluid, synovial fluid, tears and urine (27, 30, 31, 33).  

Multiple sclerosis, a highly complex disease with symptoms from various 

parts of the body, requires several criteria to be fulfilled for a diagnosis to be 

made. There is a limited ability to predict different courses of the disease as well as 

to monitor treatment response. To make a diagnosis, time consuming neurological 

examinations as well as expensive MRI scans are applied. CSF is also examined for 

the presence of immunoglobulin gamma (IgG) bands, an increased IgG index and 

an overall increased protein amount. Many times the definite diagnosis can be 

made only after months or even years of examinations (34). Specific proteomic 

biomarkers that in an early stage could be detected by a single analysis of a blood 

sample, CSF or other biofluid could increase the certainty of diagnosis, saving 

both time and money and enabling the initiation of an early drug treatment with a 

better outcome for the patient. More than to serve as diagnostic and classification 

markers, the discovery of disease-specific proteins can reveal the pathogenic 

functions which in turn could lead to drug development since many 

pharmacological drug targets are proteins (30, 31, 33). 

There are many challenges to meet in the proteomic research; the great 

diversity as well as the large dynamic range of proteins in tissues or bodyfluids 

causes problems for the analytical methods applied. Therefore, several different 

techniques are used in order to reduce the sample complexity; separations in more 

than one dimension, depletions and analysis of selected protein groups as e.g. 

phospho-proteins, glycoproteins and membrane proteins are some of the common 
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techniques.  Another challenge met by these complex analyzes include the need of 

repeatability and reproducibility. Proteins and peptides are sensitive to different 

sample handling techniques, storage conditions as temperature, sample vials and 

number of freeze-thaw cycles affects the sample. Also the sampling technique and 

how the sample is handled just after the sampling are crucial. CSF samples 

contaminated with e.g. red or white blood cells are not useable and discarded 

from studies. This calls for robust design and standardization of proteomic 

biomarker studies in order to rule out the detection of differences caused by 

biological differences, sample handling, adsorptions to the walls of the sample vial 

and degradation of naturally present proteases (27, 35, 36). High-throughput 

analysis strategies as often applied in biomarker studies call for the use of quick 

automated techniques. The production of often huge data files makes the 

processing of the data sets even a significant logistics problem. When properly 

designed, proteomic biomarker studies could generate important and useful 

information. 

 

 

5. Body fluids and tissues  

 
In the search for proteomic biomarkers in the EAE model there are a few options 

of sample sources. Different tissues from the CNS as well as blood, CSF and ECF 

can be collected from animals. In biomarker studies based on human subjects, CSF 

and blood can be collected. Only in the case of post mortem subjects can tissue 

samples also be used. Other body fluids such as urine, saliva (37) and lacrimal 

fluid (38) can be collected as well, but are less useful in the case of EAE and MScl.  

 

5.1. Tissues 
In the EAE model, all kinds of CNS connected tissue can be collected for extraction 

of proteins for biomarker studies. The most used tissue is spinal cord (39-46), but 

also cerebral micro vessels (47) as well as retina, optic nerve and brain tissue have 

been harvested for this purpose (46). Also specific organelles or proteins can be 

extracted from tissues for separate analysis as e.g. mitochondria (46), membrane or 

cytosol proteins.  

 

5.2. Blood samples 
An intact blood-brain barrier (BBB) complicates the detection of brain specific 

proteins in the blood. Both EAE and MScl show a BBB impairment (48, 49) that 

enables the passage of proteins between blood and brain, making it possible to 

detect brain-specific proteins in blood samples. Blood, however, contains large 

amounts of proteins among which the CNS-related proteins constitute only a 
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minor part of the total content. The distance to the diseased areas makes the 

detection of markers specific to CNS disorders difficult, especially when applying 

a screening approach of the total proteome. For targeted approaches, blood can be 

a more useful compartment (50-52). Biomarkers that are detectable in serum are of 

great use, since blood samples are easy to collect at the clinic. Blood is easily 

collected from the tails of rats and mice and the samples can be collected in a 

longitudinal fashion.  

 

5.3. Cerebrospinal fluid (CSF) 
CSF is the most promising compartment for biomarker search in CNS disorders. 

CSF is in close proximity to the diseased tissue and has around 400 times lower 

protein concentration than blood. Because of the BBB, some brain-specific proteins 

might be difficult to detect elsewhere than in CSF or CNS tissues. Because tissue 

samples cannot be collected from patients until post-mortem, CSF enables 

monitoring of the disease of living patients in a longitudinal fashion even though 

the withdrawal of CSF is a quite invasive method that may introduce headache or 

other complications for the patient. In the EAE model CSF has not been frequently 

analyzed to date, probably because of the low sample volume and the laborious 

method of sampling; previously, a stereotaxic surgery was needed to reach the 

CSF (53), but with new techniques developed, the possibility to work with CSF has 

increased (54). 

In Table 1 and 2 characteristics of CSF from different species can be seen. 

A rat of 200-300g has a total CSF volume of about 580 µL (55) (cisterna magna ~190 

µL (54)). The maximum volume of CSF that can be collected from rat is around 120 

µL with no visible contamination of blood (54). Since there is a very large 

concentration difference between CSF and blood even a minor contamination will 

have a huge impact. What has to be noted, however, is that CSF can be 

contaminated with blood even though this might not be detectable by eye 

(detectable by mass spectrometry). Since the BBB is disrupted during EAE and 

MScl, there is an influx of blood proteins in the CSF and a blood contamination in 

these samples cannot be excluded (49). CSF can be repeatedly collected also from 

rats and mice (56, 57); for serial sampling, a maximum of 60 µL from rat and ~5 μL 

from mouse can be safely taken each time at an interval of 2-3 months (57). The 

low CSF volumes that can be collected from rat and mouse are partly 

compensated by the higher protein concentration (5-10 times higher than in 

humans [human approximately 400 ng/µL]).  
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Table 1. CSF volume in different species (152). 

Species mL 

Horse 170-300 

Human (total) 100-160 

Human (ventricular) 16-27 

Goat 25-30 

Sheep 14-17 

Dog (total) 7.8-24 

Dog (intracranial) 5.5-9.5 

Cat 4.0-4.9 

Dogfish 2.0-2.7 

Shark 2.0 

Rabbit 1.4-2.3 

Rat 0.28-0.3 

Mouse 0.04 

 

 

Table 2. Description of CSF production rate (153). 

Species µL/min 

Frog (R. pipiens) 0.3 

Mouse 0.325 

Chicken 1.4 

Dogfish 2.0-4.0 

Rat 2.1-5.4 

Nurse shark 3.0 

Lemon shark 4.0 

Guinea pig 3.5 

Rabbit 6-10 

Cat 20-22 

Monkey 29-41 

Dog 31-66 

Sheep 118 

Goat 164 

Human 350-400 

 

5.4. Extracellular fluid (ECF) 
Just as CSF, extracellular fluid (ECF) from brain tissue can also be collected 

repeatedly. The fluid is collected via cerebral microdialysis, with a probe inserted 

in the brain of the animal. ECF also has the advantage of being close to the 

diseased tissue. The mouse can keep the probe inserted when awake for several 

days (58). Both smaller molecules like metabolites and neurotransmitters as well 

as larger molecules like peptides and proteins can be sampled via microdialysis 

(59). In humans the collection of ECF from brain tissue is implemented during 

neurosurgery or to monitor the progress of stroke or trauma (60, 61) but because 

of the invasiveness of this technique it is not implemented for biomarker research 

in human subjects. Also in animal models this technique has still not been widely 

used, since the uptake of proteins is still quite cumbersome (62).  
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6. Proteomic biomarker studies in EAE models 

 
Since the first EAE model was introduced by Koritschoner and Schweinburg in 

1925 (10), many studies based on the EAE model have been performed with the 

intention of increasing the understanding of the pathological mechanisms of MScl 

(14, 63). The rise of the proteomics era in the mid 90-ties (64) initiated several 

studies with the goal to discover proteomic biomarkers for diagnosis and 

increased knowledge in a range of diseases. Also numerous proteomic biomarker 

studies targeting MScl have been implemented; proteomic biomarker studies 

based on the EAE model, however, has still been moderate in number but have 

seen an increase during recent years. While most EAE studies have been 

hypothesis-driven attempts to discover biomarkers (39, 44-46, 50-52, 65), a few 

have been non-biased discovery type (40-42, 47). In most of the studies, spinal 

cord have been analyzed (39-46) and other tissues related to the CNS (46, 47, 50); 

only one study has been based on CSF (52) and three on serum (50-52).  

In the study by Ohgoh and colleagues (45), the transition between the 

genomics and proteomics era is visible where comparison between messenger 

ribonucleic acid (mRNA) and protein levels were done. The study was focused on 

the involvement of excitatory amino acid transporters in EAE and revealed that 

the EAAC1 (excitatory amino acid transporter 3) was increased in spinal cord 

from Lewis rats with EAE compared to control rats. The GLAST and GLT-1 

proteins (excitatory amino acid transporter 1 and 2 ,respectively) were, on the 

other hand, decreased in the diseased rats compared to the controls. The effects 

were suppressed when the rats were treated with the (AMPA) receptor antagonist 

(NBQX), thereby revealing that glutamate toxicity might be one of the key factors 

in the pathology of EAE. 

Gene expression and protein levels were also compared in the study by Alt 

et al.(47). Two breeds of mice with EAE (SJL/N and C57Bl/6) were analyzed for the 

effect on the blood-brain-barrier (BBB) by changes of proteins in the cerebral 

microvascular compartment. Six discriminatory proteins were discovered; four 

that increased in the diseased mice compared to control and two that decreased. 

However, only one of the proteins (fibroleukin precursor/fibrinogen like protein 2) 

showed an overlapping result between the proteomic 2D gel analysis and the 

gene-microarray results, showing the non-linear relationship between gene 

expression levels and protein amounts. 

Morgan et al. (44) also examined the effects on the BBB. Lumbar spinal cord 

was analyzed for post translational modification (PTM) differences between EAE 

rats and control animals on the tight junction protein, occludin. The protein was 

dephosphorylated in the EAE group compared to the control group, where the 

protein was found in a phosphorylated form. The de-phosphorylation was also 
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shown to coincide with the outbreak of inflammation. Further, three other 

proteins (albumin, transferrin and ceruloplasmin) were found at higher levels in 

the EAE rats compared to control. PTMs were also the scope of the study by 

Mikkat et al. in 2010 (43), where PTMs as well as single amino acid polymorphisms 

(SAPs) and splice isoforms were analyzed by studying migration differences of 

proteins from the spinal cord of one EAE susceptible (SJL/J) and one EAE resistant 

(B10.S) mouse strain. The findings included 26 polymorphic proteins with altered 

electrophoretic mobility and 14 single amino acid polymorphisms (SAPs). 

Further PTM studies have been performed by Kidd and colleagues (51); 

where citrullinated proteins were the target. Antibodies reactive against 

citrullinated and native myelin basic protein (MBP) were detected in EAE mice, 

while they were not detected in the controls. Also Grant et al. (39) have been 

examining PTMs in the form of lysine and arginine methylation as well as arginine 

citrullination and phosphorylation of proteins. Several modified proteins were 

found to be both increased as well as decreased in the EAE rats compared to the 

controls. 

The whole proteome of the spinal cord of EAE rats was analyzed by 

shotgun isobaric tag for relative and absolute quantitation (iTRAQ) analysis by the 

group of Jain et al. (40) and Liu et al. (42) The proteome was screened for 

discriminatory peptides as well as for altered proteolytic events. In the study by 

Liu et al., 41 significantly discriminatory peptides between healthy animals and 

EAE rats were identified. Later on, Jain et al. discovered 7 altered proteolytic 

products in the same sample set. 

Reactive oxygen species (ROS) toxicity was the focus of the study by Qi et 

al. in 2006 (46). CNS derived tissue as well as mitochondrial isolates from the same 

tissues were screened for nitrated proteins. The study revealed several nitrated 

mitochondrial proteins, an increased ROS level in the tissue and ~80% decreased 

adenosine triphosphate (ATP) synthesis in the EAE mice compared to control. 

Linker et al. (41) screened for stage-specific markers in two different EAE 

mice models (C57Bl/6 and CNTF-/-). Among the findings were five differently 

regulated proteins discovered in the C57Bl/6 mouse strain and six discriminatory 

proteins in the CNTF-/- strain. Glial fibrillary acidic protein (GFAP) were found at 

increased levels in later stages of the EAE. 

The interest of El Behi et al. (50) was to examine the effect of the 

antihistamine pyrilamine and the platelet activating factor (PAFR) receptor 

antagonist CV6209 on EAE. Lower levels of IgG’s were found in the treated mice 

compared to untreated. 

The possible involvement of the RAS system in EAE has been examined by 

Stegbauer et al. in 2009 (65). Antigen presenting cells as well as spinal cord tissue 

was analyzed in myelin myelin oligodendrocyte glycoprotein (MOG)-EAE mice. 

Quantitative polymerase chain reaction (Q-PCR) revealed upregulation of renin, 
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ACE (angiotensin converting enzyme) and AT1R (Ang II 1 receptor). Treatment 

with the renin inhibitor, Aliskiren, the ACE inhibitor, Enalapril, and the AT1R 

antagonist, Losartan, ameliorated the course of the EAE. Enzyme-linked 

immunosorbent assay (ELISA) analysis of chemokine (C-C motif) ligand 2 (CCL2) 

and C-X-C motif chemokine 10 (CXCL10) show a decrease of these chemokine 

ligands in macrophages after treatment with Losartan. 

Villaroya et al. (52) found elevated tumor necrosis factor alpha (TNFα) 

activity correlating with clinical scores of MBP-EAE rats in both serum and CSF. 

An increased TNFα level was also detected in the spinal cord of EAE compared to 

controls. Further findings included an increased concentration of both albumin 

and IgG in the EAE rats, as well as an elevated cell count in both serum and CSF. 

Several interesting proteins have been found discriminatory between EAE 

animals and controls. The question is if they are translatable to the MScl disease in 

real patients and further, how specific they are. In the following chapter, the 

connections between possible biomarkers found in the EAE model and findings in 

MScl patients are investigated. 

 

 

7. Connections between discriminatory proteins in EAE and 

MScl 

 
EAE proteomic biomarker studies have revealed several new proteins with 

discriminatory behavior between diseased and healthy animals. Many of these 

proteins have also been connected to MScl in studies on tissues or body fluids 

from human subjects. In this chapter, proteins that overlap between animal 

models and human studies are discussed. In Table 3, proteins with increased 

abundance in EAE compared to control are listed, Table 4 describes proteins with 

the opposite behavior, namely a decrease in EAE affected animals compared to 

controls. Table 5 shows proteins that decrease in EAE after drug treatment, and 

Table 6 contains proteins with PTM differences between EAE and control. Table 7 

describes proteins with a changed migration time during gel-electrophoresis in the 

study by Mikkat et al. in 2010 (43). 
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Table 3. Proteins that have been discovered at increased levels in EAE animals compared 

to control. The proteins are listed with references that link them to EAE and MScl. In all 

following tables (Table 3-7), the proteins are sorted by alphabetical order with overlapping 

proteins between MScl- and EAE- based studies in the upper part and non-overlapping 

EAE proteins in the lower part of the tables. In cases were no references were found to 

MScl or EAE, the box is shaded in grey. 

Protein  
(up in EAE) 

AC nr. EAE ref. MScl ref. 

α-1B-Glycoprotein Q9EPH1 Liu(42) Tumani(111) 

α-2-macroglobulin P06238 Liu(42) Jensen(94) 
Gunnarsson(93) 

Annexin V P48036 Linker(41) Elderfield(69) 

Apolipoprotein D P23593 Liu(42) Reindl(139) 

Apolipoprotein E P02650 Liu(42) Carlin(67) 
Hammack(72) 
Chiasserini(68) 
Fazekas(70) 

Cathepsin B P00787 Liu(42) Bever(127, 128) 

Ceruloplasmin P13635 Morgan(44) 
Liu(42) 

Hunter(105) 

Complement C3 P01026 Liu(42) Barnett(66) 
Hedegaard(73) 
Stoop(81, 82) 
Zhang(85) 
Padilla(77) 
Jongen(74) 
Gay(71) 

Cystatin C P14841 Liu(42) Nakashima (138)  
Irani(137) 

Exitatory amino acid transporter 3 EAAC1 (Human 
EAAT3) 

P51907 Ohgoh(45) Werner(97) 
Vallejo-
Illarramendi(96) 
Newcombe(95) 

Fibronectin P04937 Liu(42) Sobel(79) 
van Horssen(84) 

Filamin A IPI00409539 Liu(42) Lock(118) 

Glial fibrillary acidic protein  (GFAP) P03995 Linker(41) Norgren(122) 
Rosengren(123) 
Malmeström(121) 
Linker(41) 

Hemopexin P20059 Liu(42) Hammack(72) 
Rithidech(114) 

Heterogeneous nuclear ribonucleoprotein A2/B1 
(ROA2) 

O88569 Alt(47) Yukitake(130) 
Sueoka(129) 

IgG (2A chain C) P20760 Villarroya(52) 
Liu(42) 

MacPherson(76) 
Kabat(75) 
Tourtellotte(83) 

Moesin O35763 Liu(42) Tajouri(110) 
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Myelin basic protein (MBP) P02688 Kidd(51) Berger(90) 
Egg(91) 
Vojdani(92) 

Peptidyl-prolyl cis-trans isomerase B P24368 Liu(42) Ramanathan(132) 

Mitochondrial heat shock protein 70 (mtHSP70) P38647 Qi(46) Witte(133) 

Transferrin P12346 Morgan(44) 
Linker(41) 
Liu(42) 

Weller(108) 
 Zeman(112) 
 Abo-Krysha(109) 
Tumani(111) 
Tajouri(110) 

TNFα P16599 Villarroya(52) Philippe(78) 
Spuler(80) 

Vimentin P31000 Liu(42) Holley(120) 
Selmaj(124) 

Albumin P02770 Morgan(44) 
Linker(41) 
Villarroya(52) 
Liu(42) 

 

α 1-Inhibitor III P14046 Liu(42)  

α 2 HS glycoprotein: P24090 Liu(42)  

α Internexin P46660 Linker(41)  

Annexin III P14669 Liu(42)  

Calreticulin precursor P14211 Linker(41)  

Coactosin-like protein IPI00365323 Liu(42)  

Contrapsin-like protease inhibitor 3 P05544 Liu(42)  

Cytochrome C oxidase subunit IV P19783 Qi(46)  

Cytosol aminopeptidase IPI00471530 Liu(42)  

EF-hand containing IPI00200410 Liu(42)  

protein 2 

 

Eukaryotic initiation factor 4A-I IPI00369618 Liu(42)  

Fibroleukin precursor/fibrinogen like protein 2 (FIBB) P14480 Alt(47)  

GTP-GDP dissociation stimulator 1 Q9BUX6 Linker(41)  

Hepatoma-derived growth Q8VHK7 Liu(42)  

Factor 

 

Guanine nucleotide-binding protein (GBLP) P25388 Alt(47)  

L-plastin Q5XI38 Liu(42)  

Lysozyme C2 Q05820 Liu(42)  

Myosin heavy chain A (non-muscle) Q62812 Liu(42)  
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Nucleophosmin P13084 Liu(42)  

 

Phosphatase 2A inhibitor Q63945 Liu(42)  

 

Proteasome activating complex Q63797 Liu(42)  

 

Protein disulfide isomerase P04785 Liu(42) 
Linker(41) 

 

 

Purine nucleotide phosphatase (PNPH) P23492 Alt(47)  

 

Syntaxin-binding protein 1 O08599 Linker(41)  

 

Talin 1 IPI00362014 Liu(42)  

 

T-Kininogen 1 P01048 Liu(42)  

 

40S Ribosomal protein SA P38983 Liu(42)  

 

40S Ribosomal protein S18 P62271 Liu(42)  

 

78 kDa Glucose regulated protein P06761 Liu(42)  

 

 

 

7.1.  Inflammation/immunity 
Inflammatory and immune responses, includes proteins involved in; the 

complement system, acute phase proteins, vasodilation, antibodies, coagulation 

and fibrinolysis. Among the discriminatory proteins discovered in EAE as well as 

in MScl, the inflammatory/immune proteins; annexin V, apolipoprotein E, 

complement C3, fibronectin, IgG and TNFα were increased in EAE compared to 

controls. Also in the human studies these proteins showed a positive relationship 

to MScl, different classes or stages of the disease (41, 42, 52, 66-85), reflecting the 

inflammatory/immune part of the disease. The cytokines CCL2 and CXL10 

decreased in macrophages of EAE mice after the treatment with the angiotensin II 

receptor inhibitor Losartan (65), indicating a connection to the renin-angiotensin-

system (RAS). Also MScl studies have revealed proteins with connections to the 

RAS system as interesting biomarker candidates (86-88), CCL2 and CXCL10 has 

also been connected to to MScl in human subjects (89). Autoantibodies against 

myelin basic protein (MBP) in native or citrullinated form have been found in EAE 

animals (51), and in studies on human subjects, antibodies against MBP and MOG 

were discriminatory between different sub-groups of the disease (90-92). Another 

protein connected to inflammation, alpha 2 macroglobulin, was increased in the 

spinal cord of EAE rats compared to control (42). The same protein was found to 

have increased as a transformed version in plasma from PP-MScl and SP-MScl 

patients compared to control detected by ELISA (93, 94). 
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7.2.  Exitotoxicity 
The excitatory amino acid transporters GLAST (human EAAT1), GLT-1 (human 

EAAT2) and EAAC1 (human EAAT3) were analyzed in EAE rats. EAAC1 were 

found in elevated amounts in diseased animals compared to controls while 

GLAST and GLT-1 were reduced in the same comparison (45). Studies on MScl 

patients have also revealed an involvement of glutamate toxicity (95-97). Protein 

amount as well as complementary deoxyribonucleic acid (cDNA) levels of EAAT1 

and EAAT2 were increased in the optic nerve of MScl patients compared to 

controls (96). In another study, protein levels of EAAT2 were decreased in 

oligodendrocytes around MScl lesions when compared to control tissues (97). 

Glutamate dehydrogenase (GD) was detected at lower levels in a knock-out EAE 

mouse compared to control (41). GD was not detectable in active and silent 

(chronic) MScl lesions but present in normal and non-MScl white matter (97). 

These results show that glutamate toxicity might be a factor involved in the 

demyelination and neurodegeneration in EAE as well as MScl. The protin 

calcium/calmodulin dependent kinase II (CAMKII), a protein involved among 

others in the regulation of glutaminergic synapses (98) was decreased in EAE 

compared to control (42). It has been discovered that the Vδ2+ T cells that have 

been detected in CSF of RR-MScl patients are dependent on CAMKII for the 

transendothelial migration across the BBB to reach the CNS (99). 

 

7.3. Oxidative stress/iron homeostasis 
Oxidative stress is a pathogenic mechanism that has been connected to the cause 

of MScl (100-102). Ceruloplasmin, a copper-binding protein involved in the 

protection against oxidative stress (103, 104), was found to be increased in spinal 

cord of EAE rats compared to control (42, 44); the same observation was also made 

in plasma from MScl patients (105). Transferrin, another protein involved in 

protection against oxidative stress (106, 107) was detected at an elevated 

abundance in rats and mice with EAE (41, 42, 44). An increased amount of 

transferrin was also detected by ELISA in CSF from MScl patients (108). Another 

study noted an increased amount of soluble transferrin receptor in serum from 

MScl patients (109). Transferrin cDNA levels were also increased in a comparison 

of MScl plaque tissue to normal tissue (110). A longitudinal study of patients with 

clinically isolated syndromes (CIS) revealed a decrease of transferrin abundance in 

the CSF of patients that converted to definite relapsing remitting MScl (RR-MScl) 

compared to those that stayed diagnosed as CIS after two years (111). Further 

more, the transferrin level was discriminatory between subclasses and stages of 

MScl (112). Hemopexin also plays an important role in the protection against 

oxidative stress by the heme-binding capacity (113). An increased amount of 
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transferrin was found in the spinal cord of EAE diseased rats (42); the same has 

also been observed for hemopexin in plasma from pediatric MScl (114). A possible 

change in PTM’s of hemopexin in healthy and MScl patients was discovered by a 

different location on 2D gels (72). The three proteins described in this section are 

also acute phase proteins and could be listed together with the inflammatory 

proteins (115). 

 

7.4. Structure 
The intermediate filaments (IF) proteins, glial fibrillary acidic protein (GFAP), 

vimentin and the neurofilament proteins, constitute part of the foundation of the 

eukaryotic cytoskeleton (116) the filaments are connected via crosslinkers that 

build up a complex network that enables cell signaling, and anchors 

transmembrane receptors. One of these crosslinkers, filamin A, (117) has been 

shown to increase in EAE rats at protein level (42) and chronic lesions from MScl 

patients at gene level (118). Another cytoskeleton protein, moesin (119), was also 

increased in EAE rats (42) as well as MScl patients on gene level (110, 119). Among 

IF proteins, GFAP was shown to increase in spinal cord of late stage EAE as well 

as SP-MScl compared to control (41, 119). GFAP in CSF was also increased on a 

protein level in MScl patients compared to control (119-123). Vimentin was one of 

the increased proteins in EAE rats (42). In MScl patients, corpora amylaceae 

stained strongly for vimentin compared to control tissues (124); vimentin has also 

been shown in another MScl study to be more expressed in diseased tissue 

compared to healthy tissue (120). Neurofilaments have been shown to be 

dephosphorylated in EAE (39); phosphorylation of neurofilaments have also 

shown to be discriminatory in different CNS tissues from the of MScl patients 

(125). 

 

7.5. Other 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) a protein involved in 

glycolysis, was increased in EAE; in the same study, a lower production of ATP 

was shown in the diseased animals (46). In another study based on MScl patients, 

GAPDH reactive antibodies were upregulated in diseased individuals compared 

to control (126). The protease cathepsin B increased in EAE rats (42) as well as in 

mononuclear cells of peripheral blood and cerebral white matter from MScl 

patients compared to control (127, 128). Apolipoprotein D (Apo D), for example 

involved in lipid transport increased in EAE rats (42); in MScl; an increased Apo D 

CSF/serum index was found. The heterogeneous nuclear ribonucleoproteins A2/B1 

(hnRNP, ROA2) were found at increased amounts in EAE compared to control 

(47). Antibodies against this protein were found in the CSF of MScl patients (129, 

130). Αlpha-1B-glycoprotein, a plasma protein with unknown function, was 
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detected at higher levels in EAE compared to control (42), and at lower levels in 

CIS-RR-MScl compared to CIS-CIS (111). Peptidyl-cis-trans-isomerase B, a protein 

involved in protein folding (131), increased in EAE at protein levels (42), while in 

MScl patients this protein increased at the mRNA level by 22% compared to 

controls (132). The mitochondrial stress protein 70 (mtHsp70) was found to be 

nitrated in mitochondrial isolates from retina, brain and spinal cord of EAE,  while 

this was not observed in the control animals (46). In MScl lesions and particularly 

in astrocytes and axons, there was an increased immunoreactivity against the 

same protein (133). 2’,3’-Cyclic-nucleotide 3’-phosphodiesterase (CNPase), one of 

the most abundant proteins in the myelin membrane (134) exhibited a shift in 

migration time between EAE susceptible and EAE-resistant healthy mouse strains 

(43). The same protein was recognized by IgG in serum and CSF from MScl 

patients but not from controls (135, 136). Cystatin C, an inhibitor of cystein 

proteases was found to increase in EAE animals compared to control (42). This 

protein was also found to be discriminatory between MScl patients and controls 

(137), but later studies have revealed that this difference might be caused by 

improper storage of the samples (138). 

 

 

Table 4. Proteins that have been discovered at decreased levels in EAE animals compared 

to control. The proteins are listed with references that link them to EAE and MScl. 

Protein  
(down in EAE) 

AC nr. EAE ref. MScl ref. 

Ca2+/Calmodulin kinase 2Alpha P11275 Liu(42) Poggi(99) 

Exitatory amino acid transporter 1 (rat: GLAST, 
human: EAAT1) 

P24942 Ohgoh(21) Werner(97), Vallejo-
Illarramendi(96) 

Exitatory amino acid transporter 2 (rat: GLT1, 
human: EAAT2) 

P31596 Ohgoh(21), 
Liu(42) 

Werner(97), Vallejo-
Illarramendi(96) 
Newcombe(95), Pitt(140) 

Glutamate dehydrogenase 1 P26443 Linker(41) Werner(97) 

Enolase-phosphatase E1  Q8BGB7 Linker(41)   

Guanine nucleotide-binding protein 
G(I)/G(S)/G(T) beta subunit 2/transducin beta 
chain 2 (GBB2) 

P54312 Alt(47)   

Tailless complex polypeptide 1B (TCP) P11983 Alt(47)   

Tailless complex polypeptide 1B (TCP) P11983 Alt(47)   
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Table 5. Proteins that have been detected at different levels in drug treated EAE animals 

compared to non-treated EAE animals. The proteins are listed with references that link 

them to EAE and MScl. 

Protein  
(down with drug treatment) 

AC nr. EAE ref. MScl ref. 

Antihistamine treatment decreases IgG 
(pyrilamine and CV6209)  

  El Behi(50) Logothetis(141), Alonso(142)  

Chemokine ligand 2 (CCL2) (decreases 
after treatment with Losartan) 

Q7TMS1 Stegbauer(65) Szczucinski(89), Kawajiri(86), 
Wosik(88), Otterwald(87) 

Chemokine ligand 10 (CXCL10) (decreases 
after treatment with Losartan) 

P17515 Stegbauer(65) Szczucinski(89), Kawajiri(86), 
Wosik(88), Otterwald(87) 

 

 

Table 6. Proteins that have been detected with discriminatory posttranslational 

modifications in EAE animals compared to control. The proteins are listed with references 

that link them to EAE and MScl. 

Protein PTM AC nr. PTM EAE ref. MScl ref. 

Glyceraldehyde 3-
phosphatase 
dehydrogenase 

P16858 Nitration  Qi(46) Kolln(126) 

Glial fibrillary acidic protein  P47819 Citrullination  Grant(39) Moscarello(143) 

Hsp 70 (mitochondrial) P38647 Nitration Qi(46) Witte(133) 

Myelin basic protein (MBP) P02688 Citrullination Kidd(51) De Seze(144), 
Kim(145), Tranquill(146, 
147), Oguz(146), 
Moscarello(143) 

Neurofilament heavy chain P16884 Phosphorylation  Grant(39), 
Gresle(148) 

Petzold(125) 

Neurofilament light chain P19527 Phosphorylation  Grant(39) Norgren(122) 

Occludin Q6P6T5 Phosphorylation Morgan(44) Proia(149), 
Blecharz(150), 
Minager(151) 

Ser/Thr kinase RIO3  IPI00364947 Citrullination  Grant(39)   

Centrosome-associated 
protein 350  

IPI00207361 Arginine 
methylation  

Grant(39)  
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Complement C1 s 
subcomplement  

Q6P6T1 Lysine 
methylation  

Grant (39)  

  

Discs large homologue 7  IPI00766460 Lysine 
methylation  

Grant(39)  

  

Early endosome antigen 1  IPI00768104 Lysine 
methylation  

Grant(39)  

  

EGF-like domain-
containing protein 4  

IPI00365661 Arginine 
methylation  

Grant(39)  

  

Elongation factor 1-α 2 P62632 Lysine 
methylation  

Grant(39)  

  

Myosin 1E  Q63356 Arginine 
methylation  

Grant(39)  

  

 

NADPH-ubiquinone 
oxidoreductase B14 
subunit of complex I 
(NDUF6A) 

 

Q9CQZ5 

 

Nitration  

 

Qi(46) 

 

  

Nephrocystin 4 orthologue  IPI00764323 Arginine 
methylation  

Grant(39)  

  

Phosphoglycerate mutase 
2  

P16290 Lysine 
methylation  

Grant(39)  

  

Plastin-3  Q63598 Lysine 
methylation  

Grant(39)  

  

PPAR-δ protein  Q62879 Lysine 
methylation  

Grant(39)  

  

Protein phosphatase 1 
regulatory subunit 3E  

P0C7L8 Arginine 
methylation  

Grant(39)  

  

Ribophorin 1 Q6P7A7 Citrullination  Grant(39)  

  

ρ-associated protein kinase 
1 

Q63644 Lysine 
methylation  

Grant(39)  

  

R3H domain isoform 3  IPI00763599 Lysine 
methylation  

Grant(39)  

  

Transcription initiation 
factor TFIID, subunit 5  

IPI00361559 Lysine 
methylation  

Grant(39)  
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Table 7. protein that have been detected with discriminatory migration times between 

EAE animals and controls in Mikkat et al. (43). The proteins are listed with references that 

link them to EAE and MScl. 

Changed migration in B10.S and SJL/J AC nr. EAE ref. MScl ref. 

Neurofilament heavy polypeptide P16884 Mikkat(43) Petzold(125),  

Leucine-rich PPR motif-containing protein Q6PB66 Mikkat(43)   

Advillin Q0VEI6 Mikkat(43)   

Elongation factor G 1, mitochondrial Q8K0D5 Mikkat(43)   

Acylamino-acid-releasing enzyme Q8R146 Mikkat(43)   

Dipeptidyl-peptidase 3 Q99KK7 Mikkat(43)   

Liver carboxylesterase N P23953 Mikkat(43)   

Stress-70 protein (mitochondrial) P38647 Mikkat(43) Witte(133) 

Annexin A6 P14824 Mikkat(43)   

Dihydrolipoyllysine-residue acetyltransferase Q8BMF4 Mikkat(43)   

component of pyruvate dehydrogenase compl 

Putative hydroxypyruvate isomerase Q8R1F5 Mikkat(43)   

Putative uncharacterized protein (Rap1gds1) Q3TA6 Mikkat(43)   

Glutathione synthetase P51855 Mikkat(43)   

2’,3’-Cyclic-nucleotide 3’-phosphodiesterase P16330 Mikkat(43) Lovato(105), Walsh(106) 

3’ (2’), 5’-Bisphosphate nucleotidase 1 Q9Z0S1 Mikkat(43)   

3-Mercaptopyruvate sulfurtransferase Q99J99 Mikkat(43)   

EF-hand domain-containing protein 2 Q9D8Y0 Mikkat(43)   

Enolase-phosphatase E1 Q8BGB7 Mikkat(43)   

Glyoxalase domain-containing protein 4 Q9CPV4 Mikkat(43)   

Carbonic anhydrase 2 P00920 Mikkat(43)   

Glia maturation factor beta Q9CQI3 Mikkat(43)   

Isocitrate dehydrogenase [NADP] cytoplasmic O88844 Mikkat(43)   

Only in SJL       

Apolipoprotein A-I-binding protein Q8K4Z3 Mikkat(43)   

HD domain-containing protein 3 Q9D114 Mikkat(43)   

Only in B10.S       

Peflin Q8BFY6 Mikkat(43)   

 

 

8. Concluding remarks 

 
In this review, the EAE model has been described in terms of proteomic studies. 

Discriminatory proteins discovered in the model have been listed together with 

overlapping proteins discovered in Mscl studies. Many proteins show the same 

behavior in the EAE model and MScl patients; some of them, however, do show 

an opposite response. Reasons for opposite results may be due to the fact that 

studies are done on different sample types, using different methods and different 

targets. Multiple sclerosis is a highly polyfaceted disorder, which makes it 

complicated to find clear and specific markers. There are many factors that can 

affect the outcome in proteomic studies; storage temperature, number of freeze-
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thaw cycles and sample vials as well as analysis technique and sample origin. 

Samples obtained from animal models are far more homogenous than human 

samples, which makes it easier to detect markers in an animal model. However, 

this also gives a flaw in the sense of dynamic behavior of the expression of the 

marker. In order to get reliable, robust, reproducible results which can be 

translated between animal model and human subjects, these factors have to be 

kept under strict control. It should be noted that the EAE model is a model with 

face validity or mimicry of the real disease; therefore, the animal model will never 

be an exact copy of the real situation in patients. Still, by careful, accurate 

experimental designs, the combined use of the EAE model and human subjects 

offers the possibility to reveal the enigma behind this devastating disease and in 

the end give hope to affected people all over the world. 
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Abstract 

In order to standardize the use of cerebrospinal fluid (CSF) for biomarker research, 

a set of stability studies have been performed on porcine samples to investigate 

the influence of common sample handling procedures on proteins, peptides, 

metabolites and free amino acids. This study focuses at the effect on proteins and 

peptides, analyzed by applying label-free quantitation using microfluidics nano-

scale liquid chromatography coupled to quadrupole time-of-flight mass 

spectrometry (chipLC-MS) as well as matrix assisted laser desorption ionization 

Fourier transform ion cyclotron resonance mass spectrometry (MALDI-FT-ICR-

MS) and Orbitrap LC-MS/MS to trypsin-digested CSF samples. The factors 

assessed were a 30 or 120 min time delay at room temperature before storage at -

80 °C after the collection of CSF in order to mimic potential delays in the clinic 

(delayed storage), storage at 4 °C after trypsin digestion to mimic the time that 

samples remain in the cooled auto-sampler of the analyzer, and repeated freeze-

thaw cycles to mimic storage and handling procedures in the laboratory. The 

delayed storage factor was also analyzed by gas chromatography mass 

spectrometry (GC-MS) and liquid chromatography mass spectrometry (LC-MS) 

for changes on metabolites and free amino acids, respectively. Our results show 

that repeated freeze/thawing introduced changes in transthyretin peptide levels. 

The trypsin digested samples left at 4 °C in the autosampler showed a time-

dependent decrease of peak areas for peptides from prostaglandin D-synthase and 

serotransferrin. Delayed storage of CSF lead to changes in prostaglandin D-

synthase derived peptides as well as to increased levels of certain amino acids and 

metabolites. The changes of metabolites, amino acids and proteins in the delayed 

storage study appear to be related to remaining white blood cells. Our 

recommendations are to centrifuge CSF samples immediately after collection to 

remove white blood cells, aliquot and then snap freeze the supernatant in liquid 

nitrogen for storage at -80 °C. Preferably samples should not be left in the 

autosampler for more than 24 hours and freeze/thaw cycles should be avoided if 

at all possible. 
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1. Introduction 

 
In the search of molecular biomarkers for disorders of the central nervous system 

(CNS), such as Alzheimer’s Disease (AD) or Multiple Sclerosis (MScl), 

cerebrospinal fluid (CSF) is the body fluid of choice because of its proximity to the 

diseased tissue and its relative ease of sampling (1-9). In order to obtain reliable 

results and reduce the risk of detecting false biomarker candidates it is important 

to handle samples properly and to control for the effect of pre-analytical 

parameters on proteins or metabolites. Earlier a cleavage product of cystatin C 

was reported as a possible biomarker for MScl, but later studies revealed that this 

cleavage product was not linked to the disease but rather to the storage conditions 

(10-12). This observation emphasizes that keeping control over factors such as 

storage conditions, number of freeze/thaw cycles and the collection of CSF itself is 

critical.  

Studies on urine and plasma or serum have shown that internal (protease 

activity, blood contamination and protein concentration) as well as external factors 

(storage, handling, and analysis method) crucially affect the proteome profile (13-

17). There are a few reports on the stability of single proteins in CSF connected to 

AD18-21 as well as on the effect of storage temperature (4 °C or 23 °C) on the 

proteome profile of CSF by analyzing intact proteins and peptides with surface-

enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-

TOF-MS) (20, 22).  

Two studies on canine CSF report the effect of storage temperature on 

protein concentration, glucose level, pH and enzyme activity (23) as well as the 

effect of storage temperature, with or without addition of stabilizing agent, on the 

cell count (24). Furthermore, guidelines have been published concerning pre-

analytical factors that should be examined (e.g. cytological examination and 

glucose concentration measurement) leading to recommendations for proteomic 

CSF analysis (25-27). 

Many of the studies evaluating the influence of pre-analytical factors on 

protein composition in body fluids have been performed by SELDI-TOF-MS (15, 

16, 22, 28) a method that suffers from rather poor concentration sensitivity and 

that may be prone to mass spectrometric artifacts (29). More sensitive approaches 

using enrichment of proteins and peptides on magnetic bead separators or 

separation by Liquid Chromatography (LC) followed by Matrix-Assisted Laser 

Desorption Ionization Time-Of-Flight Mass Spectrometry (MALDI-TOF-MS) have 

also indicated that conditions of sample handling and preparation are critical (14, 

30-36). 

In a study conducted by Anesi et al. the level of amino acids (Glu, Gly, Asp 

and Tau) was analyzed with respect to different storage conditions (-20 °C and -80 
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°C) after a number of pre-treatments (deproteinization, neutralization, no 

treatment) (37). This study indicated changes in the amino acid concentrations in 

samples that were not treated prior to long term storage. Another study by Levine 

et al. reported the effect of storage at room temperature (for 72 hours) on CSF 

metabolites (31). In this study the samples had been stored at -70 °C for 30 months 

prior to analysis by NMR. NMR analysis revealed changes in metabolite 

concentration with both increasing and decreasing concentration levels. 

In this paper we describe a study into the effects of pre-analytical factors 

on the porcine CSF proteome and metabolome using a variety of techniques 

comprising LC-MS, GC-MS and MALDI-FT-ICR-MS.  

 

 

2. Material and Methods 

2.1. Sample set 
Porcine CSF was collected at the Animal Sciences Group, Wageningen University, 

Division of Infectious Diseases, Lelystad, The Netherlands. Five conventional pigs 

(ca. 100 kg weight, males) were euthanized and CSF was sampled from the 

cerebromedullary cistern of the subarachnoid space in the cervical region directly 

after euthanasia. Euthanasia was performed by intravenous injection of T61® 

(Embutramid) (pig 3 [P3] and pig 7 [P7]) or pentobarbital (pig 2 [P2], pig 4 [P4] 

and pig 5 [P5]) followed by exsanguination. Samples  (~10 mL) were taken under 

mild suction (using a syringe with a 22 G needle), transferred to a 50 mL Falcon 

tube and immediately transported to the laboratory where contamination with red 

blood cells (RBC) and white blood cells (WBC) was assessed with an F-800 cell 

counter (Sysmex). The CSF samples from P2 contained 40 RBC/µL and 40 

WBC/µL, P4 contained 40 RBC/µL and 60 WBC/µL and P5 had 120 RBC/µL and 40 

WBC/µL before centrifugation (10 min, 1500 g). RBC or WBC were undetectable 

after centrifugation. The CSF from P3 and P7 showed no contamination with RBC 

but both contained 100 WBC/µL (samples were not centrifuged). 

Aliquots of samples (1.5 mL) were directly snap-frozen in liquid nitrogen 

(T0). Further aliquots were left for 30 min (T30) or 2 h at room temperature (T120) 

before being frozen in liquid nitrogen and stored at -80 °C. The aliquots were 

stored in 2 mL Nalgene Cryo-100-025u sterile tubes (part # N.Alg 5000-0020). For 

studying the effect of WBC contamination on stability at room temperature 

between CSF collection and freezing, samples T0, T30 and T120 of P3, P7 (not 

centrifuged) and P2, P4 and P5 (centrifuged) were compared. For the freeze/thaw 

study sample T0 from P3 was used and for evaluating stability of trypsin-digested 

CSF at 4 °C T0 from P2 and P4 was used. The total protein concentration of the 

samples was measured using the Micro BCA™ Assay (Pierce, Rockford, IL, USA). 

For proteomics analysis CSF was depleted of the six most abundant serum 
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proteins and digested with trypsin (see section 2.3). The mean protein 

concentration in the non depleted samples was 870 ng/µL and in the depleted 

samples it was 50 ng/μL (Relative Standard Deviation (RSD): < 10% measured in 

triplicate). 

A quality control (QC) sample was prepared to control for analytical 

variability during the chipLC-MS analyses. This sample consisted of pooled, 

depleted, trypsin-digested porcine CSF spiked with digested horse heart 

cytochrome C (Fluka, part # 30396) (final concentration 100 fmol/μL). Prior to the 

study all porcine CSF samples were exposed to two freeze/thaw cycles 

(sampling/storage and depletion/storage). After this the samples were exposed to 

at most two further freeze/thaw cycles before analysis (aliquoting and storage 

between digestion and analysis). 

After depletion the CSF was stored, and all reactions were carried out in 1.5 or 2 

mL reaction tubes (Greiner Bio-One, part # 616 201/623 201). After digestion the 

samples were transferred to plastic inserts (Waters, Milford, MA, USA, part # 

WAT094170) inside glass vials with screw caps (Agilent Technologies, Santa Clara, 

CA USA, part # 5187-0716 + 5182-0717).  

 

2.2. Design of study  
In this study three pre-analytical parameters were assessed: 1. Delayed storage 

after sample collection; porcine CSF was frozen at three different time points after 

sampling (0, 30, 120 min at room temperature without centrifugation or after 

centrifugation). The proteome profile was first assessed on the chipLC-MS 

platform and subsequently by MALDI-FT-ICR-MS in a separate laboratory. 

Furthermore the metabolome profile was assessed using two different analytical 

platforms in two separate laboratories (see sections 2.4 – 2.8). 2. Number of 

freeze/thaw cycles of depleted CSF; the proteome profile of depleted porcine CSF 

exposed to different numbers of freeze/thaw cycles (control, 1×, 2×, 3×, 4×, 5× and 

10× cycles) was assessed by chipLC-MS. 3. Storage of depleted/digested CSF at 4 

°C; after depletion and digestion CSF was left at 4 °C for up to one month (control, 

1 day, 1 week and 1 month) and the effect was assessed by chipLC-MS.  

 

2.3. Sample preparation (proteomic analysis) 
For proteomic analysis all CSF samples were depleted of 6 highly abundant 

proteins; albumin, IgG (immunoglobulin G), IgA (immunoglobulin A), 

haptoglobin, transferrin and α-1-Antitrypsin by immuno-affinity chromatography. 

Prior to depletion 200 μL of porcine CSF was concentrated 20 times on an 

Ultrafree® -0.5 centrifugal filter device (5 kDa cut-off, Millipore, Billerica, MA, 

USA) by centrifugation for 20 min at 12000 rpm (11290 g) at 4 °C. After 

centrifugation ~10 μL of concentrated CSF (retentate of > 5 kDa) remained on the 
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filter. This retentate was diluted in Buffer A (Agilent, part # 5185-5987) to a final 

volume of 135 μL at 4 °C, transferred to a 0.22 μm cellulose acetate spin filter 

(Agilent, part # 5185-5990) and centrifuged for 20 min at 13000 rpm (13250 g) (4 

°C) to remove particulates. The filtrate was transferred to a sample vial (Agilent, 

part # 5182-0716 + blue screw cap 5182-0717) with a 300 µL insert (Waters, part # 

WAT094170) and 110 μL were injected on a Multiple Affinity Removal column, 

Hu-6 (Human), 4.6 × 50 mm, (Agilent, part # 5185-5984) using an ÄKTA FPLC 

system (Amersham Biosciences, Uppsala, Sweden) with detection at 280 nm. The 

system was connected to a cooled autosampler (4 °C) and fraction collector. The 

following elution scheme was used; 0-10 min, 100% buffer A (0.25 mL/min); 10-

13.5 min 100% buffer B (part # 5185-5988, Agilent) (1 mL/min); 13.5-20 min 100% 

buffer A (0.25 mL/min). The flow-through fraction (depleted CSF collected 

between 2.8-5.3 min) of a total volume of ~0.6 mL was collected. The depleted 

protein fraction (containing the 6 depleted proteins) was also collected between 

11.6-13.2 min in a total volume of ~1.6 mL. Both fractions were snap frozen in 

liquid nitrogen and stored at -80 °C until further use. 

The digestion of CSF for proteomics analysis was done according to the 

following procedure; 30 μL CSF and 30 μL 0.1% RapiGest™ (in 50 mM 

ammonium bicarbonate) (Waters) were added to the same sample tube (Greiner 

Bio-One, Alphen aan den Rijn, The Netherlands, part # 623201). The sample was 

reduced by adding 0.6 μL 1,4-dithiotreitol (DTT) (0.5 M) followed by incubation at 

60 °C for 30 min After cooling to room temperature the sample was alkylated with 

3μL iodoacetamide (IAM) (0.3 M) in the dark for 30 min at room temperature and 

0.6 μL sequencing grade modified trypsin (Promega, Madison, WI, USA part # 

V5111) (125 ng/µL) was added to give a trypsin to protein ratio of 1:20 (w/w). The 

sample was incubated for ~16 h at 37 °C with slight vortexing (450 rpm) in a 

thermomixer comfort (Eppendorf). Thereafter 6 μL hydrochloric acid (0.5 M) was 

added to stop the digestion followed by incubation for 30 min at 37 °C to 

hydrolyze the RapiGest™. The sample was centrifuged at 13000 rpm (13250 g) for 

10 min at 4 °C to remove the insoluble part of the hydrolyzed RapiGest™ and any 

particulates that might block the LC-chip. 60 μL of the liquid phase was 

transferred to six screw cap vials (Agilent) with 300 μL inserts (Waters) in 10 μL 

aliquots for chipLC-MS analysis.  

 

2.4. ChipLC-MS(/MS) proteomic analysis  
A quadrupole-time-of-flight (QTOF) mass spectrometer (Agilent 6510) with a 

liquid chromatography-chip electrospray ionization (LC-chip ESI) interface was 

coupled to a nano LC system (Agilent 1200) with an 8 μL injection loop. The 

instrument was operated under the MassHunter Data Acquisition software 

(version B.01.02/B.01.03; Build 1.3.157.0; Agilent Technologies, Santa Clara, USA). 

To compare peptide profiles, samples were analyzed by LC-MS and the 
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discriminatory peptides were identified and assigned to proteins by targeted LC-

MS/MS. For the freeze-thaw and the 4 °C storage studies an LC-chip with a 40 nL 

trap column was used (Protein ID chip #2; G4240-62002; Agilent Technologies; 

separating column: 150 mm × 75 µm Zorbax 300SB-C18, 5 µm; trap column: 40 nL 

Zorbax 300SB-C18, 5 µm). For the delayed storage study an LC-chip with a 160 nL 

trap column was used (Protein ID chip #3; G4240-63001 SPQ110: Agilent 

Technologies; separating column: 150 mm × 75 µm Zorbax 300SB-C18, 5 µm; trap 

column: 160 nL Zorbax 300SB-C18, 5 µm). For LC separations the following 

solutions were used; A: ultra-pure water (conductivity 18.2 MΩ, Elga Labwater, 

Ede, The Netherlands) with 0.1% formic acid (98-100%, pro analysis, Merck, 

Darmstadt Germany); B: acetonitrile (HPLC-S gradient grade, Biosolve, 

Valkenswaard, The Netherlands) with 0.1% formic acid. 8 µL depleted, digested 

sample (section 2.3.) was injected on the trap column at a flow rate of 3 μL/min 

(3% B). After ~3 min the trapped peptides were transferred to the separation 

column at a flow rate of 250 nL/min. For the freeze/thaw and the 4 °C storage 

studies peptides were eluted from the separation column using the following 

program: 80 min linear gradient from 3 to 50% B, 5 min linear gradient from 50 to 

70% B, 20 min linear gradient from 70 to 3% B. For the delayed storage study the 

gradient program was set up as follows; 80 min linear gradient from 3 to 40% B; 10 

min linear gradient from 40 to 50% B; 10 min linear gradient from 50 to 3% B.  

The MS settings were the following; mass range: 100-2000 m/z (delayed storage 

50-2000 m/z), acquisition rate: 1 spectrum/sec (delayed storage 0.9 spectra/sec), 

data storage: profile, fragmentor: 175 V, skimmer: 65 V, OCT 1 RF Vpp: 750 V. The 

spray voltage was ~1800 V, drying gas (N2) temp: 325 °C, drying gas flow: 6 L/min. 

Mass correction was done during analysis using internal standards (methyl 

stearate m/z: 299.294457 and HP-1221 m/z: 1221.990637) continuously evaporating 

from a wetted wick inside the spray chamber. 

For protein identification, selected peptide ions were fragmented by 

collision-induced dissociation. The MS/MS settings used were the following; 

fragmentor: 175 V, skimmer: 65 V, OCT 1 RF Vpp: 750 V, precursor ion selection: 

medium (4 m/z), mass range: 200-2000 m/z, acquisition rate MS: 4 scans/sec, 

acquisition rate MS/MS: 3 scans/sec, collision energy 4 V/100 Da, offset: 2 V. 

Collision energies for targeted ions; (4 °C storage) m/z 369.188, z = 2: 16 V, m/z 

681.858, z = 2: 27 V, (delayed storage) m/z 638.655, z = 3: 25 V, m/z 921.443, z = 4: 30 

V, m/z 957.479, z = 2: 35 V. In the freeze-thaw study fragmentation spectra were 

obtained by auto-MS/MS; precursor setting: maximum 3 precursors/cycle, 

absolute threshold: 1000, relative threshold: 0.01% of the most intense peak, active 

exclusion enabled after 2 selections, release of active exclusion after 0.15 min, 

precursors sorted by abundance only. The MS/MS files were stored in centroid 

mode with a threshold of; MS: 300/0.01(absolute/relative threshold), MS/MS: 

100/0.01. 
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In order to assess the reproducibility of the analytical platform and exclude 

method-related changes in peak areas, each sample was analyzed five times in a 

randomized order with blank runs and QC samples between every 5th or 10th 

sample injection (depending on the total number of samples analyzed in one 

batch). Each sample was divided over 6 vials. Only one injection was done from 

each vial to avoid changes caused by changing surface to volume ratios Each 

sample was left in the autosampler for no more than 24 h at 4 °C. The QC samples 

were injected in order to calculate the repeatability of the method over the course 

of the analysis in terms of mass accuracy, retention time and peak area. Selected 

cytochrome C peptides were smoothed (Gaussian function: width 15 points (1.08 s 

between each data point) and integrated for calculation of the relative standard 

deviation (RSD) with respect to peak area and retention time. The peak area RSD 

was within +/- 20% and the retention time shifts were less than +/- 0.5% (7 sec.) for 

the selected peaks. Mass accuracy was calculated as a mean of five measurements 

of each selected ion and compared to the theoretical mass of the originating 

peptides and was below +/- 7 ppm. Overall these data confirm the performance of 

the chipLC-MS system as reported before.39 

Prior to starting the analyses the linear range of the chipLC-MS system was 

determined in order to define the maximal amount of digested CSF that could be 

injected without column overloading (extensive peak broadening) or saturation of 

the detector of the mass spectrometer (ion signal does no longer increase with 

increasing injected amount) (data not shown). The injection volume was 8 μL 

(~200 ng [4 pmol]) for the CSF stability samples and 5 µL for the QC samples (~125 

ng [2.5 pmol], 500 fmol cytochrome C) (assuming a mean protein mass of 50 kDa). 

Repeatability of the analysis is depicted in Figs. 1, 4 and 5 in the form of box and 

whisker plots.  

 

2.5. Data processing of chipLC-MS(/MS) data 
The raw LC-MS data were pre-processed using the Agilent MassHunter 

Qualitative Analysis software (version B.01.02/B.01.03; Build 1.3.157.0;) (Agilent). 

The data was analyzed both manually and with two in-house developed data 

processing pipelines (40-42). Using the manual method conditions were compared 

to each other by overlaying chromatograms (total ion chromatograms, [TIC] and 

base peak chromatograms, [BPC]) in the MassHunter software. In regions with 

visible differences between the conditions, extracted ion chromatograms (EIC’s) 

were compared for peaks that were multiply-charged (trypsin digested proteins 

analyzed on this instrument give rise to at least doubly charged ions). Peaks that 

appeared to be discriminating were smoothed (Gaussian function: width 15 points 

(1.08 s between each data point)) and integrated. Peak areas were compared using 

a two-tailed Student’s t-test (Microsoft Office Excel 2007) and box plots were 

created in Origin 7.0.    
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For more extensive data analysis, two different data processing workflows 

were used. An in-house data processing method developed in Matlab40 and a 

data processing approach developed in C++ (42). For both approaches, raw data 

was converted to MzData.XML. in profile mode. These files were further 

converted to ASCII format with the following parameter settings; peak intensity: > 

300 counts, mass range: 200-1600 m/z (no multiply charged ions were found 

outside this range), retention time range: 3-80 min (elution range of the peptides). 

The Matlab workflow consists of the following steps; meshing the raw data in the 

m/z dimension to 1 amu mass resolution using Gaussian smoothing followed by 

peak picking based on MN-rules with M = 3 and N = 8 (43). One dimensional peak 

matching was performed using a sliding window along a given m/z trace (1 min 

width and 0.1 min interval step) to create an aligned peak matrix containing the 

intensities of the matched peaks from the different samples where the row 

corresponds to the peak number and the column to the sample number. 

In the C++ programmed data processing workflow the data was meshed to 

an evenly spaced grid with a Gaussian algorithm of 0.01 amu mass resolution. 

From these ‚meshed‛ files, the 10 000 most intense peaks were picked using a 

slope-based geometric peak picking algorithm. In order to compare 

chromatograms, peaks were time-aligned using warp2D, which uses the 

overlapping peak volume of the extracted peaks as a two-dimensional benefit 

function to drive the optimization procedure to obtain optimal retention time 

correction. Peaks from different LC-MS runs were matched after alignment 

resulting in one aligned matrix containing the average height, the average 

retention time and the average m/z value for each peak. Columns correspond to 

the individual samples (chromatograms) and rows to the matched peaks.  

Using the aligned peak matrices from both workflows, a double cross-

validated Nearest Shrunken Centroid (NSC) algorithm (44) was applied to classify 

samples according to the evaluated pre-analytical conditions and to detect peaks 

that changed due to changing pre-analytical parameters. EIC’s were subsequently 

extracted for these peaks from the raw data focusing on those peaks that occurred 

at the highest shrinkage and lowest cross validation error. All ions in the list of 

selected peaks were assessed with respect to their charge state. Only ions with a 

charge of +2 or higher were further analyzed as described above for the manual 

method. Class separation based on discriminatory peaks selected by the NSC 

algortithm was visualized after Principal Component Analysis (PCA). 

For each peak that by univariate statistical analysis (two-tailed Student’s t-

test) proved to be discriminatory between the sample groups, based on its p-value 

being below 0.05 (confirmed in a second, independent set of analyses), 

fragmentation spectra were manually extracted from the obtained MS/MS data 

files, each selected spectrum was converted to the Mz.Data.XML format and 

exported to the PhenyxOnline data base search tool (Geneva Bioinformatics, 
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version 2.5/2.6; for details about parameters see Figure S.1 in Supporting 

Information). The databases searched were uniprot_sprot (56.5_25_Nov_2008) and 

uniprot_sprot_rev (56.5_25_Nov_2008) (the later database is a reverse version of 

uniprot_sprot and serves to determine the false positive rate). Taxonomy: 

mammalian, scoring model: ESI-QTOF (QTOF), parent charge: +2, +3, +4 (trust the 

charge). The search was done in two subsequent rounds. The following search 

parameters were common for both rounds: peptide/AC score: ≥ 5, peptide length: 

≥ 5, p-value < 0.0001, enzyme: trypsin (KR), missed cleavage: ≤ 1, parent tolerance: 

10 ppm. The following search parameters differed between round 1 and round 2 

of the search. Round 1: amino acid modifications: Cys_CAM (carboxy 

methylation, fixed), Oxidation_M (oxidation of methionine, variable, ≤ 2); Round 

2: Cys_CAM (fixed), Oxidation_M (variable, ≤ 2), Oxidation_HW (oxidation of 

histidine and tryptophan, variable, ≤ 2), DEAMID (deamidation, variable, ≤ 2), 

PHOS (phosphorylation, variable, ≤ 2). The cleavage mode was set to ‘normal’ for 

round 1 and to ‘half cleaved’ for round 2. The collision spectrum from each ion 

was manually evaluated, only fragments with intensities clearly above the 

background noise (50-100 counts) were considered. 

 

2.6. MALDI-FT-ICR-MS and Orbitrap LC-MS/MS proteomic 

analysis 
The samples were depleted and digested as described in section 2.3. A matrix 

solution was prepared by dissolving 10 mg 2.5-dihydroxybenzoic acid (DHB) in 1 

mL 0.1% TFA/water. All samples were desalted by loading them on C18 material 

and washing the samples with 0.1% TFA/water. Subsequently the samples were 

eluted in 10 µL 50% acetonitrile / 0.1% TFA in water. From each sample, 0.5 µL of 

eluate was added to 0.5 µL of the matrix solution on a MALDI target plate 

(600/384 AnchorChipTM with transponder plate, Bruker Daltonics, Germany). All 

samples were manually spotted in duplicate. After drying at room temperature 

the samples were measured manually on an APEX IV Qe 9.6 Tesla MALDI-FT-ICR 

mass spectrometer (Bruker Daltonics, USA) equipped with the first version of the 

vacuum Combisource, and a 20 Hz nitrogen laser with an irradiation area of ~200 

µm. Multishot accumulation was used as recommended in the literature (45-47). 

Ten laser shots were accumulated in the storage hexapole, transferred to the FT-

ICR cell, and scanned for 0.78 seconds. Fifty scans were summed for each mass 

spectrum. The acquisition mass range was m/z 800 to 4000. The mass spectra were 

subsequently apodized and zerofilled twice. An external mass calibration using 

Pepmix standard (Bruker Daltonics, Germany) was applied using a quadratic 

equation. All samples were measured until the highest peak in the spectrum had 

attained a pre-determined intensity of 107counts. For each spectrum, all peak 

intensities were normalized relative to this peak. The mass spectrometer was 
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operated under Xmass version 7.0.8 and the data analysis was done using the 

DataAnalysis version 3.4 (both from Bruker Daltonics). 

LC-MS/MS measurements, for identification of the peptide peaks that by 

visual inspection showed differential abundance by MALDI-FT-ICR-MS, were 

carried out on an Ultimate 3000 nano LC system (Dionex, Germany) online 

coupled to a hybrid linear ion trap /Orbitrap mass spectrometer (LTQ Orbitrap 

XL; Thermo Fisher Scientific, Bremen, Germany) (Orbitrap LCMS/MS). 5 µL digest 

was injected onto a C18 trap column (C18 PepMap, 300 µm ID × 5 mm, 5µm 

particle size, 100 Å pore size; Dionex, Amsterdam, The Netherlands) and desalted 

for 10 min using a flow rate of 20 µL /min 0.1% TFA. The trap column was then 

switched online to the analytical column (PepMap C18, 300 μm ID × 5 mm, 3 μm 

particle and 100 Å pore size; Dionex, The Netherlands) and peptides were eluted 

with the following binary gradient: 0% - 25% solvent B for 120 min and 25% - 50% 

solvent B for further 60 min, where solvent A consists of 2% acetonitrile and 0.1% 

formic acid in water and solvent B consists of 80% acetonitrile and 0.08% formic 

acid in water. Column flow rate was set to 300 nL/min For MS detection a data 

dependent acquisition method was used starting with a high resolution survey 

scan from 400 – 1800 m/z. This was detected in the Orbitrap (target value of 

automatic gain control (AGC) 106, resolution 30,000 at 400 m/z; lock mass was set 

to 445.120025 u (protonated (Si(CH3)2O)6). Based on this survey scan the 5 most 

intense ions were consecutively isolated (AGC target set to 104 ions) and 

fragmented by collision induced dissociation (CID) applying 35% normalized 

collision energy in the linear ion trap. Precursors that had been selected for MS/MS 

were excluded for further CID for 3 minutes. Peptides were identified using the 

Bioworks 3.2 software package (Thermo Fisher Scientific, Germany) and its’ 

Sequest feature adhering to the HUPO criteria with XC scores of 1.8, 2.2 and 3.1 

for singly, doubly and triply charged ions, respectively, in the uniprot_sprot 

(56.5_25_Nov_2008, taxonomy: mammalia) database. The cut-off for mass 

differences with the theoretical mass of the identified peptides was set at 2 ppm. 

For identification of the peptides the Sequest feature of the Xcalibur software 

package was used (Thermo Scientific).  

 

2.7. GC-MS metabolomic analysis  
A non-targeted GC-MS method including a derivatization step, that has frequently 

been applied for metabolomics studies (48), was used to analyze various classes of 

(polar) metabolites simultaneously (e.g. amino acids, organic acids, fatty acids, 

sugars). In short lyophilized CSF samples (100 μL) were derivatized using a 

solution of ethoxyamine hydrochloride in pyridine as the oximation reagent 

followed by silylation with N-methyl-N-(trimethylsilyl)trifluoroacetamide 

principally as described earlier (48) 1 μL aliquots of the derivatized samples were 

injected in splitless mode on an HP5-MS 30 mm × 0.25 mm × 0.25 mm capillary 
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column (Agilent Technologies, Palo Alto, CA) using a temperature gradient from 

70 °C to 320 °C at a rate of 5 °C/min. The GC-MS analysis was performed using an 

Agilent 6890 gas chromatograph coupled to an Agilent 5973 quadrupole mass 

spectrometer. Detection was carried out using MS detection in electron impact 

ionization (70 eV) and full scan monitoring mode (m/z 15-800). During the 

different steps in the sample work-up, i.e. lyophilization, derivatization and 

injection, different (deuterated) internal standards (leucine-d3, glutamic acid-d3, 

phenylalanine-d5, glucose-d7, alanine-d4, cholic acid-d4, dicyclohexylphthalate, 

Sigma-Aldrich Chemie B.V. (Zwijndrecht, the Netherlands), typical purity of 

standards > 97% atom D) were added at a level corresponding to the concentration 

of analytes in the QC sample. The samples were derivatized in duplicate, 

(excepted for t=0) and each derivatized sample was injected twice in a random 

manner. 

Data-pre-processing was carried out by automated peak integration 

followed by a manual check. This resulted in a target list of 79 peaks (both known 

and unknown metabolites) characterized by a combination of retention time and 

m/z ratio. All peak areas were subsequently normalized using the internal 

standard dicyclohexylphthalate (DCHP). These normalized target lists were used 

for further statistical analysis. Identities were assigned based on the presence of 

library searching of the identical mass spectra in the TNO database. 

Multivariate data-analysis (PCA and PCDA) was performed in the Matlab 

environment (version 6.5.1 Release 13, The Mathworks, 2003) using in-house 

written routines and the PLS toolbox (version 3.0.2, Eigenvector Research, 2003). 

Student’s t-test was applied to all amino acids and known metabolites. Metabolites 

that showed a significant difference in both samples (p < 0.05) were considered as 

discriminatory and some of them were represented as box plots. The analytical 

error was within +/-20% based on replicated injections of the samples. 

 

2.8.  LC-MS analysis of amino acids 
 Briefly, 10 µL of internal standard (13C15N-labeled amino acids; Asp_C13N15, 

Glu_C13_N15, Asn_C13N15, Gln_C13N15, Gly_C13N15, Thr_C13_N15, Ala_C13_N15, 

Arg_C13N15, Tyr_C13N15, Val_C13N15, Met_C13N15, Trp_C13N15, Phe_C13N15, 

ILe_C13N15, Leu_C13N15, Lys_C13N15, Pro_C13_N15, Cambridge Isotope Laboratories, 

Inc; Andover, MA, USA) with a concentration range of 70 ng/mL – 930 ng/mL for 

different amino acids were added to 10 µL of CSF followed by addition of 100 µL 

of methanol. The mixture was vortexed for 10 s and centrifuged at 10.000 rpm 

(9408 g) for 10 min at 10 °C. The supernatant was dried under N2 and the residue 

was dissolved in 80 μL borate buffer (pH 8.5). After 10 s vortexing, 20 μL of AQC 

reagent (Waters part #: 186003836) was added and the mixture was vortexed 

immediately. The sample was heated 10 min at 55 °C. Each sample (except P3: T0) 

was prepared in duplicate. After cooling 1 μL of the reaction mixture was injected 
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in duplicate on a UPLC-MS/MS system comprising an ACQUITY UPLCTM system 

with autosampler (Waters Chromatography B.V., Etten-Leur, The Netherlands) 

coupled to a Quattro Premier Xe tandem quadrupole mass spectrometer (Waters 

Corporation) and analyzed in positive-ion electrospray mode. The instrument was 

operated under the MassLynx data acquisition software (version 4.1; Waters). The 

samples were analyzed on an AccQ-TagTM Ultra 2.1 × 100 mm (1.7 μm particle 

size) column (Waters) and a binary gradient system of water/eluent A (10:1, v/v) 

(AccQ Tag, Waters) and 100% eluent B (Accq Tag, Waters). Analytes were eluted 

by ramping the percentage of eluent B from 0.1 to 90% in approx. 9.5 min using a 

combination of both linear and convex profiles. The flow-rate was 0.7 mL/min, the 

column temperature was maintained at 60 °C and the temperature of the 

autosampler tray was set to 10 °C. After each injection the injection needle was 

washed with 200 μL strong wash solvent (95% ACN), and 600 μL weak wash 

solvent (5% ACN). All analytes were monitored by Selective Reaction Monitoring 

(SRM) using nominal mass resolution (FWHM 0.7 amu).  Next to the 

derivatisation reagent all amino acids were selectively monitored via the transition 

from the protonated molecule of the AccQ-Tag derivative to the common 

fragment at m/z 171. Collision energy and collision gas (Ar) pressure were 22 eV 

and 2.5 mbar, respectively. The complete chromatogram was divided into 6 time 

windows, restricting the number of SRM transitions to follow and allowing 

quantitative information to be gathered in each segment. Acquired data was 

evaluated using MassLynx software (version 4.1; Waters). Quantification and pre-

data analysis was done using LC-QuanLynx (Waters) and Microsoft Office Excel 

2003 (Microsoft, Redmond, WA, USA), respectively.  Data was analyzed by 

Student’s t-test (T0 vs. T30, T30 vs. T120 and T0 vs. T120) and amino acids that 

showed significant differences between the sample groups (p < 0.05) in samples 

from P3 and P7 were considered as discriminating. The data from P3 and P7 were 

combined and box plots were created for the discriminatory peaks (Origin 7.0). 

PCA plots were created to visualize classifications based on the discriminatory 

amino acids. The repeatability of the measurement of significantly discriminatory 

amino acids was +/-21 % based on the replicated analysis of each sample. 

 

 

3. Results and Discussion 

3.1. Effect of delay time between sample collection and freezing 

on the CSF proteome and metabolome (Delayed Storage)  
In the clinical situation it may not always be possible to treat samples taken from 

patients immediately by centrifugation in a refrigerated centrifuge and snap 

freezing. It is therefore important to record changes that may occur during this 

time period in order to discriminate them from disease-related changes. In order 
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to follow proteome and metabolome profiles of CSF, samples were left at room 

temp (30 and 120 minutes) directly after sampling without centrifugation and after 

centrifugation before being frozen and stored at -80 °C. The CSF proteome was 

analyzed by chipLC-MS and followed up by MALDI-FT-ICR-MS. Non-centrifuged 

samples were also analyzed for differences in metabolite profiles by LC-MS 

(amino acid analysis) and GC-MS. 

Non-centrifuged porcine CSF that was left at room temperature after 

sampling showed differences in terms of peak areas of certain peptides, although 

the sample was free of red blood cells, a criterion that is often applied to CSF for 

acceptance or rejection in proteomics (47, 49) 

Figure 1A depicts a discriminatory region in the base peak chromatograms 

(BPC’s) from a sample (P7), where visible changes were detected as a result of 

increasing the time delay between sampling and freezing (chipLC-MS method). 

Three peptide-related peaks increased strongly in CSF that was left for 30 min or 

120 min at room temperature. Figure 1B shows the extracted ion chromatograms 

(EIC’s, detection window +/- 50 ppm) corresponding to these discriminatory peaks 

related to two peptides (m/z: 638.655 [z: 3, Mw: 1912.943], m/z: 957.479 [z: 2, Mw: 

1912.943], m/z: 921.443 [z: 4, Mw: 3681.743]). Univariate statistical comparison of 

the peak areas from 5 repetitive analyses (Figure 1C) showed that the observed 

differences are highly significant with p- values below 0.001 (T0 vs. T30 and T0 vs. 

T120) indicating that these peptides may serve as stability markers especially in 

already existing CSF sample collections.  Differences in peak areas between T30 

and T120 are not statistically significant (p > 0.05) indicating that the changes occur 

rather rapidly following CSF sampling. Multivariate statistical analysis by PCA 

showed that classification of all sample groups (T0, T30, T120) is possible based on 

these discriminatory peaks (Figures S.6 - S.8, Supporting Information). In order to 

assure that the observed differences were not animal-specific, the discriminatory 

peaks were confirmed in CSF from another animal (P3) supporting our findings 

(data not shown). The discriminatory ions were subsequently identified as two 

tryptic peptide fragments of prostaglandin-D synthase (PTGDS_PIG, Q29095, no 

hit in reverse data base) by LC-MS/MS analysis (see Figures S.2-S.5 in Supporting 

Information for details). MALDI-FT-ICR-MS pointed to another peptide 

originating from prostaglandin-D synthase (m/z: 1350.705 [z: 1, Mw: 1349.697]) 

that changed with increasing delay time. However, instead of increasing with time 

delay, this peptide decreased in intensity (Supporting Information S.19 - S.22). 

While both analyses show that prostaglandin D-synthase-derived peptides change 

in abundance upon Delayed Storage, further analyses are needed to explain the 

changes of these peptides in terms of structural alterations of the enzyme.  

To assess the stability of the observed peptides in cell-free porcine CSF, 

samples were centrifuged prior to incubation at room temperature for 30 or 120 

min, snap-freezing and storage at -80 °C. Interestingly, no significant change in 
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peak area of the respective peptides was observed between the groups indicating 

that changes might be related to remaining WBCs that may release proteases upon 

Delayed Storage. 

 

 
 

Figure 1. A. Base peak chromatograms of the chipLC-MS proteomic analysis of depleted, 

trypsin-digested, non-centrifuged porcine CSF with delay times of 0, 30 or 120 min at 

room temperature (T0, T30, T120) between CSF collection and freezing in liquid nitrogen. 

The encircled regions show peaks at ~39 min and ~46 min retention time that change with 

increasing delay time. B. Extracted ion chromatograms (detection window +/- 50ppm) of 

three peaks, derived from two peptides, that change with increasing delay time (see panel 

A). Peaks at m/z = 638.655 (Mw: 1912.943) and 957.479 (Mw: 1912.943) have the same 

retention time and represent different charge states of the same peptide that was assigned 

to prostaglandin D-synthase by MS/MS. The peak at m/z = 921.443 (Mw: 3681.743) was 

also assigned to prostaglandin D-synthase by MS/MS. C. Univariate statistical analysis of 

peak areas of peptides that change significantly with respect to delay time. Analysis is 

based on two-tailed student’s t-tests of 5 repetitions of the LC-MS analyses. Data are 

represented as box plots with p-values (T0 vs. T30 and T0 vs. T120, respectively). Peak 

areas between T30 and T120 were not significantly different (p > 0.05).  
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Our findings indicate that changes in the proteome profile are introduced 

in CSF when left at room temperature after collection. These changes are most 

notable within the first 30 min after sampling when CSF is not centrifuged. While 

changes are clearly reduced or absent when removing cells through centrifugation 

right after CSF collection, it is still recommended to snap-freeze CSF after the 

centrifugation step and to store it at -80 °C in aliquots to avoid freeze-thaw cycles 

(see below). According to our results prostaglandin D-synthase is particularly 

sensitive. The detected peptides after trypsin digestion may serve as indicators of 

sample quality in retrospective sample collections. Similarly, changes in 

prostaglandin D-synthase in CSF as a possible biomarker for disease-related 

processes must be considered with care unless sample handling steps are 

rigorously controlled in order to avoid false positives.  

Amino acid analysis (LC-MS) of non-centrifuged CSF indicated a trend to 

elevated concentrations with increasing time delay. Ten (Thr, Glu, Gly, His, Ser, 

Ala, Phe, Tyr, Ile and Asn) of the detected amino acids (Met, Trp, Leu, Val, Pro, 

Asp, Arg, Lys, Thr, Glu, Gly, His, Ser, Ala, Phe, Tyr and Asn) showed a 

significantly increased concentration when compared by univariate statistics (only 

metabolites that were significantly different in both of the samples were 

considered) (Figure 2). The rest of the amino acids also showed a tendency to 

increase in level with increased incubation time but either they were only 

significantly discriminatory in the samples from one of the pigs (Met, Leu, Val, 

Asp, Arg, and Lys) or the difference was not significant in any of the samples (Pro, 

Trp). PCA analysis based on the discriminatory amino acids showed a time-

dependent trend (Figure S.25 in Supporting Information), since groups T0 and 

T120 are clearly separated from each other with group T30 forming an 

intermediate state. This is reflected in box plots (Figure 2), where the standard 

deviation is generally higher in T30 samples than in T0 and T120.  

 

 

Figure 2. Amino acids in non-centrifuged porcine CSF that show an increase in 

concentration with delay times of 0, 30 or 120 min at room temperature (T0, T30, T120) 
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between sampling and snap-freezing as assessed by LC-MS amino acid analysis. Only 

amino acids with significant differences between the sample groups in both P3 and P7 are 

shown. The figure show combined data from P3 and P7. Symbols mark significant p-

values according to students t-test (T0 vs. T30 and T0 vs. T120) * =p < 0.05, ■ =p < 0.01, 

♦ =p < 0.005, ● =p < 0.001, ◘ =p < 0.0005, ◙ =p < 0.0001 

 

 

PCA analysis of the GC-MS data considering all detected metabolites 

shows also a tendency of evolving profiles between T0, T30 and T120 (Figure S.24 

in Supporting Information). The GC-MS metabolite analysis detected in total 57 

known and 22 unknown metabolites (only the identified metabolites were 

considered in the statistical analysis). Out of the known metabolites 11 were amino 

acids (Leu, Ile, Lys, Val, Gln, Met, Ala, Phe, Ser, Thr, Pro). All metabolites except 

eight (sucrose, 2,3,4-trihydroxybutanoic acid, 1-monostearinglycerol, lactic acid, 

uric acid, 1-monopalmitinglycerol, C9:0 fatty acid and proline) showed a 

significant increase in concentration over time. All 49 metabolites that presented 

significant differences between the time groups are listed in Table S.23. in 

Supporting Information. In total 24 metabolites showed a significant increase (p < 

0.05) in concentration between T0 and T30 while 46 metabolites were significantly 

increased after 120 min (T0 versus T120) (see Figure S.23 in Supporting 

Information). This indicates that metabolic processes are ongoing during Delayed 

Storage and that rapid centrifugation and snap freezing are indispensable for 

reliable metabolite analysis in CSF. Figure 3 shows the eleven amino acids that 

were significantly different between time groups determined by GC-MS analysis. 

Seven of them showed increased levels in LC-MS and GC-MS analyses (Ala, Ser, 

Phe, Thr, Ile and Gly) and one (Pro) was unchanged in both methods. There were 

four amino acids, detected by both methods, that showed a significant difference 

by GC-MS only (Leu, Lys, Val and Met).These four amino acids were increased in 

only one of the samples in the LC-MS analysis and were thus not considered 

significant. There was no discrepancy between GC-MS and LC-MS analysis, since 

no amino acid showed an opposite trend.  

 

 



The effect of pre-analytical factors on the proteome and metabolites of CSF 

56 

 

 

Figure 3. Amino acids showing a significant increase in concentration in non-centrifuged 

porcine CSF with increased delay time when analyzed by GC-MS metabolomic analysis. 

The amino acids were significantly different between the groups in both sample P3 and P7 

and the figure shows a combination of the results from both samples. The symbols mark 

significant p-values according to students t-test (T0 vs. T30 and T0 vs. T120) * =p < 0.05, 

♦ =p < 0.005, ◘ =p < 0.0005  ◙ =p < 0.0001. 

 

 

One of the compounds that increased upon delayed storage (GC-MS 

analysis) was glucose, a metabolite that is routinely measured in CSF (25) (Figure 

S.23, Supporting Information). It is thus important to realize that sample handling 

after CSF collection may affect glucose measurements and therefore the 

interpretation of routine laboratory analyses. Centrifugation after CSF collection 

followed by snap freezing and storage at -80 °C is therefore also recommended for 

metabolite analysis. In the NMR study by Levine et al. glucose, alanine, myo-

inositol and acetate showed no change over 72 hours at room temperature (31). 

Acetate was not found in our analysis but the three other metabolites were 

detected and showed an increased level after 120 minutes at room temperature. 

They also showed a decreased citrate level, while in our study this metabolite 

(citric acid) increased. These variances might depend on the differences in the 

experimental designs. Levine et al. assessed samples that were stored frozen for 30 

months prior to incubation at room temperature, which may have affected the 
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outcome. The fact that the incubation time was significantly longer (72 hours 

compared to maximally 2 hours in our study) may have also affected the results. 

Some metabolites may decrease in concentration because of adsorption to the tube 

walls (50) while others might increase due to enzymatic processes. Furthermore 

Levine et al. revealed that lactate, creatine, glutamine and creatinine were found to 

increase. While lactate and creatine were not detected in our GC-MS analysis, both 

glutamine and creatinine showed the same result in our analysis as in the NMR 

study. 

 

3.2. Effect of freeze/thaw cycles on the CSF proteome 
Freeze/thaw cycles are often unavoidable when analyzing biological samples. 

Freeze/thawing is known to affect biological samples and notably to induce 

conformational changes in proteins that may ultimately lead to aggregation or 

degradation (51-53). In order to assess the influence of freeze/thawing on the 

proteome profile, depleted non-centrifuged porcine CSF was exposed to 1×, 2×, 3×, 

4×, 5× or 10× freeze/thaw cycles and compared to the starting material. A freeze-

thaw cycle was comprised of 30 min thawing on ice and 2 min freezing in liquid 

nitrogen. All samples were left on ice throughout the study until the overnight 

trypsin digestion (the control sample was thus left on ice throughout the entire 

process of freeze/thawing (~ 5.5 h until digestion) and the 5 × freeze/thaw sample 

was left on ice ~ 2.5 h). The experiment was performed twice on two separate 

dates on CSF from the same animal (P3, T0). Only peaks that showed the same 

pattern in both the experiments were considered as discriminatory. The 

chromatograms of freeze/thaw-treated samples did not show differences when 

inspected visually at the TIC/BPC level. However, detailed statistical analysis after 

data processing (see section 2.4) revealed four tryptic peptide peaks out of 41 

peaks on the list that changed significantly in peak area when comparing the 

starting material with a sample having undergone 10 freeze/thaw cycles. PCA 

analysis based on the discriminatory peaks showed a clear discrepancy between 

the control group and the 10× freeze/thaw group (Figure S.14 in Supporting 

Information). Figure 4A depicts the EIC’s (detection window +/- 50 ppm) of the 

four peptide peaks, that were identified by LC-MS/MS as tryptic fragments of 

transthyretin (TTY_PIG, P50390, no hit in reverse data base) (m/z: 428.234 [z: 2, 

Mw: 854.453], m/z: 464.267 [z: 2, Mw: 926.519], m/z: 555.265 [z: 3, Mw: 1662.7732], 

m/z: 681.838 [z: 2, Mw: 1361.661]) indicating that transthyretin is particularly 

sensitive to freeze/thawing (Supporting Information, Figures S.9 - S.13). Univariate 

statistical analysis of the peak areas (Figure 4B) resulted in highly significant 

differences. Analysis of these peptides for an increasing number of freeze/thaw 

cycles showed that 3 of the 4 peptides were already increased after a single 

freeze/thaw cycle while one peptide (m/z: 428.234) increased only significantly 

after 10 freeze/thaw cycles (Figure 4C). These results emphasize that the number 
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of freeze-thaw cycles should be controlled when comparing different sets of CSF 

samples. 

 

 

Figure  4. (previous page) A. Extracted ion chromatograms (detection window +/- 

50ppm) of four peptide peaks that increase after 10× freeze/thaw cycles. All peaks originate 

from different tryptic peptides of transthyretin detected by the chipLC-MS proteomic 

analysis. B. Univariate statistical analysis of peak areas of the peptides (see Figure 5A) 
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based on two-tailed students t-tests of 5 repetitions of the chipLC-MS runs. The same 

experiment was performed twice on CSF from the same pig confirming the results. Data 

are represented as box plots with p-values (control vs. 10× freeze/thaw cycles). C. 

Univariate statistical analysis of peak areas of the peptides that change significantly with 

respect to the number of freeze/thaw cycles (see Figure 5A). Analysis is based on two-

tailed students t-tests of 5 repetitions of the chipLC-MS runs of depleted, trypsin-digested, 

porcine CSF. The same experiment was performed twice confirming the results. Data are 

represented as box plots with p-values (control vs. 1× freeze/thaw cycle, control vs. 5× 

freeze/thaw cycles, control vs. 10× freeze/thaw cycles, respectively). ●: p< 0.05, ♦ p< 0.005, 

■: p< 0.0001, n.s: non significant with respect to the control CSF sample. 

 

 

Transthyretin is a homo-tetrameric protein present in plasma and CSF that 

is known to be potentially unstable and prone to fibril formation leading to 

amyloidosis causing plaque formation in Alzheimer’s disease (54). Mutants of 

transthyretin are presently being screened with respect to the risk of developing 

Familial Amyloidotic Polyneuropathy (55). This propensity for aggregation might 

explain the sensitivity of transthyretin to repeated freeze/thawing. The strong 

increase in tryptic peptides after freeze/thaw cycles indicates that cleavage sites 

become more accessible possibly due to a change in conformation. This finding 

underlines that transthyretin must be considered with caution as biomarker 

candidate due to its structural instability and that the number of freeze/thaw 

cycles should be carefully controlled, since changes in transthyretin levels may 

simply be due to freeze-thawing rather than to biological processes related to the 

disease of interest. 

 

3.3. Effect of storage at 4 °C after digestion on CSF proteome 

analysis 
Earlier results from our group have shown that peptide concentrations may 

change during storage in the autosampler of the LC-MS system at 4 °C. We 

therefore investigated whether this is also the case for depleted, trypsin-digested 

CSF, since different samples might stay for various time periods in the 

autosampler prior to injection, which may lead to differences in peptide profiles. 

While randomization of the order of injection can alleviate this problem to some 

extent, it will lead to an increased variability of the results making observation of 

minor changes in peptide concentrations related to disease difficult. For the 

discovery of peptide peaks that are susceptible to this effect, we compared freshly 

prepared (depleted, trypsin-digested) porcine CSF (P4) with the same samples 

stored for 1 month at 4 °C. PCA analysis based on the discriminatory peaks 

showed a distinct difference between the control group and the 1 month sample 
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group (Supporting Information, Figure S.18.). Figure 5A displays EIC’s (detection 

window +/- 50ppm) of two peptide peaks out of 45 peaks that decrease 

significantly after storage of the digest at 4 °C for one month (m/z: 681.858 [z: 2, 

Mw: 1361.701], m/z: 369.188 [z: 2, Mw: 736.361]). One of the peptides was derived 

again from prostaglandin D-synthase (369.188) (PTGDS_PIG Q29095, no hit in 

reverse data base) while the other belongs to serotransferrin (681.858) (TRFE_PIG 

P09571, no hit in reverse data base) (Figures S.15 – S.17 in Supporting 

Information). Comparison of profiles after 1 day or 1 week showed that the 

serotransferrin peptide (m/z = 681.858) decreased already significantly after 1 

week at 4 °C (Figure 5B). A repetition of the experiment on samples from two 

different animals (P2/P4) confirmed these results. Both peptides showed a 

significant decrease in peak area after one week or even after a single day (data 

not shown) in the autosampler at 4 °C. Although major changes in the overall 

peptide profile were not observed, the results show that samples should not be left 

for more than 1 day at 4 °C in the autosampler to avoid effects that might 

confound disease-related changes. 

 

 

 

 

Figure 5. (previous page) A. Extracted ion chromatograms (detection window +/- 

50ppm) of two discriminatory peptide peaks that decrease upon storage of a tryptic digest 

of depleted porcine CSF at 4 °C. The peaks originate from tryptic peptides of 

serotransferrin (m/z: 681.858, Mw: 1361.701) and prostaglandin D-synthase (m/z: 
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369.188, Mw: 736.361)) detected by the chipLC-MS proteomic analysis B. Univariate 

statistical analysis of peak areas of peptides that change significantly upon storage of a 

tryptic digest of depleted porcine CSF at 4 °C (see Figure 5A). Analysis is based on two-

tailed students t-tests of 5 repetitions of the chipLC-MS runs of depleted, trypsin-digested, 

porcine CSF. Data are represented as box plots with p-values for cases that were 

significantly different (control vs. 1 month and control vs. 1 week).  

 

 

4. Conclusions 

 
In this study we have evaluated a number of pre-analytical factors related to 

sample handling of CSF to assess their effect on the protein, peptide and 

metabolite profiles using different analytical platforms. The time delay between 

CSF collection, centrifugation and snap-freezing proved to affect notably 

prostaglandin D-synthase as revealed by a significant increase of two peptides. 

Metabolite analysis showed that the level of a number of metabolites, including 

free amino acids, increased during delayed storage. These changes indicate that 

remaining enzymatic activity in CSF after collection may lead to altered metabolite 

and protein levels, emphasizing that CSF should be centrifuged and snap frozen 

as soon as possible after collection for proteomics or metabolomics studies. The 

prostaglandin D-synthase-derived peptides and the identified metabolites may be 

used to assess consistent sample handling notably when considering analysis of 

existing CSF sample collections retrospectively.  

The addition of stabilizing agents or specific pretreatments (protease 

inhibitors, deproteinization) was not assessed in this study. The addition of 

stabilizing agents alters the samples by introducing additional compounds, which 

lead to new peaks in the mass spectra and chromatogram. It was our intention to 

handle CSF in a way to avoid difficulties with subsequent analyses. In this study, 

we wanted to assess how CSF is affected during a possible delay of sample 

handling in the clinic.  

CSF samples should ideally be centrifuged immediately after collection 

followed by storage at -80 °C in order to remove all cellular elements and to avoid 

protease activation and other kinds of degradation of macromolecules. Unless 

sample handling in the clinic is carefully controlled, we recommend studies 

targeting certain proteins (e.g. prostaglandin D-synthase, transthyretin) or 

metabolites to be cautious with interpretations. We have indications that even 

minor contamination of CSF with white blood cells accelerates the observed 

changes and that it is not sufficient to assess that CSF is free of erythrocytes. Chow 

et al. (56) and Steele et al. (57) pointed out that the major part of the WBC’s lysed 

when CSF samples were exposed to room temperature for 22 hours and that this 
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process continues at 4 °C even if the rate is slower. This indicates that leaving cell-

containing CSF samples on ice is not recommended.  

We have also shown that widely used sample handling routines such as 

freeze/thawing or keeping digested CSF in an autosampler at 4 °C prior to LC-MS 

analysis can induce changes in proteome-derived peptide profiles. In order to 

avoid the introduction of unnecessary freeze/thaw cycles, samples should be 

aliquoted after centrifugation in volumes that avoid freeze-thawing. CSF samples 

that have been exposed to repeated freeze/thaw cycles are not ideal for the 

assessment of transthyretin, since peptides of this protein showed an increased 

level with increasing numbers of freeze/thaw cycles. Samples remaining for 

extensive time periods (> 24 hours) in a cooled autosampler are not reliable when 

it comes to the quantitative analysis of for example, serotransferrin and 

prostaglandin D-synthase.  

Several factors affect the stability of proteins, peptides and metabolites in 

CSF. We focused on the effect of delay time between CSF sampling and freezing, 

the number of freeze/thaw cycles and the stability of trypsin-digested CSF in the 

autosampler. Other factors that might be interesting to assess are the material of 

the sample tubes, long term storage at different temperatures and the effect of 

adding stabilizing agents.   
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Abstract  

 

Cerebrospinal fluid (CSF) is in close contact with the diseased areas in 

neurological disorders and is therefore an important source of material in the 

search for molecular biomarkers. CSF is withdrawn from patients in a clinical 

setting where sample handling might not always be adequate in view of 

proteomic and metabolomic studies.  We therefore initiated a combined 

proteomics and metabolomics study of the impact of time delay between sampling 

and freezing of CSF samples.  

We left CSF for 0, 30 and 120 min at room temperature after sample 

collection and subsequent centrifugation/removal of cell pellet. We analyzed the 

CSF samples at five separate laboratories using five different analytical platforms: 

Proteome analysis with nanoLC Orbitrap-MS/MS and chipLC QTOF-MS after 

tryptic digestion; metabolome analysis with NMR and GC-MS; and amino acid 

analysis with LC-MS. 

Our results show that changes in the metabolome and proteome of human 

CSF left at room temperature after centrifugation are minor compared to the 

biological variation between the samples. The delayed storage at room 

temperature resulted in few but statistically significant changes in the proteome 

and metabolome. We detected two non-identified peptides as well as one 

metabolite; 2,3,4-trihydrobutanoic acid, that changed significantly. 

With the applied analysis strategies the proteome/metabolome profile of 

centrifuged, human CSF with all cells removed proved to be rather stable even 

when stored at room temperature for up to two hours. This gives the laboratory 

personnel at the collection site time to aliquot samples before freezing and storage 

at -80 °C. 
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1. Introduction 

 
The conditions during the journey of a biological sample from the clinical 

collection site to the analytical research laboratory may not always be adequate for 

subsequent proteomics and metabolomics analyses, especially in cases where the 

sample collection was not originally performed with these large-scale analyses in 

mind. In order to detect reliable molecular biomarker candidates it is imperative to 

handle biological fluids according to standardized procedures and to evaluate the 

effect of pre-analytical parameters on the final result to avoid artifacts (1, 2). 

Earlier studies on urine, plasma and cerebrospinal fluid (CSF) have shown that 

sample handling can affect the stability of proteins as well as metabolites (3-11). 

Sample handling according to standardized procedures is also important when 

trying to compare results between different laboratories (12-14). In the search for 

molecular biomarkers related to disorders of the central nervous system, CSF is 

the most promising bio-fluid, because of the proximity to the affected tissue (13, 

15-20). 

This study complements our previous stability study where we showed 

that a number of proteins and metabolites changed over a time period of two 

hours at room temperature in porcine CSF samples that contained low levels of 

remaining white blood cells (21). In this study we have analyzed a set of human 

CSF samples in order to assess protein and metabolite stability at room 

temperature after a low-speed centrifugation step to remove cells. To cover a wide 

range of proteins and metabolites, the results from a number of analytical 

platforms comprising LC-MS, GC-MS and NMR have been combined. To our 

knowledge this is the first stability study on CSF of this scale that has been 

reported. 

 

 

2. Material and Methods 

2.1. Sample set 
Six human CSF samples were obtained from the Department of Neurology at the 

Erasmus University Medical Center (Rotterdam, The Netherlands). The CSF 

samples were collected as part of routine clinical examinations of the patients with 

various symptoms (Table 1). All samples were withdrawn via lumbar puncture 

between the 3rd and 4th lumbar vertebrae using a Spinocan needle (0.90 × 88 mm). 

The Medical Ethical Committee of the Erasmus University Medical Center in 

Rotterdam, The Netherlands, approved the study protocol and all patients gave 

their consent. Samples were centrifuged (10 min at 956 g) immediately after 

collection (maximum time between sample collection and centrifugation was 

approximately 5 minutes) to remove cells. Aliquots were directly snap-frozen in 
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liquid nitrogen or left at room temperature for 30 and 120 min before snap 

freezing and storage at -80 °C. Routine CSF diagnostics including total protein and 

albumin concentration measurements as well as intrathecal cell count were 

performed and absence of hemoglobin and apolipoprotein B100 was assured to 

eliminate the possibility that samples were contaminated with blood. Samples H2 

- H6 were analyzed by all platforms. Sample H1 was analyzed by the chipLC 

QTOF-MS and the nanoLC Orbitrap-MS/MS platforms only. Protein digestion for 

proteomic analysis was performed as previously described (21). Before analysis on 

each platform the samples were exposed to two freeze-thaw cycles. Since this 

factor was kept constant for all samples it had no effect on sample quality. 

 

 

Table 1. Description of CSF samples used for the stability study. 

Sample H1 was only analyzed with respect to proteomics. 
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H1 49 M Migraine 0.415 0.193 0 

H2 56 M Idiopathic intracranial hypertension 0.472 0.247 0 

H3 69 F Headache 0.395 0.236 0 

H4 48 M Idiopathic intracranial hypertension 0.436 0.241 0 

H5 29 F Clinical isolated syndrome (Neuromyelitis optica) 0.387 0.226 0 

H6 38 F Epilepsy 0.381 0.184 0 

 

2.2. ChipLC QTOF MS proteomic analysis  
Half a microliter digested CSF samples (H1-H6: T0, T30, T120) were randomly 

injected in quintuplicate with 0.5 µL digested QC samples (pooled CSF spiked 

with cytochrome C; Fluka, part # 30396, end concentration: 375 fmol/uL) and 

blanks injected between every 10th sample for LC-MS analysis on an Agilent 

chipLC QTOF-MS system as previously described (21). Enrichment and separation 

was done using an LC chip (G4240-63001 SPQ110, Agilent Technologies 

[separation column: 150 mm × 75 µm Zorbax 300SB-C18, 5 µm; trap column: 160 

nL Zorbax 300SB-C18, 5 µm]). The LC separations were carried out as described 

earlier (21) using the following gradient:  80 min linear gradient from 3 to 40% B; 

10 min linear gradient from 40 to 50% B; 10 min linear gradient from 50 to 3% B. 

MS analysis was performed under the following conditions; mass range: 200-2000 

m/z in profile mode, acquisition rate: 1 spectrum/s, fragmentor voltage: 175 V, 

skimmer voltage: 65 V, OCT 1 RF Vpp: 750 V. The spray voltage was ~1800 V and 
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the drying gas (N2) was 6 L/min at a temperature of 325 ºC. Mass correction was 

done for each spectrum using internal standards (methyl stearate m/z: 299.294457 

and HP-1221 m/z: 1221.990637) evaporating from a wetted wick inside the spray 

chamber. Reproducibility was monitored on selected cytochrome C peaks in the 

QC samples; Mass difference between theoretical and the measured values was 

within +/- 4 ppm. The selected peaks showed a peak area RSD of less than +/- 20% 

and a retention time (RT) RSD of less than 2%. 

Data was processed using a pipeline developed in C++ (22) as previously 

described (21). MzData.XML data were converted to ASCII format over a mass 

range of 200 to 1600 m/z (outside this range no multiply charged ions were 

detected), a retention time range of 3 to 80 min (peptide elution range) and with an 

intensity threshold of 300 counts. A double cross validated Nearest Shrunken 

Centroid (NSC) (23) algorithm was applied to the complete peak matrix; the NSC 

comparison gives for a certain shrinkage value a cross validation error between 0 

and 1, where 1 imply that both classes are assigned to the wrong class, 0.5 is a 

random class assignation and 0 means that both classes are correctly assigned. 

NSC selected features were compared by univariate statistical analysis in terms of 

Student’s t-test with Bonferroni correction for multiple comparisons and ANOVA 

(Microsoft Excel 2007 and SPSS 16.0). The features were considered significantly 

different with a p-value below 0.05 (T0 vs. T120 and T0 vs. T30). Each 

discriminatory feature was analyzed by targeted tandem MS for identification. 

Principal component analysis (PCA) (24) was applied to the complete peak matrix 

(10 000 peaks) as well as on the NSC-selected features (MatLab, R2009a). For 

visualization box and whisker plots were created in Origin 7.0. 

 

2.3. NanoLC Orbitrap-MS/MS shotgun proteomics analysis 
Digested CSF samples (H1-H6: T0, T30, T120) were injected one time each in 

random order and analyzed by MS/MS (shotgun approach) on an Ultimate 3000 

nano LC system (Dionex, Germany) online coupled to a hybrid linear ion 

trap/Orbitrap mass spectrometer (LTQ Orbitrap XL; Thermo Fisher Scientific, 

Bremen, Germany) as previously described (21). 

Data files were analyzed and pre-processed using the Progenesis LC-MS 

software package (Nonlinear Dynamics, United Kingdom); retention times were 

aligned and the intensities of the ions were normalized. To assess inter-patient 

variability all identified peaks were analyzed by PCA. All identified peaks were 

also analyzed by NSC (23) for classification. Peptides were analyzed for 

differential abundance between the sample-groups by performing ANOVA, p-

values below 0.01 were considered significant.  

All MS/MS spectra were searched against the UniProt/SwissProt database 

(version 57.6, August 20, 2009, taxonomy: Homo sapiens 20070 sequences) using 

the Mascot (version 2.2.06). Search parameters were; parent ion tolerance: 2 ppm, 
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amino acid modifications: carbamidomethylation of cysteine (fixed) and oxidation 

of methionine (variable). The results were further on linked to the original data 

(Progenesis). 

 

2.4. GC-MS metabolomic analysis 
CSF samples (H2-H6: T0, T30, T120) were treated with an oximation reagent 

followed by silylation prior to GC-MS analysis (21, 25). Each sample was injected 

twice in random order and analyzed on an Agilent 6890 gas chromatograph 

coupled to an Agilent 5973 quadrupole mass spectrometer as described earlier 

(21).  

Peaks were characterized by retention time and m/z ratio and identified by 

comparison with a spectral data base (TNO) (21). All detected metabolites were 

analyzed by PCA. A two tailed Student’s t-test with Bonferroni correction for 

multiple comparisons as well as ANOVA and Kruskal-Wallis test (Microsoft Excel 

2007 and SPSS 16.0) was applied to all known metabolites (T0 vs. T30 and T0 vs. 

T120); metabolites with a p-value below 0.05 were considered significantly 

affected by storage time. 

 

2.5. NMR metabolomic analysis 
Samples (H2-H6: T0, T30, T120) were randomized prior to sample preparation and 

analysis. Fifty microliters of CSF were diluted in 200 µL of D2O (99.99 % D). 

Twenty-five µL of 8.8 mM TSP-d4 (3-(Trimethylsilyl)propionic acid-d4 sodium salt, 

99 % D) stock solution in D2O were added to 250 µL CSF to a final concentration of 

0.8 mM TSP as internal standard and as chemical shift reference (δ0.00). The TSP-

d4 stock solution was prepared from dry TSP-d4. The pH was adjusted (7.0 – 7.1) 

by adding phosphate buffer (9.7 µL of a 1 M stock solution) to a final 

concentration of 35 mM (26). Finally the sample (284.7 µL) was transferred to a 

SHIGEMI microcell NMR tube for measurements, (each sample was analyzed 

once). 

1D 1H NMR spectra were acquired on an 800 MHz Inova (Varian) system 

equipped with a 5 mm triple-resonance, Z-gradient HCN cold-probe.  Suppression 

of water was achieved using WATERGATE (delay: 85 s) (27). For each spectrum 

256 scans of 18 000 data points were accumulated with a spectral width of 9000 

Hz. The acquisition time for each scan was 2 s. An 8 s relaxation delay was 

employed between scans. Prior to spectral analysis, all acquired Free Induction 

Decays (FIDs) were zero-filled to 32 000 data points, multiplied with a 0.3 Hz line 

broadening function, Fourier transformed and manually phased. Calibration of 

the chemical shift scale was done on the external reference standard TSP-d4 by 

using ACD/SpecManager software (Advanced Chemistry Development Inc., 



The effect of delayed storage on the proteome of human CSF 

74 

 

Toronto, Canada). Spectra were transformed to MatLab, version 7.6 (R2008b) 

(Mathworks, Natick, MA) for further analysis.  

NMR spectral data was preprocessed by baseline correction using the 

Asymmetric Least Squares method (28) and alignment with the Correlation 

Optimized Warping (COW) method (29). Each spectrum was divided (along the 

chemical shift axis) in equally sized bins (0.04 ppm) and each data point was 

averaged over each bin. The areas of the bins were summed to provide an integral 

so that the intensities of the peaks in such defined spectral regions were extracted. 

Each NMR spectrum was reduced to 210 variables, calculated by integrating 

regions of equal width (0.04 ppm) corresponding to the regions of δ0.7-9. To 

remove effects of variation in water resonance suppression, spectral regions 

between δ4.4-5.4 were removed. All spectra thus reduced were normalized to unit 

area. 

The data was further processed by vast scaling, in order to determine 

group-specific scaling factors (30, 31). To visualize possible systematic variation, 

grouping, trends and outliers, PCA was applied to the entire data set.   

 

2.6. LC-MS/MS amino acid analysis  
Fifteen CSF samples (H2-H6: T0, T30, T120) were prepared in triplicate as 

previously described (21). One microliter of each reaction mixture was injected in 

duplicate on an ACQUITY UPLCTM system (Waters Chromatography B.V., Etten-

Leur, The Netherlands) coupled to a Quattro Premier Xe tandem quadrupole mass 

spectrometer (Waters Corporation) operated under the MassLynx data acquisition 

software (version 4.1; Waters). Quantification and pre-analysis of the data was 

done using LC-QuanLynx (Waters) and Microsoft Excel 2003, respectively. The 

complete data set was examined by PCA. The data was further statistically 

analyzed by two-tailed Student’s t-test with Bonferroni correction and ANOVA 

(Microsoft Excel 2007, SPSS 16.0) (T0 vs. T30 and T0 vs. T120), amino acids with p-

values below 0.05 were considered discriminatory. 

 
 

3. Results 
 

Centrifuged human CSF samples were left at room temperature for 30 and 120 

min before being snap-frozen in liquid nitrogen and stored at -80 °C. Metabolome 

and proteome profiles were compared to control samples that were frozen 

immediately after centrifugation and subsequent removal of the cell pellet. 

Proteome profiles were obtained by chipLC QTOF-MS and nanoLC Orbitrap-

MS/MS shotgun analysis after tryptic digestion. The metabolome was analyzed by 
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GC-MS, NMR and LC-MS (amino acid analysis). The analyses were performed in 

five separate laboratories. 

 

3.1. Proteomic analysis  
The Orbitrap-MS/MS shotgun analysis resulted in a list of 55421 peaks out of 

which 5780 peptides were identified. All identified peptides from the Orbitrap-

MS/MS data and the 10000 most intense QTOF-MS peaks (complete peak matrix) 

were used for unsupervised multivariate statistical analysis (PCA). No trend with 

respect to time left at room temperature was visible (Fig. 1A and 2A). PCA shows 

that biological variation is more prominent than the effect of time delay between 

sampling and freezing, since data points clustered according to the individual 

patients rather than according to time points (Fig. 1B-D and 2B-D).  

Both the ANOVA comparison of all peaks with respect to time groups as 

well as NSC analysis of the Orbitrap MS/MS data showed only random differences 

between the time groups (e.g. NSC analyses provided the lowest average cross 

validation error of 0.5). This lead to the conclusion that that there was no 

significant discrimination between the samples stored at -80 °C immediately after 

centrifugation and samples left at room temperature for 30 or 120 min prior to 

being frozen and stored.  
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Fig. 1. Multivariate statistical analysis (PCA) of the 10.000 most intense peaks 

selected from chipLC QTOF-MS proteomic data (quintuplicate sample analysis).  

No separation based on time between sampling and freezing (T0 [▼]/T30 [٭]/T120 [O]) is 

visible, while data from individual samples cluster together indicating that the inter-

individual differences are larger than those related to time. (A) All samples. (B) Samples 

H2 (٭) and H5 (■). (C) Samples H1 (+) and H6 (▲). (D) Samples H3 (x) and H4 (♦).  

 

 

 
Fig. 2. Multivariate statistical analysis (PCA) of 5780 identified peaks from 

nanoLC Orbitrap-MS/MS proteomic data (single sample analyses).  

No separation based on time between sampling and freezing (T0 [▼]/T30 

 T120 [O]) is visible, while data from individual samples cluster together/[٭]

indicating that the inter-individual differences are larger than those related to time. (A) 

All samples, (B) Samples H2 [٭]) and H5 (■). (C) Samples H1 (+) and 

H6 (▲). (D) Samples H3 (x) and H4 (♦) 

 

 

NSC analysis of the QTOF-MS data revealed that differences between T0 

and T120 were only random, with a double cross validation error of 0.5. 

Comparison of T0 versus T30 by NSC reached a minimal average cross validation 

error of 0.34 and resulted in 11 selected peaks. PCA on the NSC-selected peaks (T0 

vs. T30) from the QTOF data showed no clear discrimination but a weak tendency 
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of clustering according to time groups (Fig. 3A). Further analysis of these peaks by 

univariate statistical analysis resulted in two significantly discriminatory peaks 

(m/z: 656.335, z: 2, RT: 41 min. and 736.383, z: 3, RT: 59 min.) (Fig. 3B and 3C). 

Peak areas (combined from all samples) for the two peaks detected at m/z: 656.335 

and 736.383 were significantly decreased after the samples were left for 30 minutes 

at room temperature compared to the control samples (p < 0.00005 and p < 

0.0000005 respectively with Bonferroni-corrected t-test). These peaks were further 

decreased after 120 min (p < 1E-6 and p < 5E-9 respectively). However the double-

cross validated NSC algorithm provided the lowest cross-validation error in 

combination of 5 most selective variables which shows that the discriminatory 

power of these peaks is highly affected by samples left out in the inner loop 

during the double cross validation process. Two-way ANOVA of the two peaks 

showed that both the discrimination between the time left at room temperature as 

well as biological variation (p < 1E-15) and the interaction between the two 

variables were highly significant (p < 1E-10 for both peaks). Attempts to identify 

the peaks by targeted MS/MS failed. 
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Fig. 3. (A) Multivariate statistical analysis by PCA based on 11 NSC-selected 

peaks derived from chipLC QTOF-MS proteomics data (T0 [▼] vs. T30 [٭]). (B and 

C) Univariate statistical analysis of two peaks that decreased significantly with 

respect to delay time between CSF sampling and freezing at room temperature.  

Data are represented as box and whisker plots with significant p-values marked (p < 5E-5) 

(T0 vs. T30 and T0 vs. T120). (A) PCA of 11 NSC selected peaks for T0 vs. T30. (B) Peak 

detected at m/z: 656.335 that decreased significantly after 30 and 120 min at room 

temperature. (C) Peak at m/z 736.383 that decreased significantly after 30 and 120 min at 

room temperature. The statistical analysis was based on two-tailed Students t-tests with 

Bonferroni correction of the combined data from five repetitive analyses of six human CSF 

samples (H1-H6).  

 

 

 
Fig. 4. Statistical analysis of metabolomics data derived from human CSF (H2-

H6). (A,B,C), Multivariate statistical analysis by PCA based on all detected 

metabolites. (D,) Univariate statistical analysis (Kruskal-Wallis non-parametric 

ANOVA) of combined data from duplicate analyses of five human CSF samples 

(H2-H6) by GC-MS. The analysis is visualized by box and whisker plots with 

significant p-value (T0 vs. T120) marked (p < 5E-3).  

(A) GC-MS (90 metabolites, duplicate sample analysis). (B) NMR (51 metabolites, single 

analysis) and (C) LC-MS targeting the 19 natural amino acids (sextuplicate analysis). 

Lower panels; (D) 2,3,4-trihydroxybutanoic acid was significantly increased (Kruskal-

Wallis) after storage at room temperature for 120 min (p < 5E-3). 
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3.2. Metabolomic analysis 
GC-MS analysis quantified 88 metabolites, of which 67 were assigned to known 

compounds based on spectral libraries. This analysis was complemented by 

targeted LC-MS of 19 natural amino acids. NMR analysis identified and quantified 

51 metabolites. Thirteen of the metabolites were detected by all three methods, 24 

were detected by GC-MS and NMR, 14 by GC-MS and LC-MS and 16 by NMR 

and LC-MS. In total 93 unique identified metabolites were quantified. PCA of the 

data from the different analytical platforms showed that clustering occurs 

primarily according to the individual patients rather than to the time points when 

all data are considered (Fig. 4A-C). Statistical analysis revealed that the 

concentration of 2,3,4-trihydrobutanoic acid (erythronic acid, threonic acid), 

detected by GC-MS (Fig. 4D) increased in all samples with increased time left at 

room temperature. In sample H2 the increase of this metabolite was extremely 

high after 120 minutes. Non-parametric ANOVA (Kruskal-Wallis) showed that the 

discrimination between T0 and T120 was clearly significant (p < 5E-3), Bonferroni 

corrected Student’s t-test as well as one-way ANOVA also resulted in highly 

significant group separation when the samples providing outlier value was left 

out (p < 5E-5 for both t-test and ANOVA). 

 

 

4. Discussion 

 
We have previously shown that the stability of proteins and metabolites in porcine 

CSF samples was affected when residual white blood cells were not completely 

removed (21). Here we present a detailed study, performed on different analysis 

platforms, into the stability of the proteome and metabolome of cell-free, human 

CSF when leaving samples at room temperature for up to 2 h to mimic the clinical 

situation. 

Unsupervised multivariate statistical analysis (PCA) of the data showed 

that patient-to-patient variation is most prominent overriding variation due to 

delay time as the data points cluster in groups of individual samples rather than in 

time-related groups. After variable selection based on the pre-classification of 

samples according to delay time, we found that only two peptides and one 

metabolite changed significantly over time. Our results demonstrate that the 

measured proteome and metabolome of human CSF samples, using the applied 

techniques, is quite stable when left at room temperature as long as all cells have 

been removed first.  

Another study on the stability of the proteome in CSF at room temperature 

pointed in the same direction with the detection of only two polypeptides that 

changed after storage (32). These samples were, however contaminated with blood 
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since both polypeptides were derived from hemoglobin. Another study showed 

that blood contamination decreases the stability of the CSF proteome (11) 

corroborating our earlier results (21). One explanation to the decreased level of the 

two non-identified peaks in the proteome analysis is the possible adsorption to the 

vial surface via e.g. hydrophobic or van der Waals interactions (21, 33, 34). 

Metabolomics revealed increased levels of 2,3,4-trihydroxybutanoic acid after 

storage at room temperature. This increase may be caused by oxidative 

degradation of ascorbic acid (35-37) because here the ascorbic acid levels were 

slightly decreased with increased time at room temperature.  This decrease, 

however, was too small to be a significant factor. Interestingly, 2,3,4-

trihydroxybutanoic acid decreased in CSF containing white blood cells (21), which 

might be due to further metabolism of the acid by enzymes released from white 

blood cells. The concentration of 2,3,4-trihydroxybutanoic acid was too low for 

NMR detection. 

The stability of metabolites and proteins measured with the most common 

analytical profiling methods is an important factor to take into consideration when 

handling biofluids and designing biomarker studies. A previous study from our 

team shows that the biological variation of some proteins and peptides have large 

variability (sometimes exceeding 100%), which requires high discriminating 

power for compounds considered as biomarker candidates (38). 

In conclusion, we report a study of combined analysis methods into the 

stability of CSF using five different analytical platforms. The results agree that 

there are minor or no significant changes in the metabolome and proteome of cell-

free CSF that was left for different time spans at room temperature as compared to 

control samples that were frozen immediately after centrifugation. Earlier studies 

showed that blood or white blood cell contamination reduces CSF stability 

considerably, emphasizing the importance of the initial centrifugation step. 

From our study we draw the conclusion that with the analysis techniques 

used in this study biological variation between individuals is far more 

pronounced than variation introduced by delay time at room temperature. This 

gives laboratory personnel sufficient time to aliquot CSF samples before being 

frozen and stored for use in similar studies. Aliquoting samples in small volumes 

reduce the number of freeze-thaw cycles at later time points, which we have 

shown to be beneficial (21). We can, however, only draw conclusions about the 

analytes detected with our analysis techniques, and it remains possible that other 

techniques may find other metabolites and peptides that are more affected by this 

treatment.  
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Abstract 

 
The experimental autoimmune encephalomyelitis (EAE) model resembles certain 

aspects of multiple sclerosis (MScl), with common features such as motor 

dysfunction, axonal degradation and infiltration of T-cells during the affected 

period. In MScl the main cause of the disease yet to be discovered and there is still 

no specific molecular biomarker in use for early diagnosis and patient 

classification. We here chose to study the EAE rat model to discover novel MScl 

related proteomic biomarker candidates using a screening approach with the goal 

to translate them into the human situation. 

EAE was induced in male Lewis rats by injection of myelin basic protein 

(MBP) together with complete Freund’s adjuvant (CFA). An inflammatory control 

group was injected with CFA alone and a non-treated group served as healthy 

control. CSF was collected from the cisterna magna at day 10 (disease onset) and 14 

(peak of symptoms) after treatment and analyzed by bottom-up proteomics. The 

analysis was based on Orbitrap LC-MS and QTOF LC-MS platforms in two 

independent laboratories. The obtained data were processed in a crossover design 

by a combination of two different approaches including our in-house developed 

data processing pipeline, the Progenesis pipeline and the nearest shrunken 

centroid classifier (NSC) as well as principal component analysis (PCA). By 

combining results, we discovered 41 proteins significantly increasing in EAE 

animals compared to the control groups, 28 of these have not been discovered as 

discriminatory in the EAE model before. Among the discriminatory proteins are 

Vitamin D binding protein, lysozyme C1, fetuin B, T-kininogen, serum 

paraoxonase/arylesterase 1, glutathione peroxidase 3 and afamin. To our 

knowledge, this is the first study of its kind focusing on a screening approach of 

rat CSF from the EAE model. 
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1. Introduction 

 
Multiple Sclerosis (MScl) is an autoimmune, demyelinating, neurodegenerative 

disorder of the central nervous system (CNS) (1). Presently there is no rapid and 

specific diagnostic test that excludes other diseases or that can distinguish the 

different sub-classes of MScl from each other. Diagnosis is currently based on 

clinical evaluation of the patient together with evidence of lesions by magnetic 

resonance imaging (MRI) as well as the presence of non-specific oligoclonal IgG 

bands in CSF (2, 3).  

The discovery of reliable molecular biomarkers to diagnose and classify 

MScl is of great importance to initiate in an early phase the most appropriate 

therapy in order to at least slow disease progression and to improve the quality of 

life of MScl patients. An additional value of MScl-specific molecular biomarkers is 

the possibility of gaining further insight into the disease mechanism and to 

monitor the effect of new drugs that are developed for MScl. 

Although the cause of MScl remains elusive, studies based on the 

experimental autoimmune encephalomyelitis (EAE) rat model have revealed 

many pathogenic processes. The EAE model mimics several aspects of the disease 

such as, axonal and neuronal degradation, motor dysfunction in the lower limbs 

(4-6), demyelination, infiltration of CD4+/CD8+ T-cells, activation of microglia and 

macrophages, blood-brain-barrier (BBB) rupture and release of inflammatory 

cytokines (e.g. TNF-α and IL1-β) (4-8). However, the EAE model still remains a 

model and it does not cover all clinical aspects of MScl. Most proteomic studies 

based on the EAE model have been hypothesis-driven (8-16), while only a few 

large-scale whole proteome screening studies have been performed to date on 

affected tissue such as spinal cord an lesions (17-20). Until now, no studies are 

described that look into the proteome of rodent EAE models to identify and 

quantify EAE related proteins in CSF. 

MScl lesions are usually found in the periventricular white matter and at 

the surface of the spinal cord (21) which are both in contact with cerebrospinal 

fluid (CSF). This makes CSF an ideal compartment to discover biomarkers. In the 

clinic CSF is collected from patients with relative ease albeit not as readily as 

blood. CSF has been used for MScl research in humans for many years (22). The 

EAE model, on the contrary, has not been studied extensively (8) from CSF. This is 

probably due to the relatively small volume of CSF that can be withdrawn from 

rodents (for rats < 60 µL (unpublished results) and mice < 15 µL (23)) without 

blood contamination of hemoglobin and apolipoprotein B100. It is obvious, that 

analysis of such small volumes requires sensitive, miniaturized techniques and 

highly skilled operators. 
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Here we report a comprehensive whole proteome analysis of CSF from 

MBP-EAE Lewis rats using two LC-MS/MS platforms in two independent 

laboratories. Samples were taken at the onset of disease symptoms (day 10) and at 

the apex of symptoms (day 14) to detect early-indicator, disease-specific proteins 

and link them to hallmarks of MScl disease and pathogenesis. 

 

 

2. Material and Methods 

2.1. Induction of acute EAE in the Lewis rat 
At the start of the study (day 0) EAE was induced in 30 male Lewis rats (Harlan 

Laboratories B.V.) with a starting weight of 175 – 200 g, by injection of 100 μL 

saline-based emulsion containing 20 μg guinea pig myelin basic protein (MBP), 

500 μg Mycobacterium tuberculosis type 37HRa (Difco) and 50 μL Complete 

Freunds’ Adjuvant (CFA) (EAE groups; E and F). Also at day 0, 30 additional male 

Lewis rats received the same saline-based emulsion as above but without added 

MBP (inflammatory control groups; C and D). The emulsion was injected 

subcutaneously in the left hind paw under isoflurane anesthesia. Another 30 rats 

were kept as untreated controls undergoing anesthesia only (healthy control 

groups; A and B). The animal groups and samples included in the experimental 

design of the present study are summarized in Table 1. 
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Table 1. Samples included in the study. Sample data that were analyzed by 

Orbitrap only are marked O, sample data analyzed by QTOF only are marked Q. 

Group E was divided in two groups according to the TIC area Ehigh (high TIC) and 

Elow (low TIC). Samples marked were not included because of blood contamination 

(samples 62, 78, 81). Sample 80 was excluded because the rat did not show visual 

signs of disease (considered as outlier). 

Samples analyzed 
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Group A Group B Group C Group D Group E Group F 

1 16 31 46 O 61 76 

2 17 32 47 62 (blood) 77 O 

3 18 33 48 O 63 Q 78 (blood) 

4 19 34 49 64 (Ehigh) 79 

5 20 35 50 65 (Ehigh) 80 (outlier) 

6 21 O 36 51 66 81 (blood) 

7 22 37 52 67 82 

8 23 O 38 53 68 O 83 

9 24 39 54 69 (Ehigh) 84 

10 25 40 55 70 85 

11 26 41 56 71 (Ehigh) 86 

12  O 27 42 57 72 87 O 

13 28 43 58 73 (Ehigh) 88 

14 29 44 59 74 89 

15 30 45 60 75 O 90 
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The animals were randomized for treatment and individually marked. 

Three animals were kept in each cage (type III cages) where food and water were 

available ad libitum. Disease symptoms and weights of all animals were recorded 

daily. The following scores for motor dysfunction were used; 0: no pathological 

signs, 1: paralysis of the tip of the tail, 2: no curling reflex/no strength at tail basis, 

3: slightly impaired walking, 4: unstable walk, 5: half hind limb paralysis, 6: 

complete hind limb paralysis, 7: midriff paralysis, 8: half fore limb paralysis, 9: 

moribund, 10: death due to EAE. 

From each of the 3 groups (EAE, inflammatory control, non-treated 

control) 15 animals were sacrificed at day 10 (disease onset) (groups A, C and E) 

and another 15 rats were sacrificed at day 14 (disease peak) (groups B, D and F). 

CSF was also collected and pooled from 10 healthy animals to be used as quality 

control (QC) sample during LC-MS analysis, for protein concentration 

measurements, and for the set-up of protocols and analysis methods. All animal 

experiments described in this study were approved by the local Ethical Committee 

for Animal Experiments. 

 

2.2. CSF Sampling 
At day 10 and 14, the animals were euthanized using CO2/O2, the head of the rats 

were fixed using a holder to reveal the Arachnoid membrane and a skin incision 

was made followed by a horizontal incision in the musculus trapezius pars 

descendens. A maximum volume of 60 µL CSF was obtained by direct insertion of 

an insulin syringe needle (Myjector, 29 G × 1/2" - 0.33 × 12 mm, 0.3 mL = 30 units) 

via the arachnoid membrane into the cisterna magna. Within 20 minutes after 

collection, each sample was centrifuged at a force of 2000 g for 10 minutes at 4 °C. 

After centrifugation, the supernatant was aliquoted in five tubes of ~10 µL each 

and stored (up to 6 months) at -80 °C until further analysis. Samples that 

according to visual control as well as to the detection of hemoglobin-derived 

peptides (analysis by Orbitrap LC-MS/MS) were considered to be contaminated 

with blood and were subsequently excluded from the study. The samples 

analyzed by the two platforms are listed in Table 1. 

 

2.3. Sample preparation 
Protein digestion was performed as follows: 10 µL CSF and 10 µL 0.1% 

RapiGest™ (Waters) dissolved in 50 mM ammonium bicarbonate were added to a 

sample tube. The sample was reduced by adding 0.5 μL 1,4-dithiotreitol (DTT) (0.5 

M) followed by incubation at 60 °C for 30 min. After cooling to room temperature 

the sample was alkylated with 1 μL iodoacetamide (IAM) (0.3 M) in the dark for 

30 min at room temperature. To the sample 1 μL sequencing grade modified 
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trypsin (Promega, Madison, WI, USA, part # V5111) (1 µg/µL) (enzyme to protein 

ratio; 1:10-50) was added and the sample was incubated for ~16 h at 37 °C under 

slight agitation (450 rpm). Thereafter, 3 μL hydrochloric acid (0.5 M) was added 

followed by incubation for 30 min at 37 °C. The sample was centrifuged at 13250 g 

for 10 min at 4 °C to remove precipitated, hydrolyzed RapiGest™. The samples 

were transferred to sample vials and analyzed in random order. Each of the 

samples was exposed to three freeze-thaw cycles prior to LC-MS analysis. 

 

2.4. ChipLC-QTOF MS proteomic analysis 
The sample order was randomized with quality controls (cytochrome C spiked 

into the pooled CSF sample after digestion at 200 fmol/µL) and blanks injected 

after every tenth sample. The sample injection volumes were normalized 

according to the TIC area; a first injection of 0.5 μL of samples from all group 

revealed a TIC area that was 5 times higher in group E and F compared to group 

A-D. To normalize the TIC area a five times lower volume was injected of group E 

and F (0.2 μL) compared to group A-D (1 μL). Peptides were separated on a 

reverse phase LC-chip (Protein ID chip #3; G4240-63001 SPQ110: Agilent 

Technologies; separating column: 150 mm × 75 µm Zorbax 300SB-C18, 5 µm; trap 

column: 160 nL Zorbax 300SB-C18, 5 µm) coupled to a nano LC system (Agilent 

1200) with a 40 μL injection loop. Ions were generated by electrospray ionization 

(ESI) and transmitted to a quadrupole-time-of-flight (QTOF) mass spectrometer 

(Agilent 6510). Instrumentation was operated under the MassHunter Data 

Acquisition software (version B.01.03; Build 1.3.157.0; Agilent Technologies, Santa 

Clara, USA). 

For LC separation the following eluents were used; A: ultra-pure water 

(conductivity 18.2 MΩ, Elga Labwater, Ede, The Netherlands) with 0.1% formic 

acid (98-100%, pro analysis, Merck, Darmstadt, Germany); B: acetonitrile (HPLC-S 

gradient grade, Biosolve, Valkenswaard, The Netherlands) with 0.1% formic acid. 

The samples were injected on the trap column at a flow rate of 3 μL/min (3% B). 

After 10 min the sample was transferred to the separation column at a flow rate of 

250 nL/min and the peptides were eluted using the following gradient: 100 min 

linear gradient from 3 to 50% B; 5 min linear gradient from 50 to 70% B; 4 min 

linear gradient from 70 to 3%. 

The MS analysis was done in the 2 GHz extended dynamic range mode 

under the following conditions; mass range: 275-2000 m/z, acquisition rate: 1 

spectrum/sec, data storage: profile and centroid mode, fragmentor: 175 V, 

skimmer: 65 V, OCT 1 RF Vpp: 750 V, spray voltage: ~1900 V, drying gas temp: 325 

ºC, drying gas flow (N2): 6 L/min. Mass correction was done during analysis using 

internal standards; m/z: 371.31559 (originating from a ubiquitous background ion 

(Dioctyl adipate, DOA, plasticizer) and m/z: 1221.990637 (HP-1221 calibration 
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standard, continuously evaporating from a wetted wick inside the spray 

chamber). 

Repeatability of the LC-MS analyses was assessed in terms of mass 

accuracy, retention time and peak area based on four selected peptide peaks 

originating from a cytochrome C digest spiked into the QC sample. The peaks 

were smoothed (Gaussian function width; 15 points, [15 sec]) and integrated to 

calculate the relative standard deviation (RSD) of the peak area (< +/- 30%) and the 

retention time (< +/- 0.3% or 5 sec). Mass accuracy calculated as the mean of five 

measurements from each selected cytochrome C peak, was within +/- 5 ppm of the 

expected value. 

For protein identification, samples were analyzed by auto MS/MS in the 4 

GHz mode using the following settings; fragmentor: 175 V, skimmer: 65 V, OCT 1 

RF Vpp: 750 V, precursor ion selection: medium (4 m/z), mass range: 200-2000 m/z, 

acquisition rate for both MS and MS/MS: spectrum/sec, isolation width: ~ 4 amu, 

ramped collision energy 3.7 V/100 Da, offset: 2.5 V, precursor setting: maximum 3 

precursors/cycle, absolute threshold: 1000, relative threshold: 0.01% of the most 

intense peak, active exclusion enabled after 2 selections, release of active exclusion 

after 0.5 min, precursors sorted by abundance only. The MS/MS files were stored 

in centroid mode. The LC separation was identical except for a slightly modified 

enrichment and gradient elution program. After injection, peptides were enriched 

for 15 min on the trap column before being transferred to the separation column. 

Elution was done using the following gradient:  97 min linear gradient from 3 to 

60% B; 15 min linear gradient from 60 to 3% B. 

 

2.5. ChipLC-QTOF MS data processing 
Raw data were visually examined and exported to MzData.XML files in centroid 

mode using the Agilent MassHunter Qualitative Analysis software (Agilent 

version B.01.03; Build 1.3.157.0). Files were converted to ASCII format. In order to 

limit file size, thresholds were used for the conversion (conversion of data was 

limited to the time and mass range corresponding to eluting peptides and data 

were converted with intensity filtering to reduce background noise) according to 

following parameter settings; peak intensity: > 400 counts, mass range: 275-1600 

m/z, retention time range: 22-95 min. The ASCII files were pre-processed using an 

in-house data processing workflow developed in C++ (24, 25) producing a 

common peak matrix of 5336 peaks (based on selection of 10 000 most intensive 

peaks from each data file, this number is selected based on the quality of the data 

and the noise threshold). The raw peak matrix was analyzed by principal 

component analysis (PCA) to visualize the overall variability prior to feature 

selection and analysis with double cross validated Nearest Shrunken Centroid 

(NSC) algorithm (26) (MatLab R2009a, Mathworks, Natick, MA, USA). 
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The NSC classifier was applied on the generated peak matrix in order to 

find the most discriminatory peptide peaks in the comparisons; A vs. E, C vs. E, B 

vs. F and D vs. F. Double cross-validation was implemented by counting 

classification error rate in function of the shrinkage in the inner loop and to 

measure the classification performance in the outer loop. When the lowest 

classification error rate was recorded for broad continuous range of shrinkage, the 

optimal shrinkage value was selected manually in order to generate the peak list. 

The NSC-selected features were subsequently visualized by PCA. 

NSC-selected peaks were subsequently visualized using extracted ion 

chromatograms (EICs) with the MassHunter software. EICs for selected m/z 

values were smoothed and integrated, and the generated peak areas were 

exported in Excel format. Peak areas from both the peak matrix as well as the 

chromatograms were compared between groups using one way ANOVA with 

Bonferroni correction (SPSS Inc., Chicago, Il, USA). Peak area differences with a p-

value below 0.01 were considered significant.  

For processing of the same raw data with a different workflow, the data 

files were converted to MzXML format using the open source msconvert parser in 

the proteowizard pipeline (27). The generated files were pre-processed in terms of 

feature extraction, retention time alignment and matching the same peaks across 

multiple chromatograms using the Progenesis LC-MS software package (version 

2.5, Nonlinear Dynamics, Newcastle-upon-Tyne, United Kingdom) generating a 

raw peak matrix. The resulting peak matrix was exported in Excel format 

(Microsoft Office Excel 2007, Microsoft Corporation, Redmond, WA, USA) and the 

10 000 most intensive peaks were selected for further analysis. The NSC classifier 

was applied and the same procedure as described above was applied on the data 

set.  

Discriminatory features were searched for matching m/z, RT and charge 

states (Δ RT: max ± 1 min, Δ m/z: max ± 10 ppm) in an Excel file containing all 

identified ions from the auto MS/MS analysis (see following section). After having 

assigned a discriminatory peptide peak to a given protein, all other identified 

peptides from that protein were examined to evaluate whether they followed the 

same pattern. Only proteins where at least 80 % of all identified peptides had a p-

value below 0.01 when compared by ANOVA with Bonferroni correction (A vs. E, 

C vs. E, B vs. F and D vs. F) were considered discriminatory. The peak areas for all 

discriminatory peptides belonging to the same protein were summed within the 

sample groups and an average was calculated. A protein with a difference of at 

least a factor of two for proteins that increased in the diseased groups (E and F) 

was considered as significantly discriminatory. For decreasing proteins a factor of 

ten times was considered as significant (since group E and F was injected at five 

times lower volume compared to group A-D, a protein decreasing ten times are 
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decreasing only two times at native relative comparison [raw samples without any 

normalization]). 

 

2.6. Protein identification (QTOF data) 
For protein identification one sample from group F and one sample from group A 

were analyzed by data-dependent MS/MS, the generated data files were converted 

to the .mgf format and exported to the Phenyx data base search tool (version 2.6, 

Geneva Bioinformatics, Geneva, Switzerland,). MS/MS spectra were searched 

against the uniprot_sprot and uniprot_sprot_rev databases (version: 20090608, 

Taxonomy: Rattus norvegicus). The search parameters were set as follows: scoring 

model: ESI-QTOF (QTOF), parent charge: +2, +3, +4, peptide/AC score: ≥ 5, peptide 

length: ≥ 4, p-value < 0.001, enzyme: trypsin, missed cleavage: 2, parent tolerance: 

10 ppm, amino acid modifications: carbamidomethylation of cysteine (fixed, all), 

oxidation of methionine (variable, <4), cleavage mode: normal, false positive rate 

upon searching the reverse database < 2%. Only proteins that were identified with 

at least two separate peptides were considered as true positives. 

 

2.7. Nano-LC-ESI-Orbitrap MS/MS 
Digested rat CSF samples were analyzed by LC-MS/MS using an Ultimate 3000 

nano LC system (Dionex, Germering, Germany) online coupled to a hybrid linear 

ion trap / Orbitrap mass spectrometer (LTQ Orbitrap XL; Thermo Fisher Scientific, 

Bremen, Germany). Five microliter digest were loaded onto a C18 trap column 

(C18 PepMap, 300µm ID x 5mm, 5µm particle size, 100 Å pore size; Dionex, The 

Netherlands) and desalted for 10 minutes using a flow rate of 20 µL /min. The trap 

column was switched online to the analytical column (PepMap C18, 75 μm ID x 

150 mm, 3 μm particle and 100 Å pore size; Dionex, The Netherlands) and 

peptides were eluted with the following binary gradient: 0% - 25% solvent B for 

120 min and 25% - 50% solvent B for further 60 minutes, where solvent A 

consisted of 2% acetonitrile and 0.1% formic acid in ultra pure water and solvent B 

consisted of 80% acetonitrile and 0.08% formic acid in water. The column flow rate 

was set to 300 nL/min. For MS detection a data dependent acquisition method was 

used: a high resolution survey scan from 400 – 1800 m/z was performed in the 

Orbitrap (automatic gain control (AGC) 106, resolution 30,000 at 400 m/z; lock 

mass set to 445.120025 m/z [protonated (Si(CH3)2O)6])(28). Based on this survey 

scan the 5 most intense ions were consecutively isolated (AGC target set to 104 

ions) and fragmented by collision-activated dissociation (CAD) applying 35% 

normalized collision energy in the linear ion trap. Once a precursor had been 

selected, it was excluded for 3 minutes. 
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2.8. Orbitrap data processing 
The raw data was preprocessed using the Progenesis LC-MS software package 

(version 2.5) (no normalization was applied). Peptides were identified and 

assigned to proteins by exporting features, for which MS/MS spectra were 

recorded, using in the Bioworks software package (version 3.2; Thermo Fisher 

Scientific, Germany, peak picking by Extract_msn, default settings). The resulting 

.mgf file was submitted to Mascot (version 2, Matrix Science, London, United 

Kingdom) for identification to interrogate the UniProt-database (version 57.0, 

rattus taxonomy: 7114 sequences). Only ions with charge states between +2 and +7 

were considered and only proteins with at least two unique peptides (with a 

Mascot sore > 25) assigned to them were accepted as true identifications. 

Modifications: carbamidomethylation of cysteine (+57.021 m/z) was set as fixed 

and oxidation of methionine (+15.996 m/z) as variable modification allowing a 

maximum of 2 missed cleavages. Mass tolerance for precursor ions was set to 10 

ppm and for fragment ions at 0.5 Da. The cut-off for mass differences between the 

measured and the theoretical mass of the identified peptides was set at 2 ppm. The 

Mascot search results were imported back into the Progenesis software to link the 

identified peptides to the detected abundances of these peptides. Subsequently the 

data were exported in Excel format. 

The peak matrix containing only the identified features was analyzed by 

one-way ANOVA with Bonferroni post hoc test (A vs. E, C vs. E, B vs. F and D vs. 

F) (SPSS). All identified proteins with 80 % of the identified peptides having a p-

value below 0.01 in the statistical test were kept for further analysis. The sum of all 

peptides originating from the same protein was calculated for each sample and the 

average of this sum was calculated for each group of animals and compared 

between diseased groups and controls (A vs. E, C vs. E, B vs. F and D vs. F). If the 

average sum in the diseased groups was increased at least 10 times or decreased 

more than 2 times, the protein was considered as significantly discriminatory 

(since the overall protein abundance was increased by five times in the diseased 

groups, we considered that proteins had to increase a factor of two more than this 

overall increase to be significantly discriminatory). 

For further analysis of the Orbitrap data using a second data processing 

procedure a normalization (29) was applied in the Progenesis software (to 

compensate for the large TIC differences and detect differences between groups 

that were not caused by an overall increase in protein abundance). The resulting 

peak matrix was further processed in Microsoft Office Excel 2007. All non-

identified peaks were filtered out and the peak matrix was imported into MatLab 

(version R2009a) for NSC and PCA analysis. The NSC analysis was done pair wise 

(A vs. E, C vs. E, B vs. F and D vs. F) for selection of discriminatory peaks between 

the diseased and control groups. PCA was applied to the NSC-selected features as 

well as to the complete peak matrix to visualize group separations. The NSC-
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selected peaks were linked to the identified protein in the Excel peak matrix and 

listed for comparison of results between workflows and platforms. 

 

 

3. Results 

 
Trypsin-digested CSF samples from Lewis rats with induced EAE were compared 

to CSF from healthy as well as inflammatory control animals collected at day 10 or 

day 14 after injection of the disease-inducing agent (see Table 1 for details). The 

weight of the rats was monitored daily from the day of injection until euthanasia 

at day 10 or 14 (Figure 1). The average weight of animals belonging to the healthy 

(group B) or inflammatory control (group D) increased continuously from day 1 to 

day 14, while animals in the EAE group (group F) showed a marked decrease 

starting on day 11. The weight pattern of the rats from groups A, C and E was 

similar until day 10 (data not shown). The weight decrease in the EAE group 

(group F) was paralleled by an increase in neurological scores (Table 2). None of 

the other animals (group A-E) showed an increase in neurological score. 

 

 
Figure 1. Average weight of rats in groups B, D and F (groups A, C and E showed no 

difference in the weight pattern between each other). A diverging weight pattern can be 

seen for group F from day 11 onwards. Rat groups; A: healthy control day 10, B: healthy 

control day 14, C: inflammatory control (CFA) day 10, D: inflammatory control (CFA) 

day 14, E: EAE day 10, F: EAE day 14. 
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Table 2. Neurological scores of the samples included in the analysis from animals in group 

F monitored at each day (Only group F showed increased neurological scores). 

Explanation; 0: no pathological signs, 1: paralysis of the tip of the tail, 2: no curling 

reflex/no strength at tail basis, 3: slightly impaired walking, 4: unstable walk, 5: half hind 

limb paralysis, 6: complete hind limb paralysis, 7: midriff paralysis, 8: half for-limb 

paralysis, 9: moribund, 10: death due to EAE. 
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76 0 0 2 4 5 4 

77 0 0 0 1 3 4 

79 0 0 0 1 3 4 

80 0 0 0 0 0 0 

82 0 0 0 3 4 5 

84 0 0 2 4 4 4 

85 0 0 0 1 3 4 

86 0 0 0 3 6 6 

87 0 0 1 3 4 3 

88 0 0 1 4 4 4 

89 0 0 2 4 5 5 

90 0 0 1 3 6 6 

 

 

Visual inspection of the LC-MS data revealed that the total protein 

concentration (measured as the total ion chromatogram or the UV-trace) was 

significantly higher (~5 times) for all animals in group F and for about half of the 

animals in group E. Differences were highly significant as shown by box and 

whisker plots of the area under curve of the total ion chromatograms (TIC) based 

on the chipLC-QTOF analyses (Figure 2A). In order to not overload the trap and 

separating columns on the microfluidics device and to make optimal use of the 

dynamic range of the LC-MS system, samples from groups E and F were injected a 

second time at a 5 times lower volume (0.2 µL) compared to group A-D (1 µL) 

giving comparable areas for the TIC (Figure 2B). Interestingly, variation was very 

high in group E (EAE animals at the general onset of disease, day 10). This is most 

probably due to variable inception of disease depending on the individual animal. 

Variability at day 14, when disease symptoms have reached their maximum, was 

again rather small (Figure 2 A, 2B). 

In the LC-Orbitrap system all samples were injected at the same volume (5 

µL), with no problems of overloading, because a trap column with larger volume 

capacity was used for acquisition with Orbitrap MS. In order to, in the PCA and 

NSC analyses, rule out detections of differences caused by an overall increase of 
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protein abundance in the group E and F analyzed by the Orbitrap, the data was 

normalized at data level (29). For peak area comparisons the raw data without 

normalization was used. Combining the QTOF and Orbitrap methods we 

identified 233 proteins with at least 2 unique peptides each. 

 

 
 

Figure 2. A. Area under the curve of the Total Ion Chromatograms (TICs) from analysis of 

0.5 µL trypsin-digested cerebrospinal fluid (CSF) from groups A-F. Univariate statistical 

analysis (Student’s t-test) revealed significant differences between the sample groups (A 

vs. E: p < 0.05; C vs. E: p < 0.05; B vs. F: p < 0.0001; D vs. F: p < 0.0001). B. TIC areas 

after taking the difference in TIC area into account by injecting 1 µL of trypsin-digested 

CSF for groups A-D and 0.2 µL for groups E and F (Univariate statistical analysis 

revealed no significant difference when the groups were compared with each other). 

 

 

Since protein concentration (measured as Total Ion Chromatogram, TIC) in 

group E was highly variable, we compared this group as a whole but also divided 

it into a ‚high‛ TIC group (Ehigh) (squares) and a ‚low‛ TIC group (Elow) (stars) 

(Table 1). Figure 3A visualizes the PCA of the normalized Orbitrap data showing 

that groups E and F deviate from the control groups A-D even though the total ion 

chromatograms were normalized. Figure 3B show the corresponding PCA of raw 

QTOF data (normalized through injection of different volumes at sample level) 

confirming that groups E and F differ significantly from the control groups in their 

digested protein profile. In both the Orbitrap and the QTOF analysis group Ehigh is 

more separated from group A-D than Elow.  

In order to select individual peptide peaks that show statistically 

significant differences in abundance between the different groups of animals, we 

applied the NSC classifier to the QTOF-MS and the Orbitrap-MS peak matrices 

using a double cross validation scheme (30, 31). For all the comparisons the NSC 

recorded the lowest classifications error rates for wide continuous ranges of 
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shrinkage values which means that there was a very clear separation of the 

groups. Figures 4A-D show principal component analyses of identified NSC-

selected peaks for groups A vs. E (upper panels) and C vs. E (lower panels) based 

on the data from Orbitrap (left panels) and QTOF LC-MS analyses (right panels). 

The E group is divided in Ehigh (squares) and Elow (stars) (see Table 1). In the plots 

it is visible that the Ehigh group is more separated from the control groups than the 

Elow group, indicating differences in the protein profile between healthy controls 

and EAE group in part of the animals at day 10. This indication can be seen as an 

asymptomatic onset of the disease of some of the animals already at day 10. 

Figures 5A-D show principal component analyses of identified NSC-selected 

peaks for the comparison of groups B vs. F (upper panels) and D vs. F (lower 

panels) for the both Orbitrap- (left panels) and QTOF-derived data (right panels). 

The PCA plots of these comparisons show a clear to moderate tendency to group 

separation indicating that the trypsin-digested CSF protein profiles are different 

between healthy and inflammatory control groups and the EAE group at the 

height of disease symptoms (day 14). 

 

 

Figure 3. A. PCA based on all identified peptide ions (6195 peaks) of groups A-D (●), 

group Elow (*), Ehigh (□) and group F (∆) from the preprocessed, normalized Orbitrap LC-

MS data. B. PCA based on the complete peak matrix (5336 peaks) of groups A-D (●), 

group Elow (*), Ehigh (□) and group F (∆) from the in-house preprocessed QTOF LC-MS 

data. 

 

 

For a protein to be considered as discriminatory we have used highly 

stringent criteria. Proteins identified with only one peptide were discarded from 

further analysis and at least 80 % of the detected peptides belonging to one protein 

had to be significantly discriminatory (p < 0.01) by ANOVA comparison with 

Bonferroni correction between diseased animals and control (A vs. E, C vs. E, B vs. 
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F and D vs. F). Because of the large differences in total amount of protein in the 

EAE diseased animals (groups E and F) compared to the control groups, only 

proteins that exceeded the increase of total protein amount (five times) by at least 

twofold. To determine the fold increase the average of the sum of all peptides 

from a protein in one group was compared it to the identical protein in another 

group. For proteins that decreased in the diseased groups compared to control a 

factor of two was considered as discriminatory. The protein level in samples from 

group E and F was already present at a factor of five lower than in the raw, native 

samples for QTOF data (because of the normalized injection). This means that in 

the QTOF data a two fold increase and a tenfold decrease was considered as 

discriminatory. In the Orbitrap data that was not normalized at either sample or 

data level but instead compared at a native relative level the increase had to be a 

factor of ten in group E and F compared to control, while the decrease had to be 

twofold to be considered as significant. 

 

 
 

Figure 4. PCA of NSC-selected peaks from the Orbitrap (A and C) and QTOF data (B and 

D). A. A (▼) vs. E: Elow (*) Ehigh (□) Orbitrap data: PCA based on 3 identified NSC-selected 

peaks at shrinkage 8. B. A vs. E QTOF data: PCA based on 70 identified NSC-selected 
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peaks at shrinkage 4. C. C (▼) vs. E: Elow (*) Ehigh (□) Orbitrap data: PCA based on 1950 

identified NSC-selected peaks at shrinkage 1. D. C vs. E QTOF data: PCA based on 17 

identified NSC-selected peaks at shrinkage 7. 

 

 
 

Figure 5. PCA of NSC-selected peaks from the Orbitrap (A and C) and QTOF data (B and 

D). A. B (▼) vs. F(*) Orbitrap data: PCA based on 96 identified NSC-selected peaks at 

shrinkage 4. B. B vs. F QTOF data: PCA based on 23 identified NSC-selected peaks at 

shrinkage 7. C. D (▼) vs. F (*) Orbitrap data: PCA based on 583 identified NSC-selected 

peaks at shrinkage 2. D. D vs. F QTOF data: PCA based on 31 identified NSC-selected 

peaks at shrinkage 7. 

 

 

Figure 6 A-D shows box and whisker plots of the average sum of the peak 

areas of all detected peptides from four different proteins. The serum protein 

paraoxonase/arylesterase 1 (P55159) (average of 4 peptides) is clearly increased in 

the Ehigh group (84 times increased at native comparison level [no normalization] 

in Orbitrap data) and decreases relative to group Ehigh to an 8 fold increase in 

group F relative to healthy and inflammatory control groups (see Figure 6A and 

Table 3). This indicates that animals react differently to induction of EAE in time 
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and that the onset of disease, as detected by proteomics, is not synchronized 

exactly on Day 10. It is noteworthy that none of the animals in group E had 

neurological symptoms (the neurological score was zero). The fact that this protein 

was increasing strongly at the onset of the disease while decreasing to a lower 

level at the climax of the disease course, indicates that this protein is elevated as a 

result of an acute early disease process or the start of disruption of the blood brain 

barrier. Lysozyme C1 (P00697) (average of 4 peptides) was dramatically increased 

in group F (11 times increased in the QTOF data [normalized at sample level]) 

while it remained almost at the level of the control groups in group E (see Figure 

6B, Table 3). This protein showed the same behavior in the Orbitrap data as well 

but did not fulfill our criteria to be considered as significantly discriminatory. 

Lysozyme C1 here show a very disease specific pattern with a clear increase only 

at the apex of the disease, this indicates that this protein might be involved in 

processes that are more related to CSF membrane disrupture. Complement C3 

(P01026) (figure based on QTOF data, normalized at sample level, average of 11 

peptides) showed yet another pattern in that it was increased in group Ehigh as well 

as the F group (3 times increased in both groups compared to control in QTOF 

analysis, see Figure 6C, Table 3). This protein was 14 times increased in the F vs. B 

comparison and 26 times increased in the Ehigh vs. A comparison in the Orbitrap 

analysis (non-normalized). The pattern of an increased level already at the onset of 

the disease and with a maintained high level at the apex makes it an early onset 

candidate marker as well as a marker for one of the pathological processes in the 

developing disease. Vitamin D binding protein (P04276) (figure based on QTOF 

data, normalized at sample level, average of 8 peptides) also increased 

significantly already in the Ehigh group (3 times increased in QTOF analysis and 21 

times increased in Orbitrap analysis), in group F the increase was also significant 

but lower (2 times increased in QTOF analysis and 7 times increased in Orbitrap 

analysis) compared to control (Figure 6D, Table 3). Also this protein has a 

stronger effect in the early stage of the disease making it a potential early 

candidate marker. 

There were a few proteins, apolipoprotein E (P02650), angiotensinogen 

(P01015) and prostaglandin D synthase (PTGDS, P22057), of which the 

concentration did not follow the TIC. We assume that these proteins in this case 

are genuine CSF-derived proteins, which are not affected by a change in 

permeability of the blood-brain barrier (BBB). Figure 7 shows the sum of the peak 

areas of 4 peptides originating from PTGDS detected in the QTOF analysis. In 

Figure 7A the raw data from the QTOF analysis (TIC normalized at sample level, 

five times less injected of group E and F compared to group A-D) showing a 

significantly decreasing pattern of this protein in the diseased animals compared 

to control (p < 0.01) the decrease of the diseased groups compared to the control 

groups were however less than 4 times. Figure 7B is based on a QTOF analysis 
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were all samples were injected at the same volume (native relative comparison), 

here the protein is stable in all groups, indicating clearly that differences between 

groups are non-significant (p > 0.05). 

 

 
 

 Figure 6. Boxplots of the average sum of all peptides from 4 discriminatory proteins. In the 

figures group E is divided in two groups (Ehigh and Elow) based on their TIC area; Ehigh: high 

TIC, Elow: low TIC. All values originates from raw data from the analysis (no 

normalization at data level). A. Serum paraoxonase/arylestarase 1 (average of 4 peptides), 

this protein was detected by the Orbitrap analysis only. B. Lysozyme C1 (average of 4 

peptides) the protein was only significantly discriminatory in the QTOF analysis but 

showed the same behavior in the Orbitrap analysis. C. Complement C3 (average of 10 

peptides), significantly discriminatory in both Orbitrap and QTOF analysis. D. Vitamin 

D binding protein (average of 8 peptides) also this protein was significantly discriminatory 

in both QTOF and Orbitrap analysis. 

 

 

In Table 3 all discriminatory proteins that increased more than 2 times (10 

times in non-normalized data) in the diseased groups Ehigh and/or F compared to 

groups A and B respectively from both analysis platforms are listed with the 
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relative change in abundance between groups F and B and Ehigh and A, 

respectively. No protein showed a significantly decrease in abundance in the 

disease groups (E and F). The upper part of the table shows 14 proteins that were 

found to be discriminatory in both data sets, the middle part shows 23 proteins 

that were only detected by the Orbitrap, and the lower part shows 4 proteins that 

were discriminatory only in the QTOF data set, although these four proteins were 

also detected in the Orbitrap analysis. While Orbitrap data showed the same 

tendency as the QTOF data, the results did not fulfill our stringent criteria and the 

proteins were therefore not considered as significantly different (see Table S.1., 

supplementary material for the identification  information for each peptide and 

protein detected by the QTOF method given in Table 3). In summary, based on 

our data we can discriminate 41 proteins that increase in EAE compared to healthy 

and inflammatory control groups, of which 28 are not described as discriminatory 

in EAE before. 

 

 
Figure 7. Boxplots of the average sum of 4 peptides originating from prostaglandin D 

synthase detected in the QTOF analysis. Group E is divided in two groups (Ehigh and Elow) 

based on their TIC area; Ehigh: high TIC, Elow: low TIC. A. Raw values from the QTOF LC-

MS analysis (normalization of TIC’s at injection level; samples from group E and F 

injected at 5 times lower volume than group A-D). B. raw values from QTOF LC-MS 

analysis where all samples were injected at the same volume (0.5 µL each). 

 

 

4. Discussion 

 
In human subjects, the large biological variation complicates the detection of 

biomarkers, especially when using a screening approach of the whole proteome. 

Working with an animal model makes it possible to collect both tissue samples 

and CSF; a better control of the disease course in the animal model enables 
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collection of samples at a specific stage of the disease, which makes it possible to 

get a strong response also when screening complex samples. Candidate markers 

detected in the EAE model can then be evaluated in human subjects in a targeted 

fashion. 

Here we have described an interlaboratory proteomic biomarker study 

based on CSF from an acute EAE model mimicking certain aspects of MScl. The 

goal was to find proteins connected to the disease. We have analyzed CSF samples 

using two different mass spectrometry based proteomics platforms at two 

independent laboratories. We have also applied two separate data processing 

workflows on both of the data sets. 

Our study shows that induction of EAE in rats leads to a significant on 

average five times increase in the total protein concentration in cerebrospinal fluid 

(CSF). Despite this general change in protein concentration, we identified 41 

proteins that increased at least by a further factor of 2 clearly discriminating EAE 

animals from control animals. The fact that we have also found proteins that do 

not change in concentration between the groups of animals demonstrates that the 

observed increase in protein concentration is not simply due to a decreased 

volume of CSF or a generic overall response of all proteins in groups E and F, but 

that the identified proteins increase in response is due to the induction of EAE in a 

disease controlled active regulated way. 

There was a longitudinal component in our study, as the animals in groups E and 

F were both injected with MBP + CFA but in group E, CSF was collected on day 

10, at the onset of EAE while CSF from group F was collected at the climax of 

disease symptoms on day 14. Figure 1 and Table 2 show that the animals in group 

F started to lose weight and showed elevated neurological scores from day 11 

onwards, some of the animals in group F started off with a higher neurological 

score at day 11 while some of the animals still had no score at this day. The 

separation of the animals in group E might be a sign of which animals will 

develop scores earlier (Ehigh) than other animals (Elow), all rats in group E were 

asymptomatic at the day of sacrifice (day 10) despite the fact that the Ehigh group 

had clearly elevated levels of proteins related to the animals in group F at the apex 

of disease (see Figure 6). This indicates that protein patterns may be used as early 

indicators of disease onset prior to the appearance of clinical symptoms. The time 

difference in response to induction of EAE in an inbred strain of rats held under 

the same conditions must be taken into account when evaluating the effect of 

pharmacological interventions with newly developed drug candidates at an early 

stage of onset of the disease. 

This study was interlaboratory in the means of the same sample set being 

analyzed at two separate university sites using different analysis platforms. We 

also combined two different data processing pipelines on the two data sets each in 

order to cover as much of the variation as possible. The results from the different 
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data processing strategies were partly overlapping showing reproducibility 

between the analysis strategies but the combination of the techniques also yielded 

an increased coverage of discriminatory features.  

Taking both analyses together, we identified 233 proteins from which 41 

proteins were increased in group F versus the healthy control group B and the 

inflammatory control group D (all collected on day 14) and group Ehigh versus the 

healthy control group C and the inflammatory control group A (all collected on 

day 10). Out of these 41 proteins, 28 have not been described as discriminatory in 

other EAE studies (see highlighted proteins in Table 3). Fifteen proteins were 

shown to be discriminatory on both LC-MS/MS platforms while another 23 

proteins were only observed on the Orbitrap. Four proteins fulfilled our criteria 

for discriminatory proteins based on the QTOF data but not based on the Orbitrap 

data, although they were identified on this instrument. They showed, however, 

the same tendency of increasing concentration on the Orbitrap as well. This shows 

that analysis of trypsin-digested CSF samples from an acute rat EAE model 

resulted in a considerable overlap with respect to discriminatory proteins in an 

interlaboratory proteomics analysis. 

 

 

Table 3. Discriminatory proteins listed with name, accession number, number of peptides, 

the quotient of F/B and Ehigh/A (non-normalized peak areas). The values are based on the 

average of the sum of all peptides identified as originating from that protein. The first part 

of the table consists of proteins that were discriminatory in both the Orbitrap and QTOF 

data, while the mid part contains proteins that were detected as discriminator by the 

Orbitrap analysis only and the lower part contains proteins that were discriminatory in 

the QTOF data only. The orbitrap data originates from an equal sample injection of all 

samples from all groups (no-normalization) and the data from the QTOF analysis 

originates from a normalization of the TIC at sample level (group E and F injected at five 

times lower volume than group A-D). Proteins that have not been described as 

discriminatory in the EAE model before are marked in bold. All proteins are present in 

plasma as well. 
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Afamin P36953 28 6 13 3 3 2 

Alpha-1-inhibitor 3 P14046 52 16 29 2 5 5 
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Alpha-1-macroglobulin Q63041 63 6 22 8 5 8 

Ceruloplasmin P13635 37 9 19 7 4 4 

Complement C3 P01026 94 14 26 10 3 3 

Fetuin-B Q9QX7
9 

19 8 15 4 3 2 

Haptoglobin P06866 21 13 35 4 3 4 

Hemopexin P20059 28 8 21 12 3 5 

Ig gamma-2A chain C region P20760 9 13 17 4 3 4 

Murinoglobulin-1 Q03626 54 14 28 10 4 5 

Murinoglobulin-2 Q6IE52 6 17 44 3 3 4 

T-kininogen 1 P01048 19 21 34 6 10 10 

T-kininogen 2 P08932 18 30 38 7 11 11 

Vitamin D-binding protein P04276 24 7 21 6 2 3 

Discriminatory proteins Orbitrap only           

Alpha-1-antiproteinase P17475 22 7 11       

Apolipoprotein A-I P04639 11 6 26       

Apolipoprotein M P14630 2 12 51       

Complement C1q subcomponent subunit A P31720 5 6 12       

Complement C4 P08649 61 8 16       

Fibrinogen alpha chain P06399 13 30 96       

Fibrinogen beta chain P14480 19 6 32       

Fibrinogen gamma chain P02680 18 1 19       

Glutathione peroxidase 3 P23764 2 17 77       

Ig gamma-1 chain C region P20759 6 14 28       

Ig gamma-2B chain C region P20761 4 12 32       

Ig gamma-2C chain C region P20762 7 21 25       

Ig kappa chain C region B allele P01835 6 10 13       

Ig lambda-2 chain C region P20767 4 9 11       

Insulin-like growth factor-binding protein complex acid labile 
chain 

P35859 3 12 34       

Inter-alpha-trypsin inhibitor heavy chain H3 Q63416 19 11 13       

Kininogen-1 P08934 7 8 18       

Plasminogen Q01177 32 5 10       

Protein Z-dependent protease inhibitor Q62975 2 10 20       

Serine protease inhibitor A3K P05545 13 7 12       

Serine protease inhibitor A3M Q63556 9 13 17       

Serum paraoxonase/arylesterase 1 P55159 4 8 84       

Zinc-alpha-2-glycoprotein Q63678 5 13 18       

Discriminatory proteins QTOF only        

Lysozyme C1 P00697       4 11 1 
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Alpha 1 acid glycoprotein P02764       8 2 4 

Serine protease inhibitor A3N P09006       4 2 2 

Alpha-2-HS-glycoprotein (Fetuin A) P24090    6 2 3 

 

 

Among the 41 proteins that discriminated diseased from control groups, all 

are well-known, highly, moderate and low abundant plasma proteins which 

indicates that elevation may be partially the result of a change in the function of 

the blood-brain barrier (BBB). Since most of these proteins are also present in CSF 

under normal circumstances, discrimination between an increased intrathecal 

production and an increased infiltration, or both is not possible in this case. 

Several of the discriminatory proteins belong to the class I acute phase 

proteins; e.g. alpha 1 inhibitor 3, fibrinogen, plasminogen, ceruloplasmin, 

hemopexin, haptoglobin, alpha 2 macroglobulin, alpha 1 antiproteinase, alpha 1 

acid glycoprotein and the components of the complement system. These proteins 

are activated during inflammation (32-34), and up regulation of these proteins 

reflects the inflammatory processes that are ongoing in the EAE model as well as 

in MScl. Only a few of these proteins (haptoglobin, hemopexin and alpha 1 acid 

glycoprotein) were discriminatory in both the QTOF and the Orbitrap analysis 

when the inflammatory controls (C and D) where compared to the healthy 

controls (A and B). This shows that that the elevation of most of the proteins is not 

just due to a general inflammatory response to complete Freund’s adjuvant. 

Complement C3, involved in the activation of the complement system has been 

connected to both EAE and MScl in previous studies (20, 35-37), complement C1 

has been discovered as discriminatory in the sense of PTM polymorphisms 

between EAE rats and controls (10). In this study Complement C3 were 

significantly increased in CSF from EAE rats in both the Orbitrap analysis and the 

QTOF analysis. Complement C1 was detected in the Orbitrap analysis only and 

was significantly increased in group Ehigh compared to group A. Alpha 1 inhibitor 

3 is a protease inhibitor that was also found increased in the EAE model before 

(20) supporting our results. T-kininogen is another protein that is involved in 

inflammatory cascades and an important mediator of the inflammatory response 

(38). Earlier published data have shown that an elevated level of the kinin B1 

receptor correlates with increased disease severity in MScl patients (39). 

Hemopexin and haptoglobin are heme-binding proteins, which have the ability to 

effectively inhibit the toxic effect of free heme by forming complexes (40), Heme is 

an iron containing porphyrin that exerts toxic effects on cells, DNA and organelles 

through the formation of reactive oxygen species (ROS). ROS are involved in the 

pathogenesis of several vascular diseases (41) and there are indications that ROS 

are involved in neurodegeneration and BBB disruption, which contribute to the 
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formation and persistence of lesions in MScl (40, 42, 43). Oxidative stress has also 

been connected to neurodegeneration and apoptosis in the EAE model. We found 

both hemopexin and haptoglobin at elevated levels in CSF of EAE compared to 

control. Hemopexin was also detected at elevated levels in spinal cord of EAE rats 

(20) and have been connected to MScl in earlier studies (44, 45). This connection 

between heme toxicity and MScl/EAE indicates that the increased levels of heme-

binding proteins in our study could be related to the pathogenesis of EAE and 

ultimately MScl. Ceruloplamin is another protein involved in iron metabolism, 

this protein was also elevated in EAE compared to control in this study and the 

same behavior was observed in two earlier EAE studies (13, 20), also in MScl this 

protein has been found at elevated levels (46). 

It is interesting to note that lysozyme C1 is strongly increased at the full-

scale EAE (group F) (see Figure 6B). The primary role of lysozymes is to offer 

protection against bacterial infections through specific cleavage of the bacterial 

peptidoglycan cell wall (47). Previous studies revealed increased lysozyme levels 

in patients with MScl and other neurological disorders (48, 49) as well as in 

rheumatoid arthritis, another autoimmune disease (50). In EAE lysozyme C2 has 

been found at increased levels in the spinal cord of EAE rats compared to control 

(20). An increase in lysozyme C1 may be due to the presence of mycobacteria in 

complete Freund’s adjuvant but it is again noteworthy that the increase in CSF is 

not observed in the inflammatory control groups. 

CSF of MScl patients is normally screened for an increase in 

immunoglobulin G (IgG) as well as for the presence of IgG bands upon isoelectric 

focusing (2). In agreement with this, we found that a number of immunoglobulins 

were elevated in CSF of EAE rats relative to inflammatory controls (see Table 3) 

IgG’s have also been detected at elevated levels in EAE compared to control in two 

previous studies (8, 20). A recent study into sequencing the complementarity 

determining regions (CDRs) of immunoglobulins opens new possibilities to study 

the antibody repertoire in more detail with ramifications for MScl and other 

autoimmune diseases (51, 52). 

Another interesting protein that was found at elevated level is vitamin D 

binding protein. This protein has not been described as discriminatory in other 

EAE studies but elevated levels of this protein have previously been shown in CSF 

from patients with secondary progressive MScl compared to controls and patients 

with relapsing-remitting MScl (53) as well as in blood samples from pediatric MScl 

patients (45). Vitamin D is involved in the calcium homeostasis (54) and deficiency 

of this vitamin is one of the theories that is advanced in conjunction with the 

development of MScl (55); there are evidences that connect a reduced vitamin D 

level to MScl (56, 57). Another protein involved in the calcium homeostasis is the 

alpha 2 HS glycoprotein (also known as fetuin A) (58). This protein was found 
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elevated in EAE both in this study and a previous one (20) and has been found 

both at elevated and reduced levels connected to MScl (53, 59). 

A recent study from our laboratories shows that some proteins in CSF 

show a very high biological variability, for example, haptoglobin, indicating that 

they are not well suited as disease-related biomarkers. The vitamin D binding 

protein on the contrary show low biological variation between healthy human 

subjects and therefore serves as a better biomarker candidate (60). 

This interlaboratory study of CSF from an animal model of certain aspects 

of MScl, the rat EAE model, resulted in identification of a set of 41 proteins that 

discriminate EAE rats from control groups. To our knowledge, this is the first 

study of its kind focusing on rat CSF from the EAE model. 

Part of the proteins detected in this study has been connected to EAE in 

previous studies supporting our data. However, our study revealed 28 additional 

proteins to be discriminatory between EAE and control (Table 3, highlighted). The 

fact that many of the proteins have also been connected to MScl before shows that 

it is possible to translate findings from the animal model to the human situation 

and that our findings may have a clinical interest in form of early disease 

biomarkers. In summary, we show a range of proteins that merit further study in 

the context of MScl (early diagnosis, prognosis, response to therapy). We are 

currently pursuing work focusing on analyzing these proteins in CSF in response 

to drug treatment in the EAE rat model. 
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Abstract 
 

The experimental autoimmune encephalomyelitis (EAE) is an induced disorder of 

the central nervous system (CNS) in animals used to model the human CNS 

disorder multiple sclerosis (MScl). Minocycline, a tetracycline antibiotic, has 

exhibited a modulatory effect of disease symptoms as well as an inhibitory effect 

of MMP activity and production in EAE mice. In MScl patients, minoclycline was 

shown to reduce the numbers of lesions detected by MRI.  

In an earlier study performed by this group, an acute EAE rat model was 

used for the screening of disease related proteomic biomarkers in cerebrospinal 

fluid (CSF). By the combination of two different bottom-up mass spectrometry 

based proteomic platforms (Orbitrap LC-MS and chipLC-QTOF MS) in two 

independent laboratories a set of 41 discriminatory proteins were discovered to be 

highly discriminatory between the EAE animals compared to healthy and 

inflammatory control groups. Among these proteins 18 were detected as 

discriminatory on the chipLC-QTOF MS system. In the present study described 

here the intention was to elucidate the effect of minocycline treatment on the level 

of the earlier discovered discriminatory proteins.  

EAE was induced in 60 rats by intraperitoneal injection of myelin basic 

protein (MBP) together with complete Freund’s adjuvant (CFA); half of the 

animals were treated with minocycline and the other half was treated with 

vehicle. CSF was collected from 30 of the rats at day 10 after induction and from 

the other 30 rats CSF was collected at day 14 after induction. As control 60 rats 

were kept that were injected with CFA only and treated in the same way as the 

rats with induced EAE (half of them treated with minocycline, CSF collected at 

day 10 and day 14). The pattern of increasing protein levels in EAE compared to 

control was significantly decreased in animals treated with minocycline for 8 of 

the studied proteins (alpha 1 inhibitor 3, alpha 2 HS glycoprotein (Fetuin A), 

complement C3, haptoglobin, IgG 2A chain C, lysozyme C1, murinoglobulin 1, 

serine protease inhibitor A3N and T-kininogen 1). Further, an effect of 

minocycline on the protein level in control animals was recorded. 
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1. Introduction 
 

Multiple sclerosis (MScl), a disorder of the central nervous system (CNS), is 

characterized by inflammation, demyleination and neurodegeneration that 

commonly lead to e.g. motor dysfunctions, visual and sensory impairments 

usually with a relapsing-remitting pattern that accumulates over time (1). 

Experimental autoimmune encephalomyelitis (EAE) induced in rodents is an 

animal model induced for the study of disease processes related to MScl. Different 

pathological patterns are seen in MScl and the disease is classified according to the 

disease development in; relapsing-remitting (RR), primary progressive (PP) and 

secondary progressive (SP) forms (1). The EAE model demonstrates either a 

chronic, relapsing-remitting or an acute disease progression depending on what 

animal strain and inducing agent is used to evoke the disease in the model (2-6). 

Minocycline is an antibiotic that belongs to the tetracycline derivates. The 

molecule has lipophilic characteristics and therefore easily cross the blood-brain 

barrier and can thus be used to target the central nervous system. Minocycline has 

shown protection against neuroinflammation and cell death in animal models of 

central nervous system trauma and various neurological disorders (7). In a mouse 

EAE model a delay or reduction of disease progression, a reduced production of 

MMP-9 and transmigration of T-lymphocytes was observed (8). Another study on 

the EAE model revealed that the combination of glatiramer acetate and 

minocycline resulted in a reduction of inflammation, axonal loss and 

demyelination. In the same study a decreased level of IF-γ and an increased level 

of IL-5 were recorded (9). Also in human subjects the treatment with glatiramer 

acetate in combination with minocycline was proven to give a lower risk of relapse 

and that minocycline alone reduce number of lesions (10, 11). There are evidences 

that the neuroprotective effects of minocycline may be exerted by an effect on 

proinflammatory cytokines like TNF-α and IL-β. Minocycline has also shown 

effect on other inflammatory mediators as chemokines, reactive oxygen species 

(ROS) and nitric oxide (NO) (7). 

We have in a previous study screened CSF from an acute EAE model in rat 

in order to discriminate proteomic biomarkers that can be connected to the 

disease. By the combination of two different mass spectrometry based proteomics 

methods (Orbitrap LC-MS and chipLC QTOF MS) we detected 41 proteins that 

were highly significantly increasing in CSF of EAE rats compared to control 

groups, 18 of the discriminatory proteins were detected by the QTOF platform. In 

the present study we have induced acute EAE in rats that were treated with 

minocycline or vehicle. The aim was to study the effect of minocycline on the 

previously detected proteome biomarker candidates in terms of quantitative 

differences between rats treated or not treated with minocycle applying the same 

chipLC-QTOF MS platform as earlier.  
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2. Material and methods 

2.1. Induction of acute EAE 
To induce EAE, 60 male Lewis rats (Harlan Laboratories B.V.) with an average 

starting weight of 200 g was injected subcutaneously in the left hind paw (under 

isoflurane anesthesia) with 100 μL saline-based emulsion containing 20 μg guinea 

pig myelin basic protein (MBP), 500 μg Mycobacterium tuberculosis type 37HRa 

(Difco) and 50 μL Complete Freunds’ Adjuvant (CFA) (groups; B, D, F and H). 

Another 60 rats were kept as inflammatory control groups by the injection of the 

same emulsion but without the MBP added (groups; A, C, E and G). Sixty of the 

rats were treated with minocycline at onset of the study (day 0), 50 mg/kg 

bodyweight was injected intraperitoneal in the belly (groups; C, D, G and H). The 

rest of the animals were treated with vehicle (A, B, E and F). Each of the animals 

were marked and randomized for treatment. The animals were kept in type III 

cages three by three in random order, food and water was available ad libitum. 

Weight and disese symptoms were recorded on a daily basis. The motor 

dysfunction was scored according to following criteria; 0: no pathological signs, 1: 

paralysis of the tip of the tail, 2: no curling reflex/no strength at tail basis, 3: 

slightly impaired walking, 4: unstable walk, 5: half hind limb paralysis, 6: 

complete hind limb paralysis, 7: midriff paralysis, 8: half for-limb paralysis, 9: 

moribund, 10: death due to EAE. In Table 1 the animal groups and the samples 

included in this study are described. These animal experiments were approved by 

the local Ethical Committee for Animal Experiments. 

 

 

Table 1 Samples included in the study, samples marked with an L were collected at too 

low volume and were not included. Samples marked with B were contaminated with blood 

and were not included. Samples marked with H had a high TIC value compared to the rest 

of the samples within the group. MC= minocycline, V= vehicle. 
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Group A Group B Group C Group D Group E Group F Group G Group H 

31 L 16 B 7 22 19 4 L 10 1 L 

14 17 B 8 23 20 5 11 2 

15 18 9 24 21 6 12 3 H 

46 34 H 25 31 43 37 28 40 H 

47 35 H 26 32 44 L 38 29 L 41 

48 36 27 33 45 39 B 30 42 H 

61 49 67 64 55 52 L 70 58 B 

62 50 H 68 65 L 56 53 71 59 B 
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63 51 H 69 66 L 57 54 72 60 

73 79 L 85 82 76 91 94 L 88 

74 80 86 83 77 92 95 89 

75 81 87 84 78 93 B 96 90 H 

106 118 109 112 115 L 100 103 97 L 

107 119 110 113 116 101 104 98 

108 L 120 111 114 117 102 105 99 

 

2.2. CSF Sampling 
Half of the animals were euthanized at day 10 (groups A-D) and the rest of the 

animals (group E-H) were euthanized at day 14 using CO2/O2. For the CSF 

sampling procedure the head of each rat was held in a fixed position using a 

holder. The arachnoid membrane was revealed by a skin incision followed by an 

incision in the musculus trapezius pars descendens. The CSF was collected from the 

cisterna magna using an insulin syringe needle (Myjector, 29 G × 1/2" - 0.33 × 12 

mm, 0.3 mL = 30 units); a maximum of 60 µL was collected from each animal. Each 

sample was centrifuged at 2000 g for 10 minutes at 4 °C within 20 minutes after 

the collection. The supernatant was aliquot in five tubes of ~10 µL each and stored 

at -80 °C until the analysis. Samples that were visually contaminated with blood 

were discarded from the study, some of the samples were obtained at too low 

volume to be analyzed (see Table 1).  

 

2.3. Sample preparation 
The protein digestion was done in a random order according to following 

procedure; 10 μL CSF was added to a tubes containing 10 μL 0.1% RapiGest™ 

(Waters) dissolved in 50 mM ammonium bicarbonate. The proteins in the CSF 

were reduced by the addition of 0.5 μL 1,4-dithiotreitol (DTT) (0.5 M) incubated at 

60 °C for 30 min. The sample were let to cool down to room temperature, they 

were subsequently alkylated using 1 μL iodoacetamide (IAM) (0.3 M) incubated in 

the dark for 30 min at room temperature. One micro liter sequencing grade 

modified trypsin (Promega, Madison, WI, USA, part # V5111) (1 µg/µL) was 

added to the samples and incubated for ~16 h at 37 °C under agitation (450 rpm). 

After the digestion, 3 μL hydrochloric acid (0.5 M) was added and the digests 

were incubated for 30 min at 37 °C. The samples were centrifuged at 13250 g for 10 

min at 4 °C to remove RapiGest™ particles. The samples were transferred to 

sample vials, and kept in at -80 °C. Each sample was exposed to two freeze-thaw 

cycles prior to the LC-MS analysis.  

 

2.4. ChipLC-QTOF MS proteomic analysis 
The digested CSF samples were analyzed in a random order, after every tenth 

sample a blank and a quality control (cytochrome C spiked into pooled CSF 
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sample after digestion at 200 fmol/µL) was injected to check the technical quality 

of the analysis. Samples from group A, C, D, E and G were injected at a volume of 

1 μL and samples from group B, F and H were injected at a volume of 0.2 μL. This 

was done to normalize the total ion chromatograms (TIC) of the samples 

(approximately five times higher in group B, F and H compared to the rest of the 

groups, determined by a pre-analysis of samples from all groups at the same 

volume) and thereby avoid overloading the trap column. 

The peptide separation was done on a reverse phase LC-chip (Protein ID 

chip #3; G4240-63001 SPQ110: Agilent Technologies; separating column: 150 mm × 

75 µm Zorbax 300SB-C18, 5 µm; trap column: 160 nL Zorbax 300SB-C18, 5 µm) 

coupled to a nano LC system (Agilent 1200) with a 40 μL injection loop. An 

electrospray ionization (ESI) source was used to generate ions. For the detection of 

the ions a quadrupole-time-of-flight (QTOF) mass spectrometer (Agilent 6510) was 

used. The MassHunter Data Acquisition software was used for the operation 

(version B.02.00; Agilent Technologies, Santa Clara, USA). The LC separation was 

done by using following eluents; A: ultra-pure water (conductivity 18.2 MΩ, 

Sartorius Stedim, Nieuwegein, The Netherlands) with 0.1% formic acid (98-100%, 

pro analysis, Merck, Darmstadt, Germany); B: acetonitrile (HPLC-S gradient 

grade, Biosolve, Valkenswaard, The Netherlands) with 0.1% formic acid.  

The samples were de-salted and enriched on the trap column for 10 

minutes at a flow rate of 3 μL/min (3% B). The samples were then transferred to 

the separation column at a flow rate of 250 nL/min. For the elution of the peptides, 

following gradient was used: 100 min linear gradient from 3 to 50% B; 5 min linear 

gradient from 50 to 70% B; 4 min linear gradient from 70 to 3%. 

MS analysis was done in the 2 GHz extended dynamic range mode under 

the following conditions; mass range: 275-2000 m/z, acquisition rate: 1 

spectrum/sec, data storage: profile and centroid mode, fragmentor: 175 V, 

skimmer: 65 V, OCT 1 RF Vpp: 750 V, spray voltage: ~1900 V, drying gas temp: 325 

ºC, drying gas flow (N2): 6 L/min. Mass correction was done during analysis using 

internal standards; m/z: 371.31559 (originating from a ubiquitous background ion 

(Dioctyl adipate, DOA, plasticizer) and m/z: 1221.990637 (HP-1221 calibration 

standard, evaporating from a wetted wick inside the spray chamber). 

 To assess the repeatability of the LC-MS analysis the relative standard 

deviation (RSD) was calculated for the mass accuracy, retention time and peak 

area based on selected cytochrome C peaks in the QC samples. The peaks were 

first smoothed (Gaussian function width; 15 points, [15 sec]) and subsequently 

integrated; the peak area RSD was within +/- 25%, the retention time deviation 

was less than +/- 0.3% (or 5 sec) and the mass accuracy (calculated as the mean of 

five measurements from each selected cytochrome C peak), was within +/- 9 ppm 

of the theoretical value value. 

 



Chapter 5 

125 

 

2.5. QTOF-MS data processing            
Acquired raw data was processed by the use of Agilent MassHunter Qualitative 

Analysis software (Agilent version B.02.00). The files were exported to 

MzData.XML format in centroid mode, the files were subsequently converted to 

ASCII format and pre-processed using an in-house data processing workflow 

developed in C++ (12, 13) producing a common peak matrix of 3883 peaks (based 

on selection of 20 000 most intensive peaks from each data file). To visualize the 

variability of the data, the raw peak matrix was analyzed by principal component 

analysis (PCA) (MatLab R2009a, Mathworks, Natick, MA, USA). 

The peak matrix was searched for features matching the mass to charge 

ratio (m/z), retention time (RT) and charge state of previously discovered 

discriminatory peptides between EAE and control animals. A feature was 

considered a match with a Δ m/z value of ± 10 ppm and a RT shift within ± 1 min, 

the charge state had to be the same. In Table 2 the proteins from which peptides 

were studied are listed. Peak areas were compared in a pair-wise manner between 

groups of animals using one-way ANOVA with Bonferroni post hoc test (SPSS 

Inc., Chicago, Il, USA). Peak area differences with a p-value below 0.05 were 

considered significant, only proteins with the major part of the peptides (at least 

60 %) having a p-value below 0.05 in the ANOVA analysis were considered as 

discriminatory. At least 2 peptides from each protein had to be detected. Each 

discriminatory peptide was visualized by histograms of the average value for that 

peptide within each group (Microsoft Excel, Microsoft Corporation, Redmond, 

WA, USA). 

 

 

Table 2. Discriminatory proteins (EAE vs. control) discovered by chipLC QTOF MS in 

previous study. Peptides from these proteins were investigate in present study. 

Discriminatory proteins discovered in previous study AC # 

 

Afamin P36953 

Alpha-1-inhibitor 3 P14046 

Alpha-1-macroglobulin Q63041 

Alpha-2-HS-glycoprotein (Fetuin A) P24090 

Ceruloplasmin P13635 

Complement C3 P01026 

Fetuin-B Q9QX79 

Haptoglobin P06866 

Hemopexin P20059 

Ig gamma-2A chain C region P20760 

Murinoglobulin-1 Q03626 
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Murinoglobulin-2 Q6IE52 

T-kininogen 1 P01048 

T-kininogen 2 P08932 

Vitamin D-binding protein P04276 

Lysozyme C1 P00697 

Alpha 1 acid glycoprotein P02764 

Serine protease inhibitor A3N P09006 

 

 

3. Results 

 
Experimental autoimmune encephalomyelitis was induced in 60 rats (groups B, D, 

F, H) from which 30 were treated with minocycline (groups D and H) and 30 were 

non-treated (groups B and F). An additional 60 rats were kept as inflammatory 

control (groups A, C, E, G; injected with CFA only), 30 of the rats were treated 

with minocycline (groups C and G) and 30 were non-treated (groups A and E). 

CSF was collected and analyzed by bottom-up proteomics using a chipLC-QTOF 

MS platform. The study was also designed to study the longitudinal effect by 

collecting CSF samples both at onset of disease on day 10 (groups A-D) and at the 

climax of the disease on day 14 (groups E-H). The aim of the study was to examine 

the effect of minocycline treatment on a set of previously discovered 

discriminatory proteins between diseased and control animals.  

The proteins that were studied for a quantitative effect of minocycline are 

listed in Table 2. The disease developed in the same way as described before; At 

day 11 the disease scores started to increase in the EAE rats (group F and H) as 

seen in Table 3. None of the rats without EAE or rats with EAE sacrificed at day 

10 showed any increased disease scores (data not shown). The weight of the rats 

increased continuously in all groups except in group F where the weight pattern 

started to decrease from day 11 (Figure 1). In group H a slight decrease of the 

average weight is seen at day 14. The lower disease score and the continous 

increase in weight of the EAE rats treated with minocycline (group H) show that 

minocycline has an effect on the symptoms of disease in the animals.  

The complete peak matrix containing 3883 features were analyzed by PCA 

to discover global differences related to treatment (Figure 2). Samples from group 

B, F and H were injected at a five times lower volume (0.2 µL) compared to the 

rest of the groups (A, C, D, E, G) (1 µL). To compensate for a significant elevation 

in TIC area of analyzed CSF from the animals with EAE. This was done to avoid 

overloading of the trap column in the LC-system. This also prevent detection of 

differences only caused by an overall increase in protein concentration. In the 

figure it is visible that groups A, C, D and E are clustered together. Group A, C 
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and E are all control groups, while group D is a diseased group treated with 

minocycline, this result show that the minocycline treatment of the EAE rats 

produces a proteomic profile similar to the control rats. Group B that constitutes of 

diseased but non-treated animals clusters partly together with the control groups 

while a few samples deviates from this pattern. Group F (non-treated EAE day 14) 

deviates the most from the control groups, group H (minocycline treated EAE day 

14) is partly deviating but are closer to the control groups than F showing that the 

minocycline treatment affects the protein profile towards a closer connection to 

the control situation. An interesting observation is that day 14 control animals 

treated with minocycline (group G) deviates clearly from the other control groups. 

 

 

Table 3. Disease scores of animals from group F and H, recorded daily (here only shown 

from day 10 onwards). The score was 0 until day 10 and started to increase at day 11. 

Animals of group F have higher scores than group H. Rats from group A, E and G did not 

show any elevated disease scores. 
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F 4 0.0 1.0 3.0 3.0 3.0 

5 0.0 0.0 1.0 2.0 2.5 

6 0.0 0.5 2.5 2.5 3.0 

37 0.0 1.0 3.0 3.0 2.5 

38 0.0 0.0 0.5 1.0 2.0 

39 0.0 0.5 2.0 3.0 3.0 

52 0.0 0.0 1.0 2.5 3.0 

53 0.0 0.0 1.0 2.5 3.0 

54 0.0 0.0 1.0 3.0 3.0 

91 0.0 0.0 0.0 0.5 1.0 

92 0.0 1.0 2.5 3.0 1.0 

93 0.5 2.5 3.0 3.0 2.5 

100 0.0 0.0 2.0 2.5 3.0 

101 0.0 0.0 1.0 2.5 3.0 

102 0.0 0.0 0.0 0.0 0.0 

H 1 0.0 0.0 1.0 2.5 3.0 

2 0.0 0.5 2.0 3.0 3.0 

3 0.0 0.0 0.0 0.0 0.0 

40 0.0 0.0 0.0 0.0 0.5 

41 0.0 0.0 0.0 0.0 0.0 

42 0.0 0.0 0.0 0.5 1.0 
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58 0.0 0.0 0.0 0.0 0.0 

59 0.0 0.0 0.0 0.0 0.0 

60 0.0 0.0 0.0 0.0 0.0 

88 0.0 0.0 0.0 0.0 0.0 

89 0.0 0.0 0.0 0.0 0.0 

90 0.0 0.0 0.0 0.5 1.0 

97 0.0 0.0 0.0 0.0 0.0 

98 0.0 0.0 0.0 0.0 0.0 

99 0.0 0.0 0.0 0.0 0.0 

 

 

In our previous study we discovered that the average protein level was 

increased in all animals of the EAE affected group sacrificed at day 14, EAE 

animals sacrificed at day 10 showed up a large variation in average protein 

concentration (as measured by TIC area) with some of the animals having a TIC 

correlated to the control groups while others had a TIC elevated approximately 5 

times just as in the EAE animals day 14. The elevated TIC in the day 10 animals 

was interpreted as a no symptomatic early disease onset marker. In this study we 

recorded the same behavior of the TIC area in the EAE day 10 and 14 as 

previously, the groups were however not divided in ‚low‛ and ‚high‛ TIC groups 

because this would result in too small groups basing statistical calculations on (see 

Table 1). What was also observed was that the minocycline treated EAE animals 

of day 14 showed up a pattern similar to EAE day 10 with a large spread of the 

TIC in a high and a low group. The minocycline treated day 10 EAE animals 

showed a TIC comparable to control animals. This can be interpreted as delay of 

disease onset or decreased severity of the disease. Since no animals were kept 

alive and further monitored after day 14 it is not possible to distinguish between 

these two possibilities.  
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Figure 1. Average body weight of rats displayed as mean value of all animals in the same 

group at the particular day. Left panel; average body weight of animals sacrificed at day 10 

(groups A-D). All groups show a steady increase in body weight. Right panel; average 

weight of animals sacrificed at day 14 (groups E-H) group E and G show a steady increase 

while group F decrease in weigh from day 11, group H show a slight decrease at day 14. 

 

 
Figure 2. Global principal component analysis (PCA) on the complete peak matrix (3883 

features). Group A, C, E and D are clustered together while group F (non treated EAE, 

day 14) and G (minocycline treated control group, day 14) deviates from this cluster. 

Group b (non treated EAE, day 10) clusters partly together with control groups and group 

H (minocycline treated EAE, day 14) are closer to the control groups than group F. 

Explanation of symbols representing each group is present in the legend, group codes are 

explained in Table 1. 
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Table 4. List of all discriminatory peptides plotted in the figures. Information included is 

m/z value, retention time (RT), charge state and peptides equence.  

ID m/z RT charge sequence 

Alpha 1 inhibitor 3 708.378 73.6 3 K/NLHPLNELFPLAYIEDPK/M 

Alpha 1 inhibitor 3 559.934 40.2 3 K/ISLCHGNPTFSSETK/S 

Alpha 1 inhibitor 3 561.288 40.8 2 R/SSGSLLNNAMK/G 

Alpha 1 inhibitor 3 431.739 37.4 2 R/YNVPLEK/Q 

alpha 2 HS glycoprot 487.265 38.0 2 -/APQGAGLGFR/E 

alpha 2 HS glycoprot 712.696 54.9 3 R/HAFSPVASVESASGEVLHSPK/V 

alpha 2 HS glycoprot 616.309 42.6 3 K/VGQPGDAGAAGPVAPLCPGR/V 

alpha 2 HS glycoprot 386.230 39.2 2 R/CPILIR/F 

alpha 2 HS glycoprot 739.370 57.2 3 R/HAFSPVASVESASGEVLHSPK/V 

Complement C3 922.942 55.8 2 R/SDVDEDIIPEEDIISR/S 

Complement C3 590.668 59.3 3 K/VHQFFNVGLIQPGSVK/V 

Complement C3 467.007 52.4 4 R/VELKPGDNLNVNFHLR/T 

Complement C3 413.903 35.4 3 K/TVLTGATGHLNR/V 

Complement C3 294.169 35.0 3 R/DHVLGLAR/S 

Haptoglobin 460.280 47.3 3 K/GAVSPVGVQPILNK/H 

Haptoglobin 645.865 57.0 2 K/DIAPTLTLYVGK/N 

Immunoglobulin G 2A chain C 379.555 41.7 3 R/SVSELPIVHR/D 

Immunoglobulin G 2A chain C 615.336 42.9 2 K/VNSGAFPAPIEK/S 

Lysozyme C1 412.224 42.0 2 R/DLSGYIR/N 

Lysozyme C1 458.742 47.2 2 R/AWVAWQR/H 

Lysozyme C1 730.328 54.9 3 R/NYNPGDQSTDYGIFQINSR/Y 

murinoglobulin 1 408.924 43.4 3 K/VLIVEPEGIKK/E 

murinoglobulin 1 441.777 36.8 2 K/NLQPAIVK/V 

murinoglobulin 1 451.761 40.4 2 K/QQPAFALK/V 

murinoglobulin 1 578.321 42.6 2 R/SSGSLFNNAMK/G 

murinoglobulin 1 644.837 42.2 2 R/VTASPQSLCGLR/A 

murinoglobulin 1 685.864 35.5 2 K/VQTVPLTCNNPK/G 

PTGDS 972.485 60.3 2 K/DQGLTEEDIVFLPQPDK/C 

PTGDS 421.219 34.1 2 R/MATLYSR/A 

PTGDS 371.714 42.8 2 K/FITFSK/D 

PTGDS 486.227 31.3 3 G/HDTVQPNFQQDK/F 

T-Kininogen 1 420.220 42.8 3 K/KDGAETLYSFK/Y 

T-Kininogen 1 464.560 33.9 3 K/SAHSQVVAGMNYK/I 

T-Kininogen 1 565.765 46.5 2 K/DGAETLYSFK/Y 

T-Kininogen 1 901.932 54.0 2 K/YNAELESGNQFVLYR/V 
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When studying the quantitative effect of minocycline on the previously 

detected 18 discriminatory proteins, 8 of them showed a significant effect of the 

minocycline treatment (alpha 1 inhibitor 3 [P14046], alpha 2 HS glycoprotein 

[P24090], complement C3 [P01026], haptoglobin [P06866], IgG 2A chain C 

[P20760], lysozyme C1 [P00697], murinoglobulin 1 [Q03626] and T-kininogen 

1[P01048]). The major part of the peptides from these proteins had a p-value below 

0.05 for EAE vs. control (F vs. E) and EAE vs. EAE with minocycline (F vs. H) 

when analyzed by one-way ANOVA with Bonferroni post-hoc test. In Figure 3 

and 4 the average peak area of the significantly (p < 0.05) discriminatory peptides 

in each animal group from the eight proteins can be seen. The general picture is 

that the peptide levels are homogenous among group A-E while a clear elevation 

is seen in group F. In group G and H the level is decreased compared to group F 

either at the same level as group A-E or moderate to strongly elevated compared 

to these groups. As can be seen in the global PCA where there is a separation of 

group G from the other control groups, some of the peptides are elevated in group 

G compared to the control groups. The minocycline seems to have an effect on 

control animals at day 14 while this cannot be seen in the animals collected at day 

10. In group B (non treated EAE day 10) a slight elevation can be observed in some 

of the proteins. In the figures the peptides of the proteins are marked with their 

m/z without the decimals included. In Table 4 all discriminatory peptides are 

listed with m/z, RT, charge state and peptide sequence.  

In Figure 5 the average of 4 prostaglandin D synthase (PTGDS, P22057) 

derived peptides are plotted. This protein was not discriminatory in our previous 

study and also here it showed a somewhat stable  level between EAE and control 

animals (p > 0.05), what can be noted is that in our previous study the EAE treated 

animals showed a lower peak area of these peptides compared to controls but here 

only the day 10 samples show this behavior. Also in this protein the minocycline 

show an effect on the control animals at day 14. 
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Figure 3. Average peak area of discriminatory peptides derived from 4 proteins (alpha 1 

inhibitor 3 [P14046], alpha 2 HS glycoprotein [P24090], complement C3 [P01026] and 

haptoglobin [P06866]), the peptides are significantly discriminatory (p < 0.05) between 

group F (non-treated EAE day 14) and E (non-treated control group day 14) as well as 

between group F and H (minocycline treated EAE day 14). An increase of the protein level 

can be seen in group F compared to all other groups. Group G (minocycline treated control 

day 14) and H are generally increased compared to group A – E but decreased compared to 

group F. Peptides are marked with their m/z value without decimals (described in Table 4) 

Statistics are based on one way ANOVA with Bonferroni post hoc test. 
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Figure 4. Average peak area of discriminatory peptides derived from 4 proteins (IgG 2A 

chain C [P20760], lysozyme C1 [P00697], murinoglobulin 1 [Q03626] and T-kininogen 

1[P01048]), the peptides are significantly discriminatory (p < 0.05) between group F (non-

treated EAE day 14) and E (non-treated control group day 14) as well as between group F 

and H (minocycline treated EAE day 14). An increase of the protein level can be seen in 

group F compared to all other groups. Group G (minocycline treated control day 14) and 

H are generally increased compared to group A-E but decreased compared to group F. 

Peptides are marked with their m/z value without decimals (described in Table 4) 

Statistics are based on one-way ANOVA with Bonferroni post hoc test. 
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Figure 5. Average peak area of 4 peptides derived from prostaglandin D synthase 

(PTGDS). The peptide levels are stable between the groups A, C, D, E, F and H. A slight 

decrease is seen in group B (non-treated EAE day 10) and a clear elevation is seen in group 

G (minocycline treated control, day14). The peptides are marked with their m/z values 

without decimals (see Table 4).  

 

 

4. Discussion  

 
This manuscript describes the study of the quantitative effect of minocycline on 

tryptic peptides derived from 18 proteins that were discovered as discriminatory 

between EAE animals and control animals in a previous study. Eight out of 

eighteen proteins were discriminatory between EAE animals treated with 

minocycline and EAE animals that received no treatment.   

Minocycline is a tetracycline analog currently in use for the treatment of 

acne and rheumatoid arthritis, it has been used for several years, the adverse 

effects are well described and the drug is considered relatively safe (14, 15). Apart 

from the antibiotic effect, minocycline show additional properties that can be 

useful as therapeutics in other applications (16). Minocycline possess highly 

lipophilic characteristics that enable passage through the blood-brain barrier and 

therefore can reach the CNS (17). The molecule has gained an interest as a possible 

treatment in neurological disorders (17) and has proven to be effective in studies 

on the EAE model and MScl patients (8, 11, 18-20). 

Minocycline is considered as neuroprotective and has proven to decrease 

inflammation, lower the axonal degeneration and reduce demyelination (20). The 

modulation of cytokines and glutamate toxicity, obstruction of T-cell proliferation 



Chapter 5 

135 

 

and migration as well as an inhibitory effect of the activation of microglia are 

proposed mechanisms behind this protection (8, 21-24). In this study many of the 

proteins that were affected by minocycline are connected to inflammation, the 

regulation of pro-inflammatory cytokines could be a reason for the decreased level 

of these proteins in the minocycline treated animals.  

Minocycline has also shown effect on matrix metalloproteinase (MMP) 

activity and production (8). MMP’s have previously shown an ability to degrade 

membranes surrounding blood vessels and thereby causing blood-brain barrier 

(BBB) disruption (25). Other studies have shown a connection between BBB 

disruption and MMP’s (26-28). Matrix metalloproteinases have also been 

connected to the pathogensis of MScl in several studies (29-31).  

In our previous study most of the proteins that increased in the EAE 

animals compared to control are known to be present in blood. The increased 

levels of these proteins may have been caused by a disruption of the BBB. The 

proteins show the same behavior in the present study with a significant increase in 

the EAE animals sacrificed at day 14 (group F). The decreased protein level in the 

minocycline treated EAE animals (group H) may have been caused by the 

protection of the BBB via the suppression of MMP’s.  

 One interesting and puzzling observation made in this study was the 

increased level of some of the proteins in the control animals treated with 

minocycline (group G, sacrificed at day 14) compared to the untreated control 

animals (group E). The minocycline treated control animals sacrificed at day 10 

did not show this increased protein levels. The rats in group G showed no 

increased neurological scores nor a decreased weight pattern but the increased 

protein levels might be a sign of a non-symptomatic adverse late effect. It is well 

known that minocycline treatment can lead to negative side-effects (15). What has 

to be noted is that the control animals in this study were also treated with CFA 

(without MBP), they were thus not completely healthy. The minocycline effect on 

these animals sacrificed at day 14 may have been caused by the fact that these 

animals are not healthy. This has to be investigated further in healthy control 

animals to determine if this effect is only observed in CFA treated animals or if the 

same will be recorded in completely healthy animals as well. 

In summary our results show that EAE pathogenesis is attenuated both at 

a level of clinical symptoms as well as at the proteomic level in the CSF of acute 

EAE rats. The symptoms are delayed or decreased. Further there seems to be a 

non-symptomatic side-effect of minocycline on control animals sampled at a later 

stage. Our results correlates with earlier studies showing anti-inflammatory as 

well as BBB defensive functions behind the protective effect of minocycline on the 

EAE model.  
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Summary and future perspectives 
In the search for diagnostic markers, therapeutic response indicators and to 

unravel pathological mechanisms, numerous proteomic biomarker studies have 

been initiated. But despite extensive research there are few proteomic biomarkers 

that have made it to the stage where they are implicated in the clinic. Proteomic 

biomarker studies suffer from poor reproducibility which in part is caused by the 

lack of standardization of analysis methods and sample handling. The sensitive 

nature of biomolecules and the complexity of biological samples cause challenges 

for the researcher. Sample collection procedure, time span between sample 

collection and storage, contamination, additives, storage time, storage 

temperature, number of freeze-thaw cycles, digestion protocol, analysis strategy 

and data processing method are some  of the procedures that affects the quality of 

the results.  

This thesis focus on the screening of cerebrospinal fluid (CSF), in search for 

molecular biomarkers related to sample stability. CSF is the most suitable 

compartment to analyze when searching for biomarkers related to central nervous 

system (CNS) disorders. In this thesis CSF from an rat model of multiple sclerosis 

(MScl), the acute experimental autoimmune encephalomyelitis (EAE), was 

analyzed in order to search for biomarkers related to the disease.  

Chapter 2 deals with the study on the effect of different sample handling 

procedures on proteins, metabolites and free amino acids in porcine CSF. Three 

sample handling procedures were investigated; samples were left at room 

temperature directly after sampling, up to two hours. The room temperature 

introduced quantitative changes of prostaglandin D synthase derived peptides, 

and a number of metabolites and free amino acids. The second condition analyzed 

was the effect of freeze-thaw cycles on the proteome profile; this treatment 

introduced changes in the amount of transthyretin derived peptides. The third 

condition investigated was the storage of digested CSF samples at 4 °C. After 

storage at this temperature reduced amounts of prostaglandin D-synthase and 

serotransferrin derived peptides were detected. 

In Chapter 3 the study of human CSF samples left at room temperature 

after centrifugation are presented. The CSF samples were analyzed by the means 

of proteomics, metabolomics and free amino acids. The results were homogenous 

across the platforms, showing that biological variation was the main variable in 

the data sets. The only discriminatory features beween samples left at room 

temperature compared to controls were two non identified ions and 2,3,4-

trihydrobutanoic acid.  
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Chapter 4 and 5 describes proteomic biomarker studies applied on CSF 

from an acute EAE model in rat. In chapter 1 the model is described and previous 

proteomic biomarker studies on the EAE model are reviewed. In chapter 4 CSF 

from the EAE model was screened for discriminatory biomarkers connected to the 

disease by the combination of two different mass spectrometry based proteomic 

platforms. A number of proteins were discovered at increased levels in EAE rats 

compared to controls. The combination of different analysis as well as data 

processing strategies resulted in increased coverage but also showed overlapping 

results. The combination of different techniques at different levels is an interesting 

aspect that needs more attention.  

Chapter 5 presents an extension of the EAE study described in chapter 4. 

Described here, is the investigation of the effect of minocycline on the previously 

detected discriminatory proteins. In this study only the QTOF platform was 

applied. The results show that 8 out of the 18 discriminatory proteins detected in 

chapter 4 were significantly changed by the minocycline treatment. These proteins 

show a reproducible behavior between the first and the second study as being 

increased in EAE rats compared to control animals. An additional discovery was 

that minocycline also affected the peptide level of control animals.  

Conclusively, different sample handling procedures introduce quantitative 

changes of different biomolecules; this ought to be taken into account when 

designing biomarker studies. Key to reproducible results are the standardization 

of sample handling and sample analysis procedures, which can be done on several 

levels. It would be interesting to further investigate the effect of long time storage 

at different temperatures as well as freeze-thaw cycles with the addition of 

stabilizing agents. A full comparison of different proteomic platforms and data 

processing pipelines would also be interesting, to further address the 

reproducibility question. 

In the EAE studies we have discovered candidate markers that are related 

to the disease. An interesting question is if these results are translatable to human 

subjects and if the same pattern would be detected in blood samples as well. The 

collection of CSF is relatively easily done but is still of a quite invasive nature and 

the detection of biomarkers in blood would be more optimal. The fact that 

minocycline treatment of EAE rats affected a number of proteins show that this 

drug has a possible effect on inflammation and/or blood-brain barrier function but 

the increased protein level in control animals could be a sign of an adverse effect 

that calls for attention. Finally, I have through the work on this thesis come to the 

understanding that the discovery of specific, useful and fully reproducible 

molecular biomarkers is an art and requires full attention on the small details, 

nothing can be neglected, everything influences the end results. 
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Samenvatting 
In de zoektocht naar diagnostische markers, therapeutische reactie-indicatoren, 

om pathologische mechanismen te ontrafelen, zijn talrijke studies naar proteomic 

biomarker gestart. Desondanks uitgebreid onderzoek zijn er weinig proteomic 

biomarkers die het stadium bereikt hebben dat zij in een kliniek kunnen worden 

gebruikt.  

 

Studies  naar proteomic biomarkers  lijden aan slechte 

reproduceerbaarheid. Dit wordt voor een deel veroorzaakt door een gebrek aan 

normalisatie van analysemethodes en monsterbehandeling. De gevoelige aard van 

biomoleculen en de ingewikkeldheid van biologische monsters zijn een uitdaging 

voor de onderzoeker. De procedure van de monsterinzameling, de tijdspanne 

tussen monsterinzameling en opslag, verontreiniging, additieven, opslagtijd, 

opslagtemperatuur, het aantal freeze-thaw cycli, digest-protocol, analysestrategie 

en gegevens, zijn een deel van de procedures die de kwaliteit van de resultaten 

beïnvloedt.  

 

Deze dissertatie is gefocust op het onderzoek van hersenvloeistof (CSF), in 

het zoeken naar biomarkers voor monster-stabiliteit. CSF is de meest geschikte 

vloeistof om te analyseren in het zoeken naar biomarkers voor ziektes in het 

centrale zenuwstelsel (CNS). In deze these werd CSF van een ratten-model van 

multiple sclerose (MScl), de experimentele auto-immune encefalomyelitis (EAE), 

geanalyseerd om ziekte gerelateerde biomarkers te vinden. 

 

Hoofdstuk 2 behandelt de studie over het effect van verschillende 

monsterbehandelingsprocedures op proteïnen, metabolites en vrije aminozuren in 

varkens CSF. Drie monsterbehandelingsprocedures werden onderzocht; monsters 

werden na afname op kamertemperatuur gelaten, tot maximaal twee uur. De op 

kamertemperatuur geïntroduceerde kwantitatieve veranderingen bevatten 

peptiden van prostaglandine D-synthase, een aantal metabolites en vrije 

aminozuren. De tweede analysevoorwaarde was het effect van freeze-thaw cycli 

op het proteomeprofiel; dit geintroduceerde veranderingen in de hoeveelheid van 

transthyretin afgeleide peptiden. De derde onderzochte voorwaarde bedroeg de 
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opslag van digested CSF monsters op 4 °C. Dit resulteerde in een vermindert 

niveau van prostaglandine D-synthase en serotransferrin afgeleide peptiden. 

In Hoofdstuk 3 zijn de effecten van kamertemperatuur op menselijke CSF 

monsters geanalyseerd. De CSF monsters werden geanalyseerd door proteomics, 

metabolomics en vrije aminozuren analyse. De resultaten waren homogeen over 

de platforms en lieten zien dat de biologische variatie de voornaamste variabele in 

de data was. De enige discriminerende eigenschappen tussen de monsters op 

kamertemperatuur en de controles, waren twee niet-geïdentificeerde ionen en 

trihydrobutanoic zuur 2.3.4.  

 

Hoofdstuk 4 en 5 beschrijft proteomic biomarkerstudies die op CSF van 

een acuut EAE ratten model worden toegepast. In hoofdstuk 1 wordt het model 

beschreven en de vorige proteomic biomarkerstudies van het model EAE worden 

opnieuw in ogenschouw genomen. In hoofdstuk 4 wordt CSF van het EAE model 

onderzocht op discriminerende ziekte-biomarkers, door de combinatie van twee 

verschillende gebaseerde proteomic platforms van massaspectrometrie. Een antaal 

proteïnen werden ontdekt op verhoogde niveaus bij EAE ratten in vergelijking 

met de controles. De combinatie van verschillende analyse- en 

dataverwerkingsstrategieën resulteerden in een verhoogde dekking maar toonden 

ook overlappende resultaten. De combinatie van technieken op verschillende 

niveaus is een interessant aspect dat meer aandacht vergt.  

 

Hoofdstuk 5 bevat een uitbreiding van de EAE studie, die in hoofdstuk 4 

wordt beschreven. Hierin wordt het onderzoek van het effect van minocycline op 

de eerder ontdekte discriminerende proteïnen beschreven. In deze studie werd 

slechts het QTOF platform toegepast. De resultaten tonen aan dat 8 van 18 van de 

discriminerende proteïnen gevonden in hoofdstuk 4 door de minocycline 

behandeling werden veranderd. Deze proteïnen vertonen een reproduceerbaar 

gedrag tussen de eerste en de tweede studie; ze zijn gestegen bij EAE ratten in 

vergelijking met controledieren. Een extra ontdekking was dat minocycline ook 

het peptide niveau van controledieren beïnvloedde.  

 

Concluderend; verschillende steekproef-behandelingsprocedures 

introduceren  kwantitatieve veranderingen van verschillende biomoleculen; dit 

zou in acht genomen moeten worden bij het ontwerpen van biomarker studies. De 
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sleutel tot reproduceerbare resultaten is de normalisatie van monsterbehandeling 

en analyseprocedures, die op verscheidene niveaus kan worden gedaan. Het zou 

interessant zijn om verder onderzoek te doen naar het effect van stabiliserende 

agents op langtermijn-opslag bij verschillende temperaturen evenals freeze-thaw 

cycli. Een volledige vergelijking van verschillende proteomic platforms en 

gegevens zijn ook interessant zijn om de reproduceerbaarheid verder te 

verbeteren. 

 

In de EAE studies hebben wij kandidaatmarkers ontdekt die met MScl 

verwant zijn. Een interessante vraag is of deze resultaten ook waargenomen 

kunnen worden bij patiënten, daarnaast rijst de vraag of hetzelfde patroon 

eveneens in bloedmonsters zal worden ontdekt. Het vergaren van CSF wordt vrij 

gemakkelijk gedaan maar is nogal ingrijpend van aard en de opsporing van 

biomarkers in bloed zou beter zijn. Het feit dat minocycline  een aantal proteïnen 

van EAE ratten beïnvloedt, toont aan dat deze stof een mogelijk effect heeft op 

ontsteking van de blood-brain barrièrefunctie. Maar het verhoogde eiwitniveau in 

controledieren is een teken van een ongunstig effect dat aandacht vereist. Tot slot 

ben ik door het werk aangaande deze dissertatie tot besef gekomen dat het 

ontdekken van specifieke, nuttige en volledig reproduceerbare moleculaire 

biomarkers een kunst is  en  volledige aandacht vereist op de kleine details, niets 

kan worden veronachtzaamd, alles beïnvloedt het eindresultaat. 
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Figure S.1. Search parameters used in PhenyxOnline for all the peptides identified by 

chipLC-MS proteomic analysis. 
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Figure S. 2. The sequences that are colored highlight parts of porcine prostaglandin-D-

synthase (PTGDS_PIG, Q29095) that have been assigned to discriminatory peptides 

(chipLC-MS analyses: dark bold; MALDI-FT-ICR-MS: light bold) in the delayed storage 

study. 

 

 

 

Figure S.3. Identification information for PTGDS_PIG peptide (m/z: 638.654) discovered 

by chipLC-MS/MS in the delayed storage study. A. Peptide sequence with charge, mass, 

delta m/z, score, p-value, position and number of missed cleavages for the precursor ion 

shown in PhenyxOnline. B. Raw MS/MS spectrum. C. Collision spectrum with fragment 

denomination. D. Sequence coverage, intensity and delta m/z for product ions as shown in 

PhenyxOnline. 
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Figure S.4. Identification information for PTGDS_PIG peptide (m/z: 957.475) discovered 

by chipLC-MS/MS in the delayed storage study. A. Peptide sequence with charge, mass, 

delta m/z, score, p-value, position and number of missed cleavages for the precursor ion 

showed in PhenyxOnline. B. Raw MS/MS spectrum. C. Collision spectrum with fragment 

denomination. D. Sequence coverage, intensity and delta m/z for product ions as shown in 

PhenyxOnline. 
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Figure S.5. Identification information for PTGDS_PIG peptide (m/z: 921.443) discovered 

by chipLC-MS/MS in the delayed storage study. A. Peptide sequence with charge, mass, 

delta m/z, score, p-value, position and number of missed cleavages for the precursor ion 

showed in PhenyxOnline. B. Raw MS/MS spectrum. C. Collision spectrum with fragment 

denomination. D. Sequence coverage, intensity and delta m/z for product ions as shown in 

PhenyxOnline. 
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S.6. PCA plot of 6 discriminatory peaks (T0 vs. T30) selected by the NSC algorithm (C++ 

workflow) in the delayed storage study (proteomic analysis by chipLC-MS). The groups 

are clearly separated from each other showing that the profiles are highly discriminatory.  
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S.7. PCA plot of 31 discriminatory peaks (T0 vs. T120) selected by the NSC algorithm 

(C++ workflow) in the delayed storage study (proteomic analysis by chipLC-MS). The 

groups are clearly separated from each other showing that the profiles are highly 

discriminatory.  
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S.8. PCA plot of 172 discriminatory peaks (T30 vs. T120) selected by the NSC algorithm 

(C++ workflow) in the delayed storage study (proteomic analysis by chipLC-MS). The 

groups are clearly separated from each other showing that the profiles are highly 

discriminatory.  

 

 

 
Figure S.9. The sequences that are colored highlight parts of porcine transthyretin 

(TTY_PIG, P50390) that have been assigned to discriminatory peptides (chipLC-MS 

analyses: bold, grey) in the freeze/thaw study. 
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Figure S.10. Identification information for TTY_PIG peptide (m/z: 464.266) discovered by 

chipLC-MS/MS in the freeze/thaw study. A. Peptide sequence with charge, mass, delta 

m/z, score, p-value, position and number of missed cleavages for the precursor ion showed 

in PhenyxOnline. B. Raw MS/MS spectrum. C. Collision spectrum with fragment 

denomination. D. Sequence coverage, intensity and delta m/z for product ions as shown in 

PhenyxOnline. 
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Figure S.11. Identification information for TTY_PIG peptide (m/z: 555.268) discovered by 

chipLC-MS/MS in the freeze/thaw study. A. Peptide sequence with charge, mass, delta 

m/z, score, p-value, position and number of missed cleavages for the precursor ion showed 

in PhenyxOnline. B. Raw MS/MS spectrum. C. Collision spectrum with fragment 

denomination. D. Sequence coverage, intensity and delta m/z for product ions as shown in 

PhenyxOnline. 
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Figure S.12. Identification information for TTY_PIG peptide (m/z: 681.836) discovered by 

chipLC-MS/MS in the freeze/thaw study. A. Peptide sequence with charge, mass, delta 

m/z, score, p-value, position and number of missed cleavages for the precursor ion showed 

in PhenyxOnline. B. Raw MS/MS spectrum. C. Collision spectrum with fragment 

denomination. D. Sequence coverage, intensity and delta m/z for product ions as shown in 

PhenyxOnline. 
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Figure S.13. Identification information for TTY_PIG peptide (m/z: 428.233) discovered by 

chipLC-MS/MS in the freeze/thaw study. A. Peptide sequence with charge, mass, delta 

m/z, score, p-value, position and number of missed cleavages for the precursor ion showed 

in PhenyxOnline. B. Raw MS/MS spectrum. C. Collision spectrum with fragment 

denomination. D. Sequence coverage, intensity and delta m/z for product ions as shown in 

PhenyxOnline. 
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S.14. PCA plot of 41 discriminatory peaks (control vs. 10x) selected by the NSC algorithm 

(C++ workflow) in the freeze/thaw study (proteomic analysis by chipLC-MS). The groups 

are clearly separated from each other showing that class separation based on these peaks is 

possible. 
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Figure S.15. Amino acid sequence of porcine transthyretin (PTGDS_PIG, Q29095) 

and serotransferrin (TRFE_PIG, P09571). The sequence parts in bold letters are the 

sequences covered by the discriminatory peptides found by chipLC-MS upon 

storage of trypsin-digested CSF at 4 °C.  
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Figure S.16. Identification information for PTGDS_PIG peptide (m/z: 369.189) discovered 

by chipLC-MS/MS in the 4 °C study. A. Peptide sequence with charge, mass, delta m/z, 

score, p-value, position and number of missed cleavages for the precursor ion showed in 

PhenyxOnline. B. Raw MS/MS spectrum. C. Collision spectrum with fragment 

denomination. D. Sequence coverage, intensity and delta m/z for product ions as shown in 

PhenyxOnline. 
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Figure S.17. Identification information for TRFE_PIG peptide (m/z: 681.858) discovered 

by chipLC-MS/MS in the 4 °C study. A. Peptide sequence with charge, mass, delta m/z, 

score, p-value, position and number of missed cleavages for the precursor ion showed in 

PhenyxOnline. B. Raw MS/MS spectrum. C. Collision spectrum with fragment 

denomination. D. Sequence coverage, intensity and delta m/z for product ions as shown in 

PhenyxOnline. 
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Figure S.18. PCA plot of 45 discriminatory peaks (control vs. 1 month) selected by the 

NSC algorithm (C++ workfklow) in the 4 °C storage study (trypsin-digested CSF samples 

stored at 4 °C, proteomic analysis by chipLC-MS). Class separation is noticeable although 

not as pronounced as for the freeze-thaw or the delayed storage studies.  
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Figure S.19. MALDI-FT-ICR-MS spectra of depleted, trypsin-digested, porcine CSF with 

delay times of 0, 30 or 120 min at room temperature (T0, T30, T120) before snap freezing 

and storage at -80 °C.  

 

 
 

Figure S.20. Orbitrap MSMS fragments (b- and y- series) from ion detected as 

discriminatory in the MALDI-FT-ICR-MS analysis and identified as a PTGDS peptide 

(see Figure S.2. for full PTGDS sequence). 
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Figure S.21. Orbitrap MSMS spectra from the ion detected as discriminatory upon 

delayed storage in the MALDI-FT-ICR-MS analysis and identified as a PTGDS peptide 

(see Figure S.2. for full PTGDS sequence). 

 

 

 
 

Figure S.22. Identification results from Orbitrap analysis of ion m/z: 1350.705 detected as 

discriminatory between the sample groups in the delayed storage study by MALDI-FT-

ICR-MS. 
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Figure S.23. List of discriminatory metabolites identified in the delayed storage study by 

GC-MS. The metabolites are sorted with the lowest p-values (T0 vs. T120) on the top. 
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Figure S.24. PCA plot of all 79 detected peaks (0 vs. 30 vs. 120) in the delayed storage 

study (metabolomic analysis by GC-MS). The 0 and 120 min-clusters are clearly separated 

from each other, with the 30 min cluster overlapping both the 0 and 120 min-clusters. This 

can also be seen in the box-plots (Figure 3), where the 30 min-group shows a larger 

standard deviation than the 0 and 120 min-groups.    
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Figure S.25. PCA plot of 9 discriminatory peaks (0 vs. 30 vs. 120) in the delayed storage 

study (amino acid analysis by LC-MS). The 0 and 120 min-clusters are clearly separated 

from each other, with the 30 min cluster overlapping with both the 0 and 120 min-clusters. 

This can also be seen in the box-plots (Figure 2), where the 30 min-group shows a larger 

standard deviation than the 0 and 120 min-groups.  
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Table S.1. Identification information for the discriminatory proteins detected by the QTOF method 
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P36953 Afamin  3 6 IANDAIQDMLCDMK 819,372 2 62,6 11,90 

        AAPQLPMEELVSLSK 806,936 2 66,3 10,69 

        FLVNLVK 416,769 2 53,9 6,13 

P14046 Alpha 1 inhibitor 3 8 9  NLHPLNELFPLAYIEDPK 708,377 3 73,9 11,59 

         LTAQPAPSPEDLALSMGTIK 1020,534 2 61,6 14,29 

        GDPIPNEQVLIK 661,872 2 48,6 8,74 

        YNVPLEK 431,736 2 36,8 6,56 

        ALMAYAFALAGNQEK 533,275 3 62,1 10,87 

        ISLCHGNPTFSSETK 559,934 3 39,9 9,47 

        QQNSYGGFSSTQDTVVALDALSK 806,057 3 59,4 16,34 

        LVDIKGDPIPNEQVLIK 631,033 3 55,3 10,84 

P02764 Alpha 1 acid glycoprotein 2 8 IFAHLIVLK 351,900 3 55,4 9,19 

        GLSFYAK 393,216 2 40,9 6,12 

Q63041 Alpha 1 macroglobulin 8 7 GVVSFPIR 437,757 2 50,0 6,60 

        LSPQSIYNLLPQK 500,953 3 62,3 12,45 

        DTVVKPVIVEPEGIEK 584,667 3 48,4 12,95 
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        LADLPGNYITK 602,830 2 47,4 8,15 

        QLNYQHSDGSYSTFGDR 658,955 3 39,6 10,00 

        QDLNDNDAYSVFQSIGLK 676,329 3 65,3 10,83 

        AEQGAYLGPLPYK 703,866 2 49,3 7,51 

        YVVLVPSELYAGVPEK 881,986 2 63,0 10,15 

P24090 Alpha 2 HS glycoprotein 6 25 CPILIR 386,232 2 38,7 7,79 

        APQGAGLGFR 487,269 2 37,5 8,15 

        LGGEEVSVACK 574,785 2 33,1 9,46 

        VGQPGDAGAAGPVAPLCPGR 616,315 3 42,6 14,34 

        HAFSPVASVESASGEVLHSPK 712,696 3 54,9 16,34 

        ELACDDPETEHVALIAVDYLNK 839,073 3 62,7 11,02 

P07151 Beta 2 microglobulin 2 19 TPQIQVYSR 546,296 2 37,1 9,92 

        KIPNIEMSDLSFSK 804,909 2 55,6 12,02 

P13635 Ceruloplasmin 7 9 PYTFHAHGVTYTK 381,197 4 36,5 8,22 

        DCNKPSPDDDIQDR 558,905 3 28,0 12,66 

        DIFTGLIGPMK 596,324 2 64,8 8,22 

        ADDKLFPGQQYLYVLR 642,673 3 65,1 13,66 

        DIASGLIGPLILCK 735,417 2 69,2 10,58 

        EMGPTYADPVCLSK 784,360 2 47,1 10,69 

        ANEPSPGEGDSNCVTR 845,358 2 27,9 11,98 

P01026 Complement C3 10 8 DHVLGLAR 294,174 3 34,3 7,78 

        KGYTQQLAFK 395,218 3 38,5 7,23 

        GKGQGTLSVVTVYHAK 411,985 4 40,5 7,88 

        TVLTGATGHLNR 413,899 3 34,8 10,13 

        VELKPGDNLNVNFHLR 467,007 4 52,3 7,80 

        LEEPYLTK 496,770 2 39,1 5,13 

        LITQGESCLK 574,803 2 34,6 7,07 

        VHQFFNVGLIQPGSVK 590,660 3 59,3 11,05 
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        SGIPIVTSPYQIHFTK 596,661 3 58,6 9,40 

        SDVDEDIIPEEDIISR 922,941 2 55,8 11,68 

Q9QX79 Fetuin B 4 20 LVVLPFPGK 485,309 2 57,6 6,85 

        DGYMLTLNR 541,770 2 47,5 8,72 

        KIHSMCPDCPHPVDLSAPSVLEAATESLAK 652,925 5 64,7 9,42 

        IHSMCPDCPHPVDLSAPSVLEAATESLAK 783,874 4 66,5 12,67 

P06866 Haptoglobin 4 14 GAVSPVGVQPILNK 460,267 3 48,3 8,16 

        GSFPWQAK 460,737 2 46,5 5,68 

        ATDLKDWVQETMAK 545,940 3 58,4 11,15 

        DIAPTLTLYVGK 645,873 2 56,9 8,88 

P20059 Hemopexin 12 35 GPDSVFLIK 488,279 2 52,0 6,05 

        WKNPVTSVDAAFR 497,597 3 53,8 11,39 

        GATYAFSGSHYWR 501,567 3 47,9 10,84 

        VDGALCLEK 502,759 2 37,6 6,82 

        YYCFQGNK 540,237 2 34,3 7,82 

        CNADPGLSALLSDHR 542,596 3 51,9 13,73 

        WFWDFATR 564,767 2 69,9 8,76 

        RLWWLDLK 565,329 2 65,4 6,95 

        SGAQATWAELSWPHEK 599,956 3 55,5 11,29 

        GECQSEGVLFFQGNRK 619,295 3 49,0 8,55 

        ELGSPPGISLDTIDAAFSCPGSSK 802,723 3 66,9 17,79 

        LFQEEFPGIPYPPDAAVECHR 824,726 3 62,6 14,39 

P20760 IgG 2A chain C 4 14 SVSELPIVHR 379,553 3 41,2 6,42 

        TKDVLTITLTPK 443,939 3 50,4 9,85 

        DVLTITLTPK 550,831 2 54,0 8,94 

        VNSGAFPAPIEK 615,330 2 42,4 9,64 

P00697 Lysozyme C1 4 38 DLSGYIR 412,221 2 41,0 6,19 

        AWVAWQR 458,744 2 48,0 6,08 
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        NYNPGDQSTDYGIFQINSR 730,336 3 54,0 15,97 

        NACGIPCSALLQDDITQAIQCAK 849,741 3 66,0 12,50 

Q03626 Murinoglobulin 1 10 8 VLIVEPEGIKK 408,925 3 43,2 7,18 

        NLQPAIVK 441,774 2 36,3 6,37 

        QQPAFALK 451,760 2 39,8 6,24 

        SSGSLFNNAMK 578,281 2 43,0 10,31 

        DMGLTAFTNLK 605,811 2 58,0 9,82 

        YMVLVPSQLYTETPEK 633,326 3 60,4 11,63 

        VTASPQSLCGLR 644,837 2 41,9 10,38 

        VQTVPLTCNNPK 685,858 2 35,0 10,97 

         QSGVKEEHSFTVMEFVLPR 555,784 4 62,4 9,15 

        QLSFSLSAEPIQGPYK 882,960 2 58,8 12,13 

Q6IE52 Murinoglobulin 2 3 3 MLIYTILPDGEVIADSVK 659,693 3 67,2 12,44 

        HAEAHHTAYAVYSLSK 446,974 4 36,2 10,46 

        GEAFTLK 383,211 2 37,8 5,14 

P09006 Serine protease inh. A3N 4 13 GFGHLLQR 309,845 3 40,7 8,53 

        MQQVEASLQPETLR 543,947 3 45,7 9,53 

        AVLDVAETGTEAAAATGVK 591,979 3 50,0 15,76 

        DSLRPSMIDELYLPK 592,983 3 60,5 12,54 

P01048 T-Kininogen 1 6 17 KDGAETLYSFK 420,217 3 42,0 8,34 

        SAHSQVVAGMNYK 464,563 3 33,0 11,58 

        LLNSCEYK 513,751 2 31,0 5,82 

        DGAETLYSFK 565,773 2 46,0 8,40 

        FSVATQICNITPGKGPK 606,658 3 49,0 11,51 

        YNAELESGNQFVLYR 901,941 2 54,0 11,86 

P08932 T-kininogen 2 7 29 SAHSQVVAGMNYK 464,564 3 33,3 11,58 
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        DGAETLYSFK 565,783 2 46,1 8,40 

        FSVATQICNITPGKGPK 606,660 3 49,5 11,51 

        HLGQSLNCNANVYMRPWENK 608,547 4 50,2 9,67 

        KTEEDLCVGCFQPIPMDSSDLKPVLK 752,371 4 61,3 14,25 

        FSVATQICNITPGK 768,395 2 51,2 11,25 

        TEEDLCVGCFQPIPMDSSDLKPVLK 960,131 3 63,4 12,21 

P22057 Prostaglandin D-synthase 4 22 HDTVQPNFQQDK 486,233 3 31,3 10,24 

        MATLYSR 421,216 2 33,2 7,5 

        DQGLTEEDIVFLPQPDK 972,486 2 60,8 13,89 

        FITFSK 371,712 2 42 5,7 

P04276 Vitamin D binding protein 6 19 QLTSFIEK 483,265 2 44,1 7,92 

        VCSQYAAYGK 573,766 2 29,8 6,73 

        KFPSSTFEQVSQLVK 575,644 3 58,3 11,25 

        SCESDAPFPVHPGTSECCTK 755,978 3 40,6 12,12 

        MPNASPEELADMVAK 801,878 2 56,8 13,39 

        VPTANLEDVLPLAEDLTEILSR 803,435 3 93,5 15,08 
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