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1 Introduction

The human brain is the most complex and heterogeneous organ, that is involved in a vast variety of body function ranging from motor control, touch
sensing, vision, hearing, smelling, hormone regulation and many more. In no
other organ, the signaling mechanisms between different cells are so poorly
understood. Due to the immense diversity of brain controlled processes, neurological diseases and conditions affect the human body significantly. These
pathologies include brain injuries as well as neurodegenerative diseases.
Since the worldwide proportion of elderly people above 60 is increasing
constantly the prevalence for age-related diseases is rising accordingly.
These affluent societies’ diseases particularly include neurodegenerative
diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), Multiple Sclerosis and Amyotrophic Lateral Sclerosis (ALS) [1]. Due to the extensive complexity of the brain, the pathogenic mechanisms underlying these
diseases remain largely unknown. To date there is no curative treatment for
the most common neurodegenerative diseases. Adequate symptomatic therapies are rarely available and accompanied by major side effects. A further
obstacle is the lack of accurate and sensitive diagnostic and prognostic clinical markers that would enable appropriate and in-time treatment. Another
severe brain condition is traumatic brain injury (TBI). In western societies,
TBI is a major cause of death and disability. Although the pathology of TBI
is well understood, current clinical techniques lack in accuracy for exact
assessment of TBI severity, which hampers optimal treatment and decreases
the chances for patient’s optimal recovery [2].
A central objective in today’s neuroscience research is therefore to develop sensitive and specific techniques in order to identify molecular species
that are involved in pathogenic mechanisms underlying brain disorders. The
identification of these molecules provides the possibility to gain further insight in ongoing signal transduction processes within distinct regions of the
central nervous system (CNS) as well as the CNS with peripheral systems.
Proteins in particular, are well-suited marker molecules to reflect the ongoing pathology of a certain disease in a biological sample since their level of
expression is potentially related to pathophysiological pathways of the disorder. A further objective in the light of molecular analysis is the identification of protein species whose regulation is specifically associated with the
disease progression and hence can serve as improved diagnostic and prognostic markers of the respective brain condition. This in turn would improve
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patient’s outcome projection due to appropriate, targeted and in time treatment. The detection of protein and peptide markers however is significantly
hampered by the large complexity of clinical specimen such as cerebrospinal
fluid (CSF), blood plasma and tissue samples. Particularly the human brain
due to its diversity and heterogeneity poses a tremendous challenge for biomolecular analysis [3].
A powerful strategy for comprehensive protein characterization in complex biological matrices is proteomic analysis. Deduced from the term genomics that implies complete screening of all present genes of an organism,
proteomic research aims to analyze all proteins present in a biological matrix
at a certain point of time. Since its introduction in the late 1980’s, proteomics has gained great significance in biological research, as it provides an
insight into large parts of the protein expression profile of a biological sample [4]. Thus, the interest to utilize proteomic approaches in clinical research
for elucidating pathogenic mechanisms as well as for biomarker discovery is
growing rapidly. During the last 20 years mass spectrometry (MS) has
gained significant relevance in biological research and especially in the field
of proteomics [5]. The introduction of soft ionization techniques such as matrix assisted laser desorption ionization (MALDI) [6] and electrospray (ESI)
[7]
ionization allows fast, sensitive and specific analysis of larger biomolecules such as proteins and particularly peptides. A plethora of methods for
protein and peptide separation in conjunction with mass spectrometry based
detection techniques have been developed during the last decade, which
allow sensitive protein identification and quantification in a complex biological sample [8].
This thesis comprises six different neuroproteomic studies on CNS derived
specimen of neuropathological significance. The individual studies comprise
different aspects of neuroproteomic research, including clinical applications,
MS profiling of intact neural cells as well as method development and application of protein and peptide imaging MS in brain and spinal cord tissue
samples.
In Paper I a clinical proteomic study on traumatic brain injury is reported. Here, the temporal dynamics of proteins in ventricular CSF of TBIpatients were studied during the recovery time past the incident in order to
identify TBI associated markers that give insight in ongoing primary and
secondary mechanisms underlying the pathology of the condition. A further
clinical proteomic study is reported in Paper II, where the protein expression profile of post mortem spinal cord obtained from ALS patients was
evaluated and compared to controls. The aim was to detect protein species
that correlate with ALS and might hence be a potential molecular target for
follow-up studies on clinical neurology and basic molecular neurobiology.
Furthermore the protein profile of excised motor neurons was studied using
an advanced mass spectrometry based platform. The aspects of cellular pro14

teomics were further persecuted in Paper III, where a MALDI MS based
strategy for direct analysis of intact neural cells was developed. Paper IV to
VI deal with the application of a rather recent proteomic technology for protein and peptide analysis in CNS tissue samples referred to as imaging mass
spectrometry. The technique was employed in a follow up project to the ALS
study, where the spatial protein distribution in human spinal cord of ALS
patients and controls was examined. Finally, MALDI imaging was employed
in a discrete animal study on L-DOPA induced dyskinesia in Parkinsons
disease (LID). Here, the spatial neuropeptide regulations were studied in
different rat brain regions that are associated with movement control. The
aim was to identify distinct neuropeptide species that are associated with
LID, which in turn can give further insight in molecular mechanisms underlying the pathogenesis of this condition.

15

2 Neurological Diseases and Conditions

2.1 Traumatic Brain Injury
Traumatic brain injury (TBI) is defined as all brain damages caused by direct
physical impact to the head. TBI is the major cause of death and disability
among children and young adults. Due to new developments in modern neuro-intensive care, the outcome of TBI survivors has significantly improved
during the past couple of decades [9]. However, TBI remains a major public
health problem also with respect to financial factors. A main problem is the
lack of specific therapeutics in order to combat secondary brain injury mechanisms following TBI [10-13]. Since commonly used clinical techniques for
brain damage evaluation, like magnetic resonance imaging (MRI) or computer tomography (CT) lack in accuracy, a correct assessment of the severity
of TBI is difficult. Severity assessment particularly with respect to diffuse
axonal injury is crucial in order to provide appropriate treatment [14]. Therefore, the need for more specific and sensitive markers to evaluate the posttraumatic intracranial pathology is evident [15, 16]. Several potential CSF and
serum protein biomarkers indicating TBI severity have been reported from
clinical studies. These included S100beta [17-19], beta-amyloid (1-42) and
amyloid precursor protein [20], acute phase reactants (APR) [21], glial fibrially
acid protein (GFAP) [18, 22], neuron specific enolase (NSE) [17, 19] and apolipoprotein E [23]. Therefore, especially proteomic approaches seem to be a promising tool for TBI biomarker discovery.

2.2 Amyotrophic Lateral Sclerosis
The neurodegenerative disorder Amyotrophic Lateral Sclerosis (ALS), also
referred to as Lou Gehring’s Disease or Maladie de Charcot, is characterized
by irreversible degeneration of motor neurons in the spinal cord, brain stem
and cortex. This results in increasing muscle weakness and muscle atrophy.
Most commonly, people between age 40 and 60 are affected and worldwide
prevalence of ALS has been reported to be 2-4 cases per 100 000 a year [24].
ALS is a very progressive, fatal disorder and patients have an average life
expectancy of three to five years after diagnosis. Most of ALS cases are sporadic, however 10% have been found to be familial cases caused by genetic
factors. Even though the main underlying molecular mechanism of ALS is
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still unknown, a couple of findings concerning molecular mechanisms have
been reported. For example a mutation of zinc/copper-superoxide dismutase
(SOD1) has been discovered in 10% of the familial ALS cases [25-27] (ref). A
main drawback in ALS treatment is the rather late diagnosis. The average
time for establishing a clinical diagnosis is 12 months. A further problem is
accuracy of diagnosis. It has been reported that up to 10% of all ALS diagnoses are false positive and 26-42% might be false negative [25, 26]. In the
light of this, the need for clinical markers, like e.g. protein biomarkers derived from clinical proteomic studies, that allow rapid and accurate ALS
diagnosis is of vital importance.

2.3 Parkinson’s Disease
Parkinson’s disease (PD) is a neurodegenerative disorder that is characterized by motor function impairment caused by loss of dopaminergic neurons
in the brainstem. The disease poses a huge challenge to healthcare in western
societies as about 1% of the population over 65 years suffers from PD. The
disease is mostly sporadic but there is also a familial form. Besides the selective degeneration of nigral dopamineric neurons, PD is characterized by the
presence of intracellular protein aggregates in the substantia nigra also referred to as Lewy bodies [28]. PD is distinguished as familial form and sporadic form, where sporadic PD is more common. In familial PD, a number of
genes that are mutated have been identified including DJ1, parkin, PINK1
and -synuclein [29-33]. The exact pathogenic mechanisms underlying PD are
still not fully understood but genetic as well as external factors are significant contributors [28].

2.4 L-DOPA induced Dyskinesia
The dopamine precursor L-DOPA (L-3,4-dihydroxy-pheylalanine) is still the
most effective drug for symptomatic treatment of Parkinson’s disease (PD).
However L-DOPA pharmacotherapy is accompanied by debilitating motor
complications including L-DOPA-induced dyskinesia (LID). Evidence point
to a fundamental disturbance of the basal ganglia function induced by the
loss of dopamine (DA) and that leads to the facilitation of dyskinogenesis in
PD (for recent review see Jenner, 2008 [34] and Nadjar et al., 2009 [35]) (Fig.
1). L-DOPA-induced dyskinesia in patients with PD has been linked to elevated levels of preproenkephalin (PEnk or PPE-A) and prodynorphin (PDyn
or PPE-B) mRNA in the striatum [36-38]. Similarly elevated striatal levels of
PPE and even more pronounced PDyn mRNA levels have been reported in
DA-denervated animal models of dyskinesia, including primates, monkeys
and rodents [39-49].
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Figure 1: Classical model of basal ganglia function in PD and LID:
a) Normal function of the basal ganglia. DA input from the substantia nigra (1) and
glutamatergic neurotransmission from the frontal cortex (4) towards the striatum
leads to stimulation of medium spiny neurons with D1 (purple, excitory) and D2
(green, inhibitory) DA receptors. The direct pathway comprises striatal projections
towards the globus pallidus interna (or substantia nigra reticulata, SNr in rodents)
(3). Here, GABAergic inhibition of the GPi/SNr is modulated by dynorphins and
substance P, which leads to disinhibition of the thalamus and eventually movement.
The indirect pathway comprises the striatal pallidal projection to the globus pallidus externa (GPe), which is inhibited upon DA stimulation of striatal D2 receptor
neurons (2). DA stimulation leads to GPe disinhibition, resulting in inhibition of the
subthalamic nucleus (STN) and no GPi/SNr activation and no reduced thalamus
activation respectively. While DA input always leads to movement, excitatory stimulation of D2 neurons functions as a breaking mechanism. Both pathways are well
balanced for voluntary movement control.
b) Parkinsons’s disease. In PD, DA depletion leads to impaired activity of the direct
pathway. The indirect pathway is overactivated. Here, DA removal leads to strong
inhibition of the GPe and disinhibition of the STN respectively. This results in
GPi/SNr activation and final thalamus inhibition. The net result is severe movement
impairment. The GABAergic striatalpallidal inhibitory transmission is modulated by
enkephalin peptides.
c) L-DOPA induced Dyskinesia. Dopamine replacement therapy causes pulsatile D1and D2-receptor overstimulation leads to strong overactivation of the direct pathway
and underactivation of the indirect pathway. This results in the development of abnormal involuntary movements. (Figure taken from Jenner 2008 [34])
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Dynorphins modulate neurotransmission of the striatonigral projection in the
direct pathway by binding to postsynaptic kappa opioid receptors in the globus pallidus interna or substantia nigra reticulata in rodents. Abnormal involuntary movements indicate over-stimulation of the direct pathway as a result of pulsatile overstimulation of the dopamine receptor in striatal D1 neurons [34, 43]. This over-stimulation leads to increased dynorphine expression
which can act as neurotransmitter in the basal ganglia output structures leading to even more activity of the direct pathway. Although, changes of opiodpeptide precursor mRNA levels have been identified as major molecular
change in LID, little is known on the precise neuroactive processing products. Previous studies on endogenous PDyn processing products in PD are
based on antibody-based techniques including mainly radio-immunolabeling
(RIA) and immunohistochemistry (IHC) [50-52]. While being quite sensitive,
these techniques however have limitations with respect to specificity and
sample throughput. In Paper V and VI the evaluation of spatial neuropeptide regulations in an animal model of LID in experimental PD is presented.
Here, neuropeptide distributions in the main basal ganglia structures: the
striatum (Paper V) and the substantia nigra (Paper VI) were studied using
imaging mass spectrometry.

2.5 Rat Model of LID in experimental Parkinson’s
disease
The establishment of a PD animal model has had a significant impact to the
field of PD research. One of the most prominent experimental PD models is
based on unilateral lesion by injections of the toxin 6-hydroxydopamine (6OHDA) into the right medial forebrain bundle [53]. The toxin is taken up by
dopamine-producing cells in the substantia nigra, which are selectively destroyed over a period of a few weeks [54, 55]. The unilateral lesion model is
advantageous in that structures on the lesioned side have their near-perfect
control on the intact side, which is beneficial when assessing asymmetrical
behavioral changes (Fig. 2). Once the behavioral studies are concluded, the
brains were collected, rapidly frozen on dry ice and stored at -80 °C for later
use.
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Figure 2. Experimental LID/PD model in rat. Schematic illustration of the experimental design. The experimental set-up consists of unilateral injections of 6OHDA into the right medial forebrain bundle 2 mm anterior of the substantia nigra.
A so-called cylinder test was used to assess forelimb asymmetry use and indicated
the degree of DA-denervation. L-DOPA treatment and dyskinesia rating (blue arrow; 8 mg/(kg and day) commenced one day after the first cylinder test and ended
one day after the second test. The animals were anesthetized and sacrificed 60 minutes after the last L-DOPA dose. The brains were removed and frozen on finely
ground dry ice.
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3 Proteomics

By definition proteomics is described as the study of the total protein expression profile in a biological matrix at a certain point of time [56]. Admitting the
genome is quite stable; the proteome is still highly dynamic and constantly
interacting with as well as reflecting the environment [4]. Proteomics covers
the large-scale study of protein structures, functions, interactions and dynamics. The potential ability to analyze a large part of the comprehensive protein
content of a cell or tissue has gained a big interest in biomedical research [3].
The technique enables qualitative and quantitative evaluation of the corresponding proteome during ongoing biological processes and allows deriving
conclusions in context with the biological relevance of present protein’s up
or down regulations.

Figure 3: Proteomics: Schematic illustration of Proteomic- and Transcriptomic
analysis as developments in the post genomics era. While Genomics is referred to as
global mapping of all present genes, Transcriptomics includes qualitative and
quantitative analysis of all present mRNA’s that indicate what proteins might be
expressed in theory. Proteomics is defined as comprehensive analysis of all truly
expressed and modified proteins including alternative splicing variants, truncation
and post translational modifications like phosphorylation and glycosylations.
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A main challenge in proteome research is the immense complexity of biological samples and the enormous dynamic concentration range of the different
present proteins. According to The Human Proteome Initiative, HPI
(http://expasy.org/sprot/hpi), the human genome contains over 21'000 genes
that encode about one million different proteins (Fig.3).Taken into consideration that each protein, in response to internal or external signals, can be
post-translationally modified (PTM), undergo translocations within the cell,
or be synthesized and degraded during cell development, the number of different protein species is most probably much higher [57]. As genes encode
proteins of basic biological functions, PTMs, such as phosphorylation, glycosylation and acetylation regulate the real-time dynamics of protein structure and function. Accordingly, more than 200 different PTMs have been
reported [57].

3.1 Clinical Proteomics - Biomarker Discovery
There is a great interest for proteomic techniques in clinical and biomedical
research. Proteomics provides a comprehensive snapshot of the present protein expression profile in a biological sample, which allows conclusion to be
drawn about ongoing biomolecular processes [58]. The protein pattern of a
sample from patients suffering from various diseases can provide significant
insight into ongoing pathologies. Particularly, comparison between inflicted
samples and healthy controls can reveal significant differences that can be
put in a context of disease related biological mechanisms. The application of
proteomic techniques for comparative analysis of clinical samples has been
termed clinical proteomics [59, 60]. The aim of clinical proteomic research is
the identification of single or multiple disease specific protein–biomarkers
that allow early and accurate disease diagnosis (diagnostic markers) as well
as patient outcome prediction (prognostic markers) (Fig. 4) [61]. A biomarker
is defined as an indicator of a certain disease related condition in the body
that significantly changes with respect to its quantity or appearance. Single
or multiple disease specific biomarkers would enable early and accurate
diagnosis and prognosis for providing appropriate in-time treatment and
increase chances for positive patient outcome [60]. Studies on biomarker discovery can be divided into four different steps: discovery, verification, validation and clinical application. In the discovery stage, comparative proteomic analysis of patient samples and healthy control samples is performed
with the aim to detect significant changes in protein regulation. In order to
prove the potential of each detected biomarker candidate verification and
validation is essential. Verification mainly involves bibliographic research in
order to determine characteristic features of the respective protein such as:
tissue specificity and physiological function, in order to determine its relevance for biological mechanisms related to the disease. Furthermore, valida22

tion experiments are needed in order to confirm the observed protein identity
and its exhibited abundance changes using complementary techniques, such
as immuno-based methods [63].

Figure 4: Disease diagnosis and prognosis. Clinical markers for improved diagnostics allow in time treatment and increase chance for positive patient outcome.
(Figure taken from [62])

3.2 Biological Samples – Clinical Specimen
3.2.1 Cerebrospinal Fluid
Cerebrospinal fluid is formed mainly in the choroid plexus in the central
brain where it is secreted by epithelial cells. It is circulating through the ventricles, over the surface of the brain and covers the whole spinal cord. The
amount of CSF in adults is 100-150 mL with a turnover of 4 volumes a day
corresponding to a formation rate of 300 to 400 µL per minute. The function
of CSF is to protect the brain as well as control the transport of metabolic
products. The blood-brain barrier (BBB) allows diffusion of water, gasses
and lipophilic compounds but is however impermeable for large macromolecules and small polar compounds. Therefore the protein concentration in
CSF of 350 mg/mL is rather low compared to plasma. While most of the
CSF proteins are originating from plasma, 20% are derived directly from the
central nervous system. However high abundant HSA, immunoglobulins and
other plasma matched proteins comprise 90% of the whole protein content
(Fig. 5). During CNS pathologies like ALS or TBI, alterations are induced in
cerebrospinal fluid composition especially with respect to the protein content
[64, 65]
. Particularly after intracranial injury, the protein expression profile
changes in the damaged regions due to BBB breakdown and leakage of
plasma proteins into the CSF [12, 66]. Therefore, proteomic profiling of CSF
samples from TBI patients can provide a better insight of ongoing neurobiological processes and the pathophysiology of the posttraumatic disease state.
Especially ventricular CSF can provide important information about post23

traumatic protein expression and might reflect the actual disease state with a
better temporal and spatial resolution compared to lumbar CSF, leading to
improved brain injury diagnostics for TBI therapeutic developments [20, 67].
In Paper I a study on quantitative proteomic analysis in human ventricular CSF of TBI patients is reported. Here, ventricular CSF samples were
obtained by utilization of a intracranial catheter that is used for continuous
invasive measurement of the intracranial pressure (ICP) in the neurointensive care setting, which is a key method for monitoring the acute brain injury
process. It allows continuous ICP recording and CSF drainage in situations
with intracranial hypertension, threatening the blood supply to the injured
brain [68]. Thus, repetitive sampling of ventricular CSF for the study of the
temporal profiles of candidate brain injury biomarkers is facilitated. In the
corresponding study that was mentioned above, ventricular CSF samples of
TBI patients were collected over several days after the incident and analyzed
by means of quantitative proteomics.

Figure 5: Complexity of Body Fluids: Relative abundance of most common proteins in human plasma and CSF. The pie chart illustrates the individual percentages
for individual protein fractions of the whole protein content. (Figure taken from [62])

3.2.2 CNS Tissue Samples
Since most neurodegenerative disorders are region-specific in the central
nervous system, it is essential to screen for disease related protein changes in
the tissue where the degenerative process occurs. These changes can give
clues on potential pathophysiological mechanisms and might in addition
serve as disease markers. A study on proteomic analysis of human spinal
cord samples of ALS patients is described in Paper II and IV (Fig. 6b).
Here, post mortem spinal cord samples from patients suffering from ALS as
well as control samples were subjected to enzymatic digestion and shotgun
proteomic profiling using mass spectrometry. A highly suitable approach for
cellular studies in tissue samples is laser-based microdissection with pressure
catapulting (LMCP) that facilitates region-focused proteomics [69]. The
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LMPC technique was utilized in the respective study described in Paper II
for microdissection of single motor neurons from post mortem human spinal
cord tissue samples. One major drawback in clinical studies on human samples is the difficulty to obtain appropriate tissue samples, i.e. post mortem
brain- and spinal cord-tissue. CSF is therefore the most commonly examined
specimen in clinical studies on neurological disorders.

Figure 6: Brain and Spinal Cord Tissue cross section. Left: Striatal coronal cross
section of rat brain. Tyrosine-hydroxylase (TH) staining was performed in order to
visualize depletion of DA neurons at the lesion side (*). Anatomical feautures include: CX: cortex, CC: corpus callosum (white matter) and NAcc: nucleus accumbens which constitutes a part of the the ventral striatum. The dorsal striatum consists
of the putamen (CPu)and the caudate nucleus as is indicated general as striatum..
Right: Section of human spinal cord tissue (cervical) counterstained according to a
Mayer’s Hematoxylin-Eosin protocol. The grey matter consists of the ventral and
dorsal horn (VH, DH). The white matter is distinguished into dorsal, ventral and
lateral columns (DC,VC, LC).

CSF is considered to reflect dynamic changes in CNS function, as it is transporting neuro secreted, biosynthesized and metabolized cellular products and
is in direct contact with neural tissue. However, collection of human CSF is
still a rather invasive procedure and therefore screening for specific biomarkers in blood is preferable in order to establish less invasive diagnostic
tools, although there is still a debate whether plasma and serum fully can
reflect protein changes in diseased tissue or not. Due to these drawbacks,
basic studies on molecular mechanisms underlying disease pathologies are
carried out in appropriate animal models. However, an appropriate disease
model that is comparable to human conditions is a prerequisite for such studies [70]. In animal models, clinical issues such as biological variation and
bias due to inconsistent sample collection protocols are minimized. Therefore these samples provide an optimal matrix for studies on pathogenic mechanisms of neurodegenerative diseases. In Paper V and VI, a well25

established animal model of LID in experimental PD was employed. Brain
tissue samples could be collected and handled with a controlled sample collection protocol minimizing the risk for sample damage due to e.g. protein
degradation. In addition, in the unilateral lesion model of PD, the intact side
(Fig 6a, left) serves as an optimal internal control.

3.2.3 Neuroglia
The most controlled biological samples for studying molecular mechanisms
are cell cultures. In neurobiology, cell studies are of great importance in
order to investigate basic cellular mechanisms in a variety of neural cell
types. There are a huge variety of nerve cells with respect to their size, shape
and function, which highlights the relevance of basic cellular models as an
initial starting point for investigating molecular cellular processes. Besides
neurons there are other neural cells referred to as glial cells. These cells constitute 90% of the brain tissue and are divided into macroglia and microglia.
Neuroglia have multiple functions in the nerveous system ranging from
structural support of neurons, neuronal nutrients and oxygen delivery to pathogen destruction and removal of dead neurons [71]. Although, originally
thought to possess a solely supportive function for neurons, recent finding
show that glial cells play a much more relevant role in the nervous system
[71]
. The main macroglial cell types are astrocytes and oligodendrocytes. The
main role of astroglia is to promote repair and scarring following brain injury [72]. Furthermore, these cells provide nutrients to neuronal cells and
maintain the extracellular ion balance [71]. Astrocytes are also involved in the
clearance of neurotransmitters from the synaptic cleft [71]. Oligodendrocytes
are the most abundant glia and their main role is the insulation of axons with
myelin in the CNS [73]. The major role of microglia is the defense towards
pathogens. Microglia are resident macrophages and constitute the main immunedefense system in the CNS [74]. Due to the underestimated relevance of
glial cells in the nervous system, the field of neuroglia research has gained
significant popularity in neuroscience. In Paper III we evaluated the use of
a new methodology for glial cell characterization based on MALDI MS. The
aim was to establish a straightforward technical platform for rapid glia analysis that allows significant discrimination of different cellular phenotypes.
This in turn would allow to characterize and to distinguish different cell
types and growth stages as well as cellular responses towards exterior stimulation.

26

3.3 Proteomic Strategies
3.3.1 General Proteomic Approaches
A common proteomic study comprises the isolation, separation and
identification of present proteins out of a complex biological matrix. The
main challenge when using proteomic strategies is to achieve appropriate
sample complexity reduction and compound separation before final
detection, in order to prevent supression effects in the detection process.
The initial step of a proteomic workflow is appropriate sample preparation in
order to transfer the present proteins in solution for further experimental
work. This step is typically followed by protein prefractionation in order to
roughly reduce the sample complexity. Depending on the chosen proteomic
approach the fractionated intact proteins are further separated before final
detection typically using mass spectrometry.
In order to achieve sensitive and specific protein identification, high
resolving protein and peptide separation techniques in conjunction with
sensitive and highly accurate mass spectrometric tools are essential to get a
fair insight in the protein expression profile of the sample. Several proteomic
approaches, that mainly differ in certain separation and fractionation
strategies on protein or peptide level, have been introduced to the field [5].
Basically, one differs between two strategies: top-down and bottom-up
approaches (Fig. 7).
A top-down proteomic strategy implies separation and characterization of
the intact proteins. Bottom-up proteomics on the other hand includes a
protein digestion step using distinct endopeptidases that cleave the
polypeptide sequence specifically at distinct amino acid residues. This
selective protein degradation step results in characteristic cleavage products
for each protein sequence. The proteolytic peptides can be further analyzed
and eventually identified more easily with MS. Since accurate
characterization of intact proteins in top-down proteomic analysis is rather
complicated and requires target specific techniques like immunobased
approaches (e.g. western blotting, ELISA), bottom-up strategies have
become the methods of choice including both gel-based and gel-free
approaches [75]. Common bottom-up proteomics was initially based on protein separation by one or two-dimensional gel electrophoresis
(1DGE/2DGE), [76-78] followed by staining, image analysis, sample spot excision, in-gel digestion and final protein identification using different mass
spectrometry techniques [8]. After acquisition of peptide mass spectra by e.g.
MALDI TOF-MS, protein identification can be achieved by peptide mass
fingerprinting (PMF) [79, 80]. This approach includes matching of detected
mass peaks representing the protein sequence-characteristic proteolytic peptides against a comprehensive protein database.
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Figure 7. Proteomics Strategies. Top-Down approaches include intact protein
separation and detction. Bottom-Up proteomics can be devided into classical
bottom-up approaches (middle lane) and shotgun strategies (right lane). All bottomup workflows involve enzymatic digestion and protein identification based on MS
and MS/MS analysis of the corresponding peptides. In shotgun proteomics,
digestion is performed prior to any separation and strong emphasis is put on
multidimensional peptide separation and MS analysis.

These databases contain in silico created mass lists of theoretical enzymatic
cleavage products for each entered protein identity [79]. However, in order to
gain absolute confidence in protein identification results, tandem mass spectrometry (MS/MS) is performed for that results in peptide fragmentation
spectra and provides peptide sequence information [81-84]. The standard
2DGE based bottom-up strategy has been challenged by the introduction of
shotgun proteomics, alternatively described as the multi-dimensional protein
identification tool (MudPIT) [85]. Here, in the initial step the isolated whole
protein fraction of a biological sample is subjected to immediate enzymatic
digestion. The resulting cleavage products are separated by multidimensional
liquid chromatography (LC), typically involving strong cation-exchange
(SCX) materials as stationary phase in the first separation step, followed by
reversed phase liquid chromatography (RP-LC) in the second dimension
coupled on- or off-line to tandem MS for final peptide and protein identification.
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3.3.2 Quantitative Proteomics
A main objective in today’s proteomic research is quantitative studies on
identified protein species in biological samples and their role in biochemical
pathways. Absolute or relative quantification reveals information about disease specific protein up or down regulations that allows identification of
potential protein biomarkers. There have been several MS based methodologies in proteomic research that allow protein quantification in complex biological samples [86]. A common quantitative proteomic approach is based on
global chemical modification of the sample using stable isotope labeling.
Here a characteristic stable isotope containing label molecule is chemically
attached to nucleophilic peptide side chain functionalities, like lysine or
cysteine. Isotopic coded markers, such as isotopic coded affinity tags (ICAT)
[87]
or isotopic codes protein label (ICPL) [88] that differ in a characteristic
mass representing the number of deuterium substituted hydrogen atoms are
utilized. The chemical similarity of the label molecules allows simultaneous
(multiplexed) sample preparation, separation and detection. In the final peptide MS spectrum the two differently labeled species can be identified due to
the characteristic mass shift and relative quantification is accomplished by
comparison of peak intensities [87]. However, utilization of isotopic coded
affinity tags is limited to a binary (2-plex) set of samples [86]. Furthermore,
peak identification is hampered by sample complexity and requires high
resolution MS. By contrast, more recently introduced MS/MS based quantification strategies involves isobaric tag labeling on protein (Exac®) or peptide level (iTRAQ®) [89]. Briefly, the sample mixtures are modified with
specially designed labels, which do not differ in their total mass. However,
these isobaric markers contain, besides a reactive group for chemical attachment to functional peptide side chain groups, different reporter groups
that differ in a mass value of one Dalton (Da). A balancer group compensates this mass shift in order to give a final constant mass of the whole label
molecule. In multiplexed analysis of differentially labeled samples, when
peptides are subjected to tandem MS, precursor masses for all differently
labeled peptides are constant due to the isobaric mass of the attached label.
However, during peptide fragmentation the isobaric label falls apart in the
different corresponding reporter ions. These reporter masses can be observed
in the low mass region of the MS/MS spectra and their peak intensities provide relative quantitative information about the corresponding protein species of the peptide sequence. The main bottleneck in isobaric tag labeling
techniques are variation of labeling efficiency of up to 20%, hampering identification of significant changes in protein expression [89]. In our studies, we
have been able to reach good reproducibility with relative standard deviations of 5 - 10% in technical replicates. Further disadvantages are the rather
high requirements of sample amounts as well as large financial efforts. A
recent trend in quantification of high and medium abundant proteins is based
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on multiple reaction monitoring (MRM) [90]. This label free approach allows
fast, sensitive and cost efficient analysis of complex biological samples.
Briefly, before MRM analysis a dataset is created for each protein of interest
containing transitions of precursor ions (proteolytic peptide masses) and
characteristic fragment ions. Highly sensitive monitoring of the chosen peptide/fragment transitions allows quantitative evaluation of the corresponding
proteins by peak integration of the acquired MRM data. However, proper
peptide separation techniques are essential in order to prevent ion suppression effects in the electrospray probe. A further drawback of this approach is
that knowledge about present proteins is required in advance. Beyond mass
spectrometry, there are also other quantitation strategies mainly based on gel
electrophoresis. These comprise direct detection methods using protein staining as well as indirect methods that are mainly immuno based techniques
where protein specific antibodies are employed. For direct protein quantitation, the gel-separated proteins are stained with certain dyes such as cromophores or fluorophores, and the protein concentration is deduced from the
intensity of the corresponding gel spot. This approach however permits only
relative quantification. A more recently introduced quantitative proteomic
approach referred to as differential gel electrophoresis (DIGE) is based on
differential labeling of up to three samples with isobaric fluorescent dyes
with different detection wavelengths [91]. The samples are combined and run
in a multiplexed way, where final detection at different wavelengths reveals
the relative abundance of a distinct protein in each single sample. This approach minimizes the risk for technical variation and allows also absolute
quantitation if an internal standard is used.

3.3.3 MALDI Imaging MS
The development of soft ionization techniques for mass spectrometry that
facilitates analysis of large biomolecules such as proteins and peptides was
the major catalyst for the immense growth in relevance of the proteomics
discipline. While tissue proteomics facilates protein identification and quantitation, spatial information within the respective tissue compartment are not
obtained. Taken the complexity of the human central nervous system in consideration, spatial information of protein distribution are of major interst in
order to resolve ongoing molecular pathomechanisms. In 1997 Richard Caprioli and coworkers introduced a MALDI TOF MS based approach for spatial profiling of large molecular species in mammalian tissue samples [92].
This technique, referred to as MALDI imaging or imaging mass spectrometry (IMS) is based on the application of matrix solution to a thaw mounted
tissue section (12 m) followed by MALDI MS analysis in a quadratic pattern with a distinct spatial resolution (Fig.8). MALDI imaging features high
molecular specificity that allows spatial intensity profiling of a certain molecular species in situ. The technique can be employed in various clinical ap30

plications. It allows matching of histological features of a tissue sample and
is therefore also referred to as molecular histology. In Paper IV-VI the
technique is employed for monitoring proteins and peptides in CNS tissue
samples. First, IMS is used for protein profiling in post mortem spinal cord
of ALS patients in order to reveal disease related spatial protein regulations
that might give further insight in ongoing pathological mechanisms (Paper
IV). In Paper V and VI, MALDI IMS was applied to a rat model of LDOPA induced dyskinesia in experimental Parkinson’s disease. Here, the
spatial distribution of neuropeptides in basal ganglia structures was studied.
Since MALDI imaging allows molecular characterization based solely on
the accurate mass of an analyte, additional validation experiments using
bottom up techniques are often required. Here, proteins are extracted from
the tissue and further analyzed by means of classical proteomics. Analysis of
endogenous peptides can be performed in a similar way. This area of low
molecular weight proteomics is therefore referred to as peptidomics.

Figure 8: Experimental design of MALDI Imaging. Frozen tissue samples are cut
and the sections are thaw mounted on conductive glass slides. MALDI matrix is
applied using a chemical inkjet printer following by MS analysis. The resulting
spectra allow 3 dimensional visualization of mass peak distribution patterns.
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3.3.4 Peptidomics
Since on tissue analysis of endogenous peptides by accurate mass matching
is not sufficient further off-line strategies have to be used in order to obtain
high quality tandem mass spectra that allow significant sequence assignment. A number of various approaches and strategies have been reported for
identification of endogenous peptide in neuroendocrine tissue [93-99]. As for
proteins there are multiple strategies for comprehensive peptide analysis [100].
Due to protease activity the sample preparation is of essential importance
particular with respect to the post mortem interval [101]. Protease activity
leads to protein degradation and hence creation of peptide species that dilute
the endogenous peptide fraction and increase sample complexity significantly. A further critical step in peptidomics is the peptide extraction procedure
from the tissue. In order to avoid contamination and proteolytic cleavage of
co-eluting proteins it is of great importance to separate the endogenous peptide fraction, referred to as the peptidome. A typical peptidomics experiment
comprises peptide extraction, mass partitioning followed by sample clean up
and peptide separation prior MS based characterization. For isolating the
peptide species from high molecular weight compounds, typically mass cutoff spin filter or size exclusion chromatography are employed [94]. Final peptide analysis is achieved using the same MS based setup as for tryptic peptides. A main obstacle in peptidomics is the identification process, since
common proteomic strategies are based on tryptic peptides and cannot be
easily applied to endogenous peptides [102]. A more elaborate approach is denovo sequencing, where the spectra is investigated manually or with bioinformatic tools in order to deduce a amino acid sequence tag from the fragmentation data. Another strategy is the utilization of search engines using
smaller databases that contain solely known peptide sequences or peptide
precursor proteins data [97, 102, 103]. However, profound spectra investigation is
needed in order to safeguard unequivocally peptide identification.
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4 Experimental

4.1 Sample Preparation Methods
4.1.1 Tissue preparation for MALDI Imaging
For tissue cryo-sectioning, snap frozen rat brain is cut using a cryostate
secretome. Here, the intact brain is mounted onto a tissue carrier using an
wax-like O.C.T. compound (optimal cutting temperature) that is liquid at
room temperature and gets solid below 0°C thereby embedding the tissue.
Sections of 20 m for immunhistochemistry (IHC) and 12 m are sliced at
the respective brain coordinates. For orientation, a rat brain atlas is used and
control sections are treated with Nissl staining and evaluated under a microscope. The sections are thaw mounted on superfrost glassslides (IHC) or
conductive I.T.O. (indium tin oxide) glass slides (IMS). The mounted tissue
slides are then stored at -20 to -80°C until further use. Before matrix application for IMS analysis the samples are defrosted under vacuum for typically
one hour. MALDI matrix is the applied using a chemical inkjet printer. Here
discrete droplets of matrix solution are applied in a quadratic pattern. The
point-to-point distance defines the lateral resolution of the IMS analysis.
Typically this is limited by two factors: the laser focus, which is around 100
m and the drop-volume and number of droplets per application pass. A
very high lateral resolution (~100 m) can be achieved by using very small
drop volumes. This in turn requires a much higher number of application
passes in order to apply sufficient matrix solution for sensitive analyte detection. The choice of matrix is dependent on the analytes. Typically, 2,5dihydroxybenzoic acid (DHB) and 4-hydroxy-alpha-cyanocinnamic acid
(HCCA) are used for peptide analysis. For proteins sinapinic acid (SA) is the
most commonly used matrix compound. A number of settings for matrix
application have to be optimized, depending on the kind of tissue and the
analyte of interest. These parameters include the matrix concentration, organic modifiers in the matrix solution, the application droplet volume per
pass and the final number of passes defining the total matrix concentration
per sample spot.
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4.1.2 Cell Preparations - Laser Capture Microdissection
An advanced methodology for studying distinct cells of interest from microscopic areas of tissue samples is laser microdissection with pressure catapulting (LMCP). This approach constitutes a combination between tissue
analysis and in-vitro cell culture studies allowing the evaluation of distinct
in-situ assigned cells in-vitro. The technique is based on cell excision using a
UV laser followed by subsequent isolation using a catapulting approach.
Here, a UV laser impulse which is generating a photonic force. The respective material is sent upwards and collected in a sample tube. A major advantage of this approach is that cells can be isolated out of their natural microenvironment. This technique is in addition highly specific, allowing the
study on cell type specific mechanisms. In Paper II, we report a study on
cell analysis from spinal cord. Here, we used LMCP based excision for retrieval of motor neurons from the ventral horn, that were further investigated
after enzymatic digestion using ESI FTICR mass spectrometry.

4.1.3 Cell Preparations – Neuroglia cultures
In Paper III, a study on MS analysis of cultured glial cells is presented.
Neuroglia are obtained through differentiation of neural stem cells that are
dissected from spinal cord. Differentiation into different types of neuroglia is
achieved through stimulation with different growth factors [104]. The different
cell populations are then separated using continuous shaking and finally
counted under a microscope. For direct characterization by means of MALDI based intact cell mass spectrometry, a distinct number of cells are washed
and reconstituted in ammonium acetate (150 mM). A small volume of cells
(1-2 L) suspension is then applied directly onto a MALDI target plate together with an equal amount of matrix solution in order to achieve cocrystallization. Best results are achieved when the MALDI plate was precovered with matrix using a thin layer protocol.

4.1.4 Extraction of Neuropeptides
When extracting endogenous peptides from tissue it is crucial to avoid coelution of proteins since endoprotease activity will lead to a large protein
breakdown products that in turn will increase sample complexity of the peptide fraction and ultimately lead to signal suppression of analytes of interest.
Two different sample processing strategies can be chosen for endogenous
peptide analysis including a) targeted on tissue extraction and b) acid-based
tissue extraction. For targeted extraction, the identity of neuropeptides with
a mass up to ~3,000 Da can be verified directly from a tissue section by tandem mass spectrometry [105]. Simply a small volume of solvent or matrix is
applied to the region of interest for peptide extraction and directly trans34

ferred on a MALDI target plate for subsequent MS/MS analysis. For larger
peptide species the sample has to be transferred into a sample vial for further
downstream analysis. Various targeted sample extraction protocols have
been reported including e.g. utilization of DHB matrix solution [106] or
aqueous solutions with low percentage of organic modifiers. As for proteins
tissue homogenization is a rather rough strategy and requires extensive sample clean up. Due to the small abundance of neuropeptides this method requires processing of large sample amounts. Here, inactivation of proteases is
essential in order to avoid proteolysis of high abundant proteins. Two methods including microwave assisted and heat mediated protein inhibition
gained the scientific community with great interest facilitating analysis of
endogenous peptides in the presence of large molecular weight proteins [101,
107]
. In Paper V and VI, we performed neuropeptide extraction from excised
striatum structures (NAcc and CPu) Here, tissue samples were sonicated in
1M acetic acid at 95°C before centrifugation and further peptide clean up
using stron cation exchange chromatography and solid phase extraction.

4.1.5 Extraction of Proteins
In order to isolate proteins from tissue or cell samples multiple homogenization techniques can be employed. These can be based on ultrasound as well
as on mechanic tissue and cell wall disruption. The sample is therefore
placed in extraction buffer, which is set to a certain pH and containing additives such as detergents in order to achieve efficient extraction into the liquid
phase. The remaining debris is removed through centrifugation and the supernatant transferred into another sample tube. For removal of lipids, salts
and other contaminants the protein fraction can be isolated using acetone
precipitation. Here, a six-fold volume of ice-cold acetone is added to the
sample lysate resulting in protein precipitation. The sample is stored in a
freezer at -20°C overnight and the precipitate can be finally retrieved with
centrifugation. Prior downstream analysis the protein precipitate is reconstituted in suitable buffer solutions.

4.1.6 Enzymatic Digestion
Mass spectrometry gained significant relevance in proteome research since it
enabled fast protein identification by analyzing their corresponding peptide
fragments generated by enzymatic proteolysis. Here, characteristic peptides
are generated by incubation of intact proteins with endoproteases that cleave
the polypeptide sequence specifically at certain amino acid residues. The
resulting subset of characteristic cleavage products is also referred to as peptide mass fingerprint [79]. The most commonly utilized proteolytic enzyme in
proteomic analysis is trypsin, a serine protease that cleaves peptide bonds
exclusively at the carboxylic side of arginine or lysine residues [108]. The hy35

drolysis of the peptide bonds is hampered when proline is neighboring either
of these amino acids on the C-terminal side due to steric hindrance. The enzymatic digestion reaction is controlled by the incubation temperature and the
pH. Therefore tryptic proteolysis is performed at 37 ºC at pH 8 for 16 h. In
order to achieve optimal digestion efficiency, proteins have to be denaturated
and reduced since secondary structures hamper the access for the proteases.
Here, di-sulfide bonds are cleaved using reducing agents followed by an alkylation step of the resulting free cysteine thiol-residues in order to avoid reverse bond formation. Enzymatic digestion can be performed in solution and
in gel pieces, obtained through targeted excision after a 1D or 2D GE experiment and subsequent image analysis of the gel. For shotgun proteomic analysis of body fluids as well as tissue homogenates, the protease can be added
directly to the sample after denaturation, reduction and alkylation. This approach has been used in Paper I for analysis of ventricular CSF and in Paper
II for proteomic profiling of spinal cord tissue homogenates. An in gel digestion protocol has been used in the studies reported in Paper III and IV,
where protein extracts from glial cells and spinal cord tissue where analyzed
using a multidimensional bottom up proteomic approach.

4.1.7 Isobaric Tag Labeling for Quantitative Proteomics
An emerging strategy for quantitative proteomic analysis is isobaric tag labeling. For this technique, the initial protein contents of different samples have
to be normalized against each other [89]. This is typically achieved by performing a standard protein assay to determine the total protein content of a
sample, followed by aliquoting respective sample volumes that correspond
to equal protein amounts prior solvent evaporation and reconstitution in
equal amounts of sample buffer for further processing. The most commonly
utilized protein quantification assay is the Bradford technique, which is
based on protein staining with coomassie and photometric concentration
determination [109]. After normalization, the reconstituted protein samples are
incubated with the different label-solutions, each containing a differently
marked label-molecule. Since the overall mass of all differently marked isobaric tag is the same, no mass discrimination on the intact peptide level is
taking place. This allows parallel sample preparation and separation until
MS/MS fragmentation performed. Here the quantitative information encoded
in the differently labeled peptides is revealed which corresponds to the respective protein abundance in the different samples.

4.1.8 Peptide Cleanup - Microscale Solid Phase Extraction
Before further peptide downstream analysis and in particular prior to mass
spectrometry analysis sample extraction and purification is necessary. Sample clean up is needed in order to avoid ion signal suppression due to conta36

minations such as salts or lipids. Especially after enzymatic digestion a large
amount of salts are present in the sample, which requires an appropriate
sample-desalting step. Typically sample clean up is achieved by solid phase
extraction (SPE) [110]. Here, reversed phase materials (C4-C18) are used for
peptide adsorption, on-column washing and single step elution. A commonly
used SPE strategy for simple peptide extraction in proteomics is the utilization of disposable Zip-Tip® pipette tips. These micro-SPE columns are particularly well suited for handling small sample amounts. These specially
designed pipette tips contain a small stationary phase in the tip-head. Sample
adsorption, purification and elution are performed by pipetting the corresponding solutions prior final collection of the eluates.

4.2 Separation Techniques
4.2.1 SDS Gel Electrophoresis
The most common strategy for protein separation is gel electrophoresis [111. Here proteins are loaded onto a gel matrix consisting of crosslinked polymers such as poly-acrylamide [114]. The gel is placed in between two buffer
chambers and a voltage is applied that results in protein separation according
to their electrophoretic mobility which is defined as the ratio of the charge to
the mass of the molecul. Since large proteins of the same mass can contain
different net charges, their discrimination will be difficult using this so
called native approach and proteins with different net polarities might migrate into different directions. This problem was overcome by the introduction of sodium dodecylsulfate - polyacrylamide gelelectrophoresis (SDSPAGE) [115]. Here a detergent (SDS) is utilized that promotes protein denaturation and loss of tertiary and secondary structures respectively. Furthermore
the detergent is attached to the peptide backbone resulting in an overall SDS
load, which is relative to its molecular weight (1.4 g SDS/ g protein). Since
the SDS molecules are negatively charged the original net charge of the protein is compensated and all SDS modified protein species are negatively
charged. SDS PAGE gels are typically gradient gels, which means that the
degree of crosslinking is increasing over the migration distance resulting in a
mesh with decreasing pore size. This results in protein separation strictly
according to the molecular weight of the proteins, where the migration distance x is inversely proportional to the logarithm molecular weight.
113]
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The separated proteins are later on fixed in order to avoid diffusion and visualized by staining with distinct dyes such as coomassie or silver ions.

4.2.2 Reversed Phase Liquid Chromatography
Liquid chromatography has been developed in the late 1960’s and gained
significant relevance in biological research [116]. The principle of separation
is based on reversible adsorption of analytes solubilized in a mobile phase on
a specially designed solid surface also referred to as stationary phase. In
particular the development of alkylated silicium oxide based support phases
(silyl-alkyl ethers), so called reversed phases, as adsorption surfaces has
been of main importance for proteomic research since it allows mass spectrometry compatible high resolution separation of peptides and proteins [117].
Optimal separation is achieved when gradient elution is applied. Therefore,
the sample is loaded onto the column in a hydrophilic buffer that allows
adsorption of the hydrophobic peptides on the stationary phase. Elution is
achieved when changing the mobile phase composition stepwise by mixing
the initial mobile phase (Buffer A) with another buffer (Buffer B) that contains organic modifiers. This results in an increase in lipophilicity of the
mobile phase, which leads to desorption of different peptide species according to their own hydrophobicity.

4.3 Mass Spectrometry
Mass spectrometry can be defined as molar mass analysis of ionized chemical species in the gas phase. A mass spectrometer consists of three essential
parts: an ion-source, a mass analyzer and a detector (Fig. 9). In the ion
source molecular species are converted into gas phase ions. Once these molecular ions are created they are transferred into a mass analyzer where they
are separated according to their mass to charge ratio (m/z) before final read
out at the detector. During the last 50 years, MS has become an indispensable tool in chemical analysis for accurate molar mass determination. However, this technique suffered from limitations during the ionization process
concerning thermal stability and required volatility of the analytes of interest. These limitations have been overcome to a great extent by the introduction of soft ionization techniques, such as electrospray ionization (ESI) and
matrix assisted laser desorption/ionization (MALDI).
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Figure 9: Mass Spectrometry: Schematic illustration of a mass spectrometer’s
configuration

These developments finally allowed analysis of intact biological macromolecules such as proteins, peptides or nucleotides as well as large synthetic
polymers. Since the mid 1990’s mass spectrometry has become the backbone
of proteomic research as the ultimate tool for protein identification. A rather
simply
designed
approach,
named
surface
enhanced
laser
desorption/ionization time of flight mass spectrometry (SELDI TOF MS)
[118]
gained immense popularity in the field, since it seemed to provide the
possibility to easily identify protein biomarkers in crude complex samples
with minimal sample preparation steps. Here, specially functionalized
sample targets for selective analyte enrichment were used followed by intact
mass analysis. However, the main disadvantages of this technique are
restrictions in specificity, resolution and sensitivity that do not allow
confident protein identification and quantification. This strongly highlights
the need for more accurate mass spectrometric approaches as well as proper
protein and peptide separation steps prior to MS based detection. In current
proteomic research high demands are put on the performance of the MS
technique with respect to sensitivity, acquisition rate, robustness, mass
accuracy and mass resolution [5]. Typically, not all of these desired features
are met by one MS technique, which requires compromise solutions and
prioritization according to the targeted application. It is common to combine
different MS techniques in order to utilize the complementary, techniquespecific strengths for accomplishing confident and sensitive protein
identification in complex matrixes. Especially for MS and MS/MS data
acquired with high mass accuracy and high resolution MS the protein
identification rate as well as the confidence in the obtained results is
increased tremendously.
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4.3.1 Electrospray Ionization Mass Spectrometry
An event of significant impact to the field of protein analysis, was the
development of the electrospray ionisation (ESI) technique by Fenn et al,
that facilitated soft ionisation of intact big biomolecules like peptides and
proteins without in-source fragmentation [7, 119]. In ESI MS, molecular
species are dissociated in liquid phase and get desorbed into the gas phase
when high voltage is applied in between the sample outlet capillary and the
mass spectrometer inlet. (Fig. 10) Once the voltage is applied,
electrophoretic migration of the analyte ions out of the capillary is induced.
If the applied electric field strength exceeds a certain value, a taylor cone is
formed at the emitter tip with an arising confined jet that bursts into small
droplets. Solvent evaporation leads to size reduction of the formed droplets
which results in charge density increase. Thus, the increasing repelling
electrostatic forces lead to dispartment of the droplets when a certain charge
to size ratio, the Rayleigh limit, is exceeded.

Figure 10: Principle of Electrospray Ionization. Both suggested mechanims for
gas phase ion formation are illustrated a) charge residue model and b) ion
evaporation model

This repetitive process results in very small droplets containing one or a only
a few analye ions. The actual mechanism of gas phase ion formation is still
debated. However two theories, the charge residue model and the ion
evaporation model have been proposed.
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The charge residue model is based on the assumption that the process of
electrostatic repulsion induced droplet fission results in small droplets
containing only one analyte ion. Here, the remaining molecular ion is finally
transferred into the gas-phase when solvent evaporation takes place. The ion
evaporation model proposes a different theory of analyte desorption that is
based on ion emission out of small droplets that are containing more than
one analyte molecule. According to this theory direct ion desorption out of
the droplet is enabled when a certain droplet size < 10 nm is reached.

4.3.2 Fourier Transform Mass Spectrometry
Fourier Transform mass spectrometry (FTMS) is a technique of great
potential in bioanalysis. It is characterized by extraordinary mass resolution
(FWHM: >100'000), sensitivity (sub amol) and mass accuracy (< 1ppm).
Ultra high sensitivity allows compound detection in low to sub attomol range
[120]
. Analyte mass determination by ion cyclotron resonance (ICR) has been
known since the early 1950’s, but gained significant relevance when Fourier
transformation of ICR data (FT-ICR) was introduced to the community by
Marshall and Comisarow in 1974 [121]. The principle of FT-ICR MS is based
on introducing charged species into a static and uniform magnetic field (B,
Fig 11).

Figure 11: Ion motion in an orthogonally applied magnetic field.

Establishment of a constant magnetic field is achieved with actively or
passively shielded high field (7-15T) magnets surrounding the cyclotron cell.
Since the affecting electromagnetic force (Lorentz force, FL) is perpendicular
to the particle velocity (v) and the magnetic field direction, the charged
species are performing a circular motion (Fig. 11). Thereby the orbiting
particles are moving with a distinct angular frequency ( ) which is
corresponding to their mass to charge ratio (m/q).The direct correlation
between mass (m) to charge (q) ratio and angular frequency can be deduced
from equating the equation for the Lorentz force (I) and the centripedal force
(II).
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The angular
€ frequency, in FT-ICR MS also called angular cyclotron
frequency, is defined as the tangential velocity (v) devided by the radius (r)
of the circular motion. When rearranging equation III and substituting v/r
with ω, one obtains the classic cyclotron equation (IV).

(IV)
The angular cyclotron frequency is related to the cyclotron frequency (fc) as
follows (V):
(V)
When combining equation V and IV, with q as product of the elemental
charge e and the number of charges z, one obtains the direct correlation
between the cyclotron frequency and mass to charge ratio (VI).

(VI)
As illustrated in equation VI, the cyclotron frequency of each molecular ion
depends only on their corresponding mass to charge ratio. For obtaining the
accurate mass values of every analyte ion, the corresponding cyclotron
frequencies have to be determined. The ICR cell is equipped with three
orthogonal pairs of electrode plates for analyte trapping, excitation and
detection. In order to increase the sensitivity by increasing the dwell time of
the analyte ions in the ICR cell, an additional electrical field is applied to the
end cap electrodes. Here the charge of the trapping field is the same as the
charge of the analytes. The principle for determining the correct cyclotron
frequencies of the analytes ions is based on excitation of the analytes out of
their angular motion towards the detection electrodes. Therefore, a radio
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frequency signal is applied to the excitation electrodes. Analyte ions with the
respective cyclotron frequency absorb the energy and spiral outwards. When
reaching the detector electrodes a signal current is induced also referred to as
free induction decay (FID). The resulting image current (FID signal)
represents a signal amplitude over time. In order to achieve the signal
frequencies and the corresponding mass to charge values the FID signal is
Fourier transformed. Soft ionisation in conjunction with high mass accuracy
and high resolution enables e.g. top-down characterization of intact protein
species with more than 100 kDa weight. Electrospray ionisation Fourier
transform ion cyclotron resonance mass spectrometry (ESI FT-ICR MS) in
conjunction with capillary liquid chromatography has proven to be a well
suited and enormously powerful approach for peptide mapping in complex
biological sample digests. Up to 5'000 peaks are detected in one single scan.
In order to deal with the tremendous data amount, sophisticated data
handling is essential which enable accurate mass to time annotation and
signal clustering of the acquired peptide mass peaks. These distinct peptide
patterns allow sample grouping when multivariable statistical methods are
applied and reveal significant assignment of the patient samples to certain
disease states. When using FTMS, protein identification can be achieved by
peptide mass fingerprinting. Here, highly accurate peptide masses are
compared to large databases containing in silico calculated theoretical
enzymatic cleavage products for each protein. Interestingly, acquisition of
tandem MS data is not necessarily required in order to achieve significant
protein identification. FTMS based PMF provides high sensitivity and high
significance due to extraordinary mass accuracy, which allows significant
protein identification in complex peptide mixtures with low risk for false
positive matches. The extraordinary performance features of FT-ICR MS
with respect to sensitivity, mass resolution and mass accuracy were made
use of in Paper II, IV, V and VI. In this study the protein expression profile
of motor neuron cells microdissected from post mortem spinal cord samples
was analysed. Due to restricted sample amounts high demands with respect
to mass accuracy and sensitivity were put on the utilized MS technique in
order to allow exact protein identification. A drawback in FTMS based
tandem mass spectrometry is the rather low scanning rate of about one
spectra per second for high resolution fragment data acquisition. In case of
online liquid separation-mass spectrometry (LS-MS) experiments, fast
tandem MS data acquisition is required in order to cover as many peptides as
possible. There have been recent developments in FTMS that enable fast on
the fly fragmentation in conjunction with high resolution fullscan-spectra
acquisition using hybrid mass spectrometers that incoporate an linear iontrap
prior the FTMS cell. While fullscan spectra are aquired by the FTMS,
isolation and tandem mass spectra acquisition of up to five precursors is
performed with the iontrap. When subjected to database search, highly
resolved and accurate precursor masses can be combined with the
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corresponding tandem MS data which gives an optimal complemental
dataset for highly significant protein identification [122]. Improvements in
availability, size and running costs facilitated the introduction of FT-ICR
hybrid MS in biological and clinical research where they now have become
an integral tool for proteomic analysis. An event of major impact to the field
was the introduction of the Orbitrap® mass analyzer in 2005 by Makarov et
al. [123, 124]. Since no supraconductive magnet is needed, the economical as
well as the maintenance effort is decreased dramatically by still maintaining
all advantageous features of FTMS including extraordinary mass accuracy
and resolution. However, this technique suffers from the already mentioned
lack in acquisition speed and in addition a rather limited mass detection
cutoff at about 20 kDa.

4.3.3 MALDI TOF Mass Spectrometry
Since its introduction by Karas and Hillenkamp in 1988 matrix assisted laser
desorption/ionization time of flight mass spectrometry (MALDI TOF-MS)
has reached significant impact on the field of proteomics [6]. Like ESI MS,
MALDI MS is a soft ionization technique permitting analysis of intact macromolecules including proteins and peptides. MALDI MS is based on laser
irradiation induced desorption and ionization of analyte molecules that are
incorporated into the lattice of a crystalline matrix (Fig. 12).

Figure 12: Laser Desorption/Ionization: Illustration of the MALDI ionization
principle. Analyte-molecules are embedded in the matrix. Laser irradiation results in
ionization of the matrix and plasma formation. In the ionized gas cloud charge
transfer takes place which results in mainly singly charged analyte ions.
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MALDI MS is characterized by its convesnient sample application, high
sensitivity, high resolution and insensitivity to sample impurities.
Particularly application of 4-hydroxy- -cyanocinnamicacid (HCCA) as
matrix allows compound detection in a mass range of 700 - 6'000 Da and
makes it perfectly suitable for peptide analysis and thus for bottom-up
proteomics [125-127]. Furthermore, the offline character of this technique
allows time independent analysis and if desired reanalysis of the sample. An
additional feature of great benefit in MALDI MS is the formation of almost
exclusively singly charged ion species. This leads to a dramatic reduction in
spectra complexity and allows simple data interpretation especially with
respect to fragment spectra evaluation. The principle of work is based on
utilization of a crystalline matrix that possesses numerous aromatic
functional groups. Incorporation of analytes into the crystal lattice of the
matrix can be achieved by co-crystallization when placing a droplet of
analyte solution together with solubilized matrix onto a steel target plate and
let it dry down. There are several different matrices that are specially suited
for different analytes (Tab.1). Even though the full mechanism of analyte
desorption in MALDI MS is still not fully understood, the following model
is suggested. When irradiating the sample/matrix crystals with an UV laser
the delocated -electrons of the matrix molecules absorb the emitted energy
which leads to excitation and ionization of the matrix. A plasma cloud is
formed where a charge transfer from the matrix molecules to the actual
analytes takes place.
Table 1. Overview of different matrices commonly used in MALDI MS
matrix
2,5-Dihydroxybenzoic
acid (DHB)
4-Hydroxy- -cyanocinnamic acid (HCCA)

absorption
wavelength
266 nm, 337 nm, 355 nm
337 nm, 355 nm
266 nm

suitable analytes
peptides, proteins
peptides

Nicotinic acid
3,4-Dimethoxy-4-hydroxy
-cinnamicacid
(sinapinic acid, SA)

peptides, proteins

266 nm, 337 nm, 355 nm

4-Hydroxy-picolinic acid

337 nm, 355 nm

oligonucleotides

Succinic acid

2.94 m, 10.6 m

peptides, proteins

Glycerine

2.94 m, 10.6 m

peptides, proteins

proteins

In MALDI MS, the time of flight based mass analyzer is the most common
technology to determine the mass to charge values of the analytes. This is
achieved by measuring the flight time of different analytes, since the square
of the flight time is directly proportional to the mass to charge ratio (X).
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Shortly after the ionization process high voltage (U = 20-25kV) is applied in
between the target plate and the mass spectrometer inlet and all analyte ions
are accelerated towards the mass analyzer.

Figure 13: MALDI TOF MS: Schematic view of the MALDI TOF mass
spectrometer in normal MS mode. Ions are accelerated in the flight tube and
separated due to their different m/z values. (Figure taken and modified from
Ultraflex II manual, Bruker Daltonics)

When passing the applied electric field the analytes experiencing a certain
electric energy (Eel) that is transferred to kinetic energy (Ekin) when reaching
the time of flight tube (VII-IX).

(VII)
(VIII)

(IX)

In the field free drift region of the TOF tube analytes with different mass (m)
to charge (z) ratios have different velocities (v) and thus different flight
times. The correlation of the flight time to the mass to charge ratio can be
deduced from equation IX. The velocity equals the length of the flighttube
(l) divided by the flight time (t) and can therefore be substituted.
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(X)

As it can be seen in equation X, the square of the flight time is directly
proportional to the mass to charge ratio. Incorporation of TOF analyzers and
MALDI ionization seems to be especially suitable, since MALDI is a pulsed
ion source whereas ESI MS is a continuous ionization technique. However,
laser desorption ionization suffers from certain disadvantages that lead to
dramatic loss of mass resolution. Since the ionization principle is rather
inhomogenic with respect to spatial aspects, a certain degree of energy
discrimination, both inner energy and kinetic energy, among the analytes is
occurring. Uneven degrees of inner energy for analytes of the same mass
lead to different kinetic energies and hence different flight times (Fig. 13). In
order to overcome the problem of inner energy discrimination, the
application of the electric field after laser irradiation is delayed by several
nanoseconds, called delayed extraction (DE). Thereby analyte ions with
higher inner energy, also called initial kinetic energy, move closer to the
mass analyzer inlet. When high voltage is applied, these ions will experience
a smaller amount of electric energy and hence kinetic energy than ions of the
same mass but with less initial kinetic energy which results in compensation
of the initial energy discrimination.
A second impact that leads to energy discrimination is uneven spatial
distribution in the ion source after the ionization process. Thus, analytes of
the same mass are differentially positioned in the later applied electric field
and therefore experience different amounts of electric energy, again resulting
in different amounts of kinetic energy and velocities. This problem has been
overcome by utilization of reflectors at the end of the linear flight tube. The
reflector is a set of electrodes that exhibit a variable electric field of opposite
polarity to the acceleration field. Analyte ions with the same mass to charge
ratio but different kinetic energies are penetrating the reflector field in
different ways. Charged particles with higher kinetic energies are penetrating
the reflector field deeper than ions with less kinetic energy. The ions are
reaccelerated out of the reflector field, whereas ions with higher kinetic
energy which have entered the field the deepest have to pass a longer way
that results in a delay of the flight time. This time delay leads to refocusing
of all analyte ions of the same mass to charge at the detector.
Tandem MS (MS/MS) in MALDI experiments is typically performed by
laser induced dissociation (LID), which is also referred to as post source
decay (PSD) [128, 129]. The fragmentation is thereby induced by increasing the
laser intensity which increases the inner energy of the formed gas phase ions.
Acceleration through an electric field results in an additional energy
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increase, leading to metastable but still intact analyte ions that fragment
when entering the field free region of the flight tube. Since the velocity of all
fragments and the mother ion is the same precursor ion selection can be
achieved with a flight time dependent ion gate. In classical PSD experiments
separation of the different fragment ions was achieved solely with the
reflector. However, the resulting different flightcurves complicate focused
detection and required stepwise readout of the different impact regions.
Therefore classical PSD experiments are very time consuming and require
large sample amounts.

Figure 14: LIFT-TOF/TOF MS/MS: Schematic illustration of PSD MALDI
TOF/TOF MS/MS. PSD fragmentation is induced and one motherion (P1+) and its
fragments are selected by an precursor ion selector (PCIS). Reacceleration and
second TOF MS of all isolated fragment ions is performed in the “LIFT” cell, a
second set of ion-optics. The still abundant intact mother ions are deflected using
post LIFT metastable ion suppression (PLMS). (Figure taken and modified from
Ultraflex II manual, Bruker Daltonics)

The limitations of standard PSD-MALDI MS/MS have been overcome with
the introduction of the TOF/TOF technology [130, 131]. Here, a second set of
electrodes is integrated in the flight tube that allows reacceleration of all
fragment ions after precursor ion selection. Thereby the fragment ions of a
distinct precursor ion are further separated according to their mass to charge
ratio which results in highly resolved fragment spectra (Fig. 14). The
fragmentat ion efficiency of PSD based ion dissociation is rather low (10%)
compared to collision induced fragmentation (80%). This lack is in turn
compensated with the outstanding sensitivity of MALDI MS, which makes it
especially well suitable for accurate peptide sequence analysis in proteomics
[130, 131]
.
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4.3.4 LC-MS Hyphenation
LC-ESI MS
In order to minimize suppression during the ionization process, separation
prior mass spectrometry based detection is essential. One of the most common hyphenation setups in proteomic research is on-line coupling of nano or capillary flow reversed phase liquid chromatography to electro spray mass
spectrometry (RPLC-MS) [132-134]. Reversed phase LC is the method of
choice for peptide separation [117]. Furthermore, a MS compatible buffer
system, employing mainly water and organic solvents for gradient elution,
makes it well suited for on-line hyphenation with mass spectrometry. Online LC-ESI-MS offers the advantage of fast and robust MS and MS/MS
data acquisition. Particularly the possibility to acquire MS/MS spectra using
information dependent data acquisition (IDA) makes LC-ESI MS a convenient tool in bottom-up proteomic analysis. One major drawback of on-line
LC-MS setups is a restricted time window for optimal precursor ion selection and subsequent MS/MS experiments. This results in repetitive MS/MS
data acquisition of certain peptides that most often origin from high abundant proteins. Therefore protein and peptide prefractionation prior on-line
LC-MS is essential for sensitive protein identification. However these limitations are countervailed by the advantageous features of the setup, which are
mainly system robustness and time efficiency [117].
LC-MALDI MS
When hyphenated to capillary scale separation techniques like liquid chromatography or capillary electrophoresis [135-137], MALDI MS proved to be a
powerful approach for sensitive and significant analysis of complex peptide
mixtures. Application of fraction collectors capable of direct on target fractionation allows convenient coupling of liquid separation techniques to
MALDI MS. Here, the offline setup is of particularly great benefit. Software
assisted data processing of all acquired overview spectra from each collected
fraction allows sophisticated mass peak evaluation with respect to their peak
intensity, distribution and retention time, respectively. A compound list of all
contingent precursor candidates for follow up MS/MS experiments is created
and a ranking of each detected mass peak for each spot is performed to give
information about which precursor ion should be fragmented on which spot
best in order to cover as many different compounds as possible [137]. This
results in elevation of low abundant compounds and increases the protein
and peptide identification rate significantly in comparison to online ESI MS
based setups [138-140].
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4.4 Data Evaluation
4.4.1 Statistical Tools
PCA
Principal component analysis (PCA) is a convenient exploratory approach
for unbiased evaluation of large datasets with multiple variables also referred
to as multivariate data. PCA reduces the dimensionality of the data by determining the orthogonal directions in multivariate space that represent the
largest sources of variation. These sources are referred to as principal components. This allows expressing as much as possible variation of the data
with only a small number of PC’s. Thus an overview of the data can be provided that shows how the different observations are related and if there are
any deviating groups or observations in the data. The most common PCA
representation is the score plot, which presents the orthogonoal directions of
the objects and the relation between this objects respectively (e.g cell type or
treatment groups). Another typical PCA output is the loading plot, which
represents the relation between the variables and reveals similarities in the
characteristics of the objects (e.g. m/z values in massspectra of different
individuals). Objects that are projected close to each other in the score plot
have similar characteristics, which are defined in the loading plot. Objects
that are projected in a distinct place in the score plot have similar characteristics and these characteristics are in the same distinct place in the loading
plot. The further an object is from the axis origin, the more it contributes to
the model generated by the PCA.
SAM
Significance analysis of microarrays (SAM) is a statistical technique that
allows evaluation of large gene expression datasets and reveals whether or
not a certain feature (gene) is significantly up- or down regulated [141]. The
technique uses non-parametric t-statistics to compute a gene specific d value.
This d value expresses the relation between the gene expression value and a
response variable. This response variable describes and groups the data
based on the experimental conditions. Then multiple permutations are performed in order to determine if the expression value of a gene is significant
related to the response. The main advantage of this approach to other common statistical analysis (e.g ANOVA) is that SAM does not assume independence of data or other parametric assumptions about the distribution of
the genes such as equal variance. Although SAM was originally designed for
gene expression analysis, it can also be employed for large mass spectrometry datasets, such as generated by MALDI imaging. In Paper V and VI, we
performed two-class SAM analysis on IMS data. Here, the average values
for each m/z value (=”gene”) in a distinct ROI (e.g. lateral striatum) were
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analyzed together with the respective control (lesion and intact side). This
could be done within the animals (intact vs lesion side; paired) in order to
evaluate effects resulting from the 6-OHDA lesion or within different treatment groups (unpaired) in order to reveal effects that are associated with
different treatments (L-DOPA vs saline) or different outcomes (high dyskinesia vs low dyskinesia).

4.4.2 Protein and Peptide Identification Strategies
Mass spectrometry based protein sequence identification can be achieved by
using various strategies. In bottom up proteomics, an enzymatic digestion
step is incorporated into the downstream analytical workflow resulting in the
generation of a subset of proteolytic fragments. Mass spectrometry based
peptide sequence identification can be achieved using three different approaches that include sequence collection searching, de novo sequencing and
comparison with spectral libraries.
Protein Database Search
In proteomics, final protein identification is typically accomplished by
searching of the acquired peptide mass data against databases containing
protein sequence collections. Here, the initial approach was based on peptide
mass fingerprinting (PMF) [79, 80] by analyzing intact masses of proteolytic
peptides obtained from enzymatic digestion [108]. Here, a protein is identified
by the masses of its sequence specific proteolytic peptides. Concerning the
experimental conditions, PMF analysis depends highly on sample complexity of the digest, the applied proteolytic enzyme as well as the mass accuracy
of the acquired data [142]. The number of protein identifications can also be
influenced by the size of the utilized database. In PMF analysis, significant
identification is only possible in samples with no more than three to four
proteins per digest. Therefore multidimensional protein separation by e.g.
2DGE is essential before mass spectrometric analysis. However, highly accurate mass data, as obtained with FT MS, allow confident protein identification even in more complex protein digests [143]. However MS/MS data
based protein identification is commonly applied today, since it enables peptide sequence analysis and highly increased confidence for protein identification [81, 144].
For peptide identification, the MS or MS/MS data are submitted to database search using specially designed search engine tools like e.g. Mascot [84],
Tandem [145], Sequest [146], ProFound [147], OMSSA [148] or ProteinProspector
[149]
are used to compare the experimental peptide data with in silico generated peptides sequences. Here one discriminates between two different subtypes based on the type of scoring function they employ: Category 1 scoring
functions use probabilistic algorithms. The most commonly used search engine software using probabilistic algorithms is Mascot. Although the actual
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scoring algorithm has never been revealed, the basic approach comprises the
calculation of predicted MS/MS fragment-ions and matching to the experimental data. Here, depending on the experimental conditions, abundant peptide fragments are prioritized. The probability p for that the number of
matches is a random event is calculated and expressed as an identification
score with –10 log10(p). A threshold score is calculated, which magnitude is
proportional to the size of the database. Category 2 scoring functions use
heuristic algorithm and are based correlation of experimental spectra with
predicted mass spectra generated in silico. The most prominent category 2
search engines are Sequest and X!Tandem.
Bottom up and in particular shot gun proteomic experiments result in vast
amount of fragment spectra. In order to avoid false positive assignment very
strict rules upon decision on positive protein identification have to be employed. A general agreement is, that each protein is considered to be a positive match, if it is identified by at least two MS/MS, which fulfilled criteria
of significance (p<0.05). As a further step in database search based protein
identification the false positive rate of the results has to be determined. This
can be achieved by searching the corresponding datasets against a scrambled
and reversed version of the utilized database, which is also referred to as
decoy-approach. A main drawback in peptidomics is that protein database
search approaches do not permit straightforward identification of endogenous peptides. Therefore other alternatives for peptide sequence annotation
have to be explored.
Alternative Peptide Identification Approaches
A convenient strategy for peptide identification is based on the utilization of
specifically designed sequence database, containing known and predicted
endogenous peptide sequences [97, 102]. This approach was proven to be well
suited for large scale peptidomic experiments, as presented in Paper V and
VI. However, this approach requires profound spectra investigation in order
to avoid false positive sequence annotations.
The most classical approach in tandem mass spectrometry based peptide
sequence identification is de novo sequencing. This approach is particularly
suited for unknown proteins that are not listed in protein sequence databases
as well as for the identification of endogenous peptides. In de novo sequencing, the fragment spectra are inspected for characteristic mass shifts between
the fragment ion peaks that correspond to the mass of an amino acid residue.
MS/MS fragmentation of an intact peptide precursors leads to the generation
of sequence specific fragment ions, since the peptide fragments predominantly along the peptide backbone. A break at the peptide bond for example
yields so called b and y fragments, where b-ions are the N-terminal and yions are the C-terminal fragment series. The MS/MS spectrum corresponds
to different fragmentations along the peptide-backbone, yielding a characteristic subset of sequence specific terminal fragments. The mass difference
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between two consecutive fragments of one (b or y) series corresponds to the
mass of the respective amino acid residue. In de novo sequencing the fragment spectra are inspected for these characteristic mass shifts between the
fragment ion peaks that correspond to the mass of an amino acid residue.
Thus, a sequence tag of the peptide can be deduced from the MS/MS spectrum. The deduced sequence can be submitted for homology search in order
to determine the corresponding protein species.
Another peptide identification strategy is based on spectra libraries. Here,
experimental MS/MS spectra of previously identified peptides are stored in a
database (spectral library). This approach is very sensitive and specific since
it allows comparison with real world data that include information about the
relative abundance of the different fragment ions. Particularly in peptidomics, this approach proved to be a well suited strategy for unequivocal peptide
characterization. However, this technique has certain limitations. A main
drawback is that previous knowledge of the targeted analytes is required.
Furthermore, the MS/MS experiments have to be performed on the same
type of instrument that was used for acquisition of the library spectra.
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5 Results and Discussion

5.1 Differential Proteomics of Ventricular CSF for
monitoring TBI biomarker candidates (Paper I)
A study on time-course differential proteomic profiling of human ventricular
CSF samples from different TBI patients is reported in Paper I. TBI induces
alterations in cerebrospinal fluid (CSF) composition, especially with respect
to the protein content. Particularly after intracranial injury, the protein expression profile changes in the damaged regions. Therefore, proteome profiling of CSF samples from TBI patients can provide a better insight of ongoing neurobiological processes and the pathophysiology of the posttraumatic
brain. Especially ventricular CSF can provide important information about
posttraumatic protein expression and might reflect the actual disease state
with a better temporal and spatial resolution compared to lumbar CSF, leading to improved brain injury diagnostics for TBI therapeutic developments.
Continuous invasive measurement of the intracranial pressure (ICP) in the
neurointensive care setting is a key method for monitoring the acute brain
injury process. The use of a ventricular catheter allows continuous ICP recording and CSF drainage in situations with intracranial hypertension,
threatening the blood supply to the injured brain. Thus, repeated sampling of
ventricular CSF and the study of the temporal profiles of candidate brain
injury biomarkers are facilitated.
For this study, consecutive CSF samples were acquired from three TBI
patients 1-9 days after the incident and analyzed by means of quantitative
proteomics. Here, isobaric tag labeling (iTRAQ 4plex and 8plex) was utilized for multiplexed analysis of different samples obtained at multiple time
points, which allowed relative quantification of identified proteins. A shotgun proteomic setup based on at once proteolysis prior liquid chromatography coupled off-line to matrix assisted laser desorption/ionization time of
flight tandem mass spectrometry (LC-MALDI TOF MS/MS) was utilized
which resulted in significant identification of up to 69 proteins (p < 0.01).
These included mainly high abundant plasma matched proteins such as HSA
and transferrin as well as acute phase reactants (APR).
More importantly, characteristic changes in protein regulation could be
observed for different time points after the TBI incident (Fig. 16, 17). Since
all patient case histories are different, direct comparison of the samples is
difficult especially with respect to their absolute protein profiles including
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the number of identified proteins and the dynamic range of protein abundances respectively. However, general trends resulting from major posttraumatic events can be deducted from the experimental data.

Figure 15. Albumin A1-C1 (A: Patient 1; B1: Patient 2; C1: Patient 3): Time dependent relative changes for human serum albumin (HSA) revealed by quantitative
proteomics. The relative abundance for the different days after the TBI incident is
normalized against the value at day 1. The error bars are given as relative standard
deviation based on all individual peptide values. A2-C2: The albumin quotient for
CSF/plasma given as (mg/L)/(g/L) at the different time points after the TBI incident.
A quotient > 6.8 indicates leakage due to a disrupted blood brain barrier.

For instance, elevated albumin concentration in post TBI as observed for all
patients in the present study is the direct result of the induced blood brain
barrier leakage (Fig. 15). For Patient 1 and 3, a characteristic increase of
HSA levels could be observed on day 8 and 9 respectively after the injury
(Fig. 16 - A1/C1). The observed abundance patterns are in strong consistence with in parallel monitored albumin quotient data that describe the concentration ratio of CSF–HSA compared to plasma–HSA and is an indicator
for a possible leakage across the BBB (Fig. 16 A2-C2).
These observations indicate secondary injury, not only for Patient 1 but
also for Patient 2 and 3 where, according to the albumin monitoring data as
well as the proteomic data, an initial decrease of HSA could be observed
before the secondary increase. Among the protein findings in all three patients, hemoglobin levels were found to be decreased post the TBI but
showed significantly increase in abundance during the following period (Fig.
16).
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Figure 16: Hemoglobins A-C (Patient 1-3). Time dependent relative changes for
hemoglobin alpha and beta chain (HBA/HBB). The error bars are given as relative
standard deviation based on all individual peptide values.

In case of Patient 1, these increases were characteristic directly after the
injury but even more dramatically after the secondary event (Fig. 17A). This
is well in line with the expected increase of persisting erythrocytes in the
CSF after intracranial hemorrhage 4-19 days after injury and the hemolysis
that starts after approximately 12 h.

Figure 17: Brain specific proteins in TBI. The results show characteristic temporal
changes in protein concentration for GFAP (A) and NSE (B). Particularly, the
second increase at day 5 is of great interest since it points towards a second injury
event.

In case of one patient, brain specific proteins including glial fibrially acid
protein (GFAP) and neuron specific enolase (NSE) were found to show characteristic temporal protein regulation profiles. As for HSA a secondary injury is indicated by elevated protein concentrations at day 5 after an initial
decline (Fig.17).
The results of this study are well in line with previously reported clinical
investigations. Particularly NSE and GFAP, have been suggested before to
be potential clinical markers for TBI. [18, 22, 150]. With this approach, a large
number of previously suggested markers for TBI could be simultaneously
monitored and related back to patient case history and outcome. Differential
proteome profiling of ventricular CSF proved therefore to be a promising
approach to investigate posttraumatic CNS pathologies.
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5.2 Focused Proteomics In Post Mortem Spinal Cord
(Paper II)
In Paper II, a study on proteomic profiling of spinal cord samples as well as
micro dissected motor neurons of patients that suffered from ALS is reported. Post mortem spinal cord tissue from ALS patients as well as controls
was homogenized and subjected to at once tryptic digestion. In addition motor-neuron cells were excised from additional spinal cord samples using
LMPC followed by cell lyses and proteolysis (Fig. 18).

Figure 18: Microdissection of motor neurons in spinal cord tissue using laser
microdissection with pressure catapulting. (A) Outlined motor neurons are laserdissected and catapulted into the cap of a microfuge tube, leaving (B) the remaining
space in the tissue. (Numbers (µm2) indicate the area of the outlined region). Tissue
samples were 12 µm thick.

A highly sensitive analytical platform based on direct infusion nanospray –
FTICR MS was utilized for peptide mass data acquisition. Protein identification was accomplished by peptide mass fingerprint search against an inhouse written database containing about 300 CNS specific proteins. For further validation LC-MALDI TOF MS/MS was performed on the spinal cord
digests in order to obtain significant protein sequence data using tandem
mass spectrometry. The results show 18 versus 16 proteins significantly
identified in whole spinal cord from ALS- and control individuals, respectively. The study of microdissected single motor neurons significantly revealed 18 proteins. To confirm the results of the ESI-FTICR-MS screening
with additional MS/MS data, nanoLC-MALDI-TOF-TOF MS experiments
were performed on two ALS samples of whole spinal cord. These
complementary experiments both confirmed the ESI-FTICR MS results and
provided additional results of further identified proteins.
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Table 2: Proteins identified in spinal cord using FTICR MS. a

[a] Filled boxes indicate a protein match on at least a 95% significance level in respective spinal cord
tissue. Figures show the amino acid coverage (aminoacids identified/amino acids in the theoretical
sequence, %) and number of peptide fragments covered in the sequence.
[b] Swiss-Prot and TrEMBL proteindatabase.
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5.3 Direct MALDI MS based profiling of intact neural
cells (Paper III)
The aspect of MS based profiling of intact neural cells was further persuaded
in a study reported in Paper III. Here, we examined the applicability of
intact cell mass spectrometry for characterization of cellular phenotypes. A
MALDI MS based protocol for direct cell analysis was developed and applied to different rodent neuroglia. The cells were separated into their respective subpopulations a discrete amount of cells was placed directly on a
MALDI target plate that has been prespotted with a thin layer of sinapinic
acid matrix. Initial experiments showed less promising results however the
exchange of the washing buffer from PBS to ammonium acetate improved
spectral quality significantly (Fig. 19).

Figure 19: Intact cell MS. Ammonium acetat buffer improve MS quality: (A).
Typical protocol involving trice washing with PBS for maintaining cell integrity.
(B). Substitution of PBS by 150mM ammonium acetate results in dramatic improvement of spectral quality. (C) Optimization of matrix:analyte display higher
peak intensities (I), signal-to-noise ratio (S/N) and peak area (A) between 1 and 1.75
µl MALDI matrix per µl cell suspension.

The optimized protocol was used for direct MALDI MS profiling of astrocytes, oligodentrocytes and microglia. The results show characteristic protein spectra that allowed significant discrimination (ANOVA, p<0.01). The
respective mass peaks upon which the respective cell type could be discriminated were deduced from principal component analysis (PCA). These signature proteins were preliminary assigned using intact mass matching. In order
to confidently identify the present proteins a bottom-up proteomic approach
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based on 1D SDS PAGE and LC-ESI MS/MS was employed for analyzing a
protein extract obtained from the glial cell lysate. The results show identification of numerous candidates that were found significantly changed in between the cells types.

Figure 20: ICMS analysis of neuroglia. (A) Characteristic protein mass
spectra were obtained for the three different cell types : I astrocytes, II microglia and III oligodendrocytes. (B) A mass peak corresponding to histone
H4 (m/z 11308) is predominantly increased in oligodendrocyte spectra (III).
Here, protein masses corresponding to histone H4 and histone H3.1 were
found to be predominantly abundant in oligodentrocytes MS spectra (Fig.
20). For astrocytes, several proteins including tymosin beta 10, cytochrome
C and S100B were found significantly increased. The ICMS- and proteomic
data were further confirmed using immunohistochemistry on mixed cell
cultures, showing higher intensities on double-antibody stained oligodendrocytes using NG2 as cell marker. Similar results were obtained for S100b in
astrocytes using GFAP as cell marker for astroglia. These identified signature protein species were then used as molecular marker for prediction in
brain tissue. We performed MALDI imaging analysis on striatal sections of
healthy rat brain (Fig. 21). A characteristic distribution of histone H4 and
H3.1 masses was observed in the corpus caleosum and the sub-ventricular
zone. Double-immuno staining on striatal brain sections verified the predominant abundance of oligodendrocytes in the corpus callosum as indicated
by H4 and H3.1 mass peaks.
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Figure 21: MALDI imaging for cell type prediction in mammalian brain tissue.
(A) MALDI IMS results show characteristic distribution of histone H4 and H31 in
the corpus callosum (CC, upper arrow) and sub ventricular zone (SVZ, lower arrow). (B) Immunohistochemistry shows H4 and H3.1 immunoreactivity (green) for
NG2 stained oligodendrocytes (red) in the corpus callosum (red square indicates
region of interest).

Taken together, the improved methodology for cellular profiling proved to
be a promising approach for the discrimination of different glial cell types
due to their characteristic protein mass peak fingerprint. Furthermore distinct
signature proteins that constitute the most cell type characteristic feature,
upon which the different cell types can be distinguished, could be identified.
When performing MALDI imaging MS, these signature masses can than be
employed as molecular cell marker in order to predict the respective cell
types in brain tissue.
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5.4 MALDI Imaging of Post Mortem Spinal Cord in
ALS (Paper IV)
In Paper IV a follow up study to the spinal cord proteomic study reported in
Paper II is presented. In the present study, MALDI imaging MS was employed for spatial profiling of proteins in post mortem spinal cord tissue of
ALS patients and controls. Cervical spinal cord sections where subjected to
cryo-sectioning. The tissue sections where thaw mounted on conductive
glass slides and coated with MALDI matrix using a sinapinic acid based
protocol. MALDI IMS revealed characteristic protein distribution patterns
that are well in line with histological features. Proteins that were specifically
abundant in the gray and white matter respectively were observed. Preliminary protein assignment was done based on the intact protein mass. The
mass matching results where validated using a bottom up proteomic approach, similar to the strategy presented in Paper III.
Proteins were extracted from spinal cord tissue and separated by means of
1DGE. The mass range from 0 to 25 kDa was excised and cut into ten equidistant gel bands, which were subjected to in-gel digestion. For peptide
based protein identification, the ten digested 1D-gel fractions where analyzed using nanoflow reversed phase liquid chromatography coupled online
to electrospray Fourier transform ion cyclotron resonance mass spectrometry
(LC FTICR).
With this approach, a number of 197 different proteins could be identified
including 19 previously mass matched protein species. Among these identified proteins S100A6 (m/z 10092, Fig. 22b) and histone H4 (not shown)
were characteristically distributed in the gray matter, whereas ubiquitin (m/z
8570) was found to be predominantly abundant in the dorsal horn of the grey
matter (Fig. 22c). Myelin basic protein showed predominant abundance in
the white matter (Fig. 22d). Most interestingly, the protein mass peak m/z
8458 was found to be distributed in the gray matter and was found characteristically increased in control samples (n=2) compared to ALS tissue (n=2)
(Paper IV-Fig 5). Since, ALS is characterized by motor neuron degeneration in the ventral horn of the gray matter, these findings are of great interest
in order to elucidate pathophysyological mechanisms of the disease.
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Figure 22: MALDI IMS in human spinal cord. Characteristic protein distributions
were observed in different regions of the spinal cord (a). S100A6 (m/z 10092) shows
characteristic localization in the gray matter (b). Ubiquitin (m/z 8570) is predominantly abundant in the dorsal horn (c) and Myelin Basic Protein (m/z 14200) is most
abundant in the white matter (d). Scalebar = 5mm

In summary, this exploratory study on spatial protein profiling in human
spinal cord revealed distinct protein species that exhibit region specific distribution, which is in line with histological features. Moreover, sub-regional
assemblies were observed as for ubiquitin, which was characteristically localized in the dorsal horn. In addition changes in protein intensity (m/z 8458)
were observed between the ALS samples and controls indicating a disease
related degradation process.
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5.5 Imaging Mass Spectrometry Reveals Association
of Nigral Levels of Dynorphin Peptides and
L-DOPA induced Dyskinesia in Parkinson’s
Disease (Paper V)
The study presented in Paper V comprised MALDI imaging analysis of
neuropeptides in the substantia nigra (SN) in a rat model of LID. For the
animal studies 26 rats were made parkinsonian using a unilateral lesion
model based on 6-OHDA toxin injections. After 3 weeks the lesion was evaluated and a number of 20 animals received L-DOPA treatment over a time
course of 2 weeks. The development of abnormal involuntary movements
was evaluated over time by scoring the different dyskinesias that included
axial, limb, orolingual and locomotive dyskinesia (Paper V - Fig. 2). Here,
consecutive LID assessment over time revealed a steady increase in LID in
both animal groups, however at different onsets. In addition, cylindertest
revealed that L-DOPA treated animals that showed no or little dyskinetic
behaviour (LD group) showed improved forelimb use contralateral to the
DA denervating lesion. This indicates improved motor function due to LDOPA treatment without LID development. The IMS results show detection
and sequence validation of numerous PEnk and PDyn processing products,
as well as other neuroactive peptide species. DynB and aNeo were found
increased in the SN ipsilateral to the DA denervating lesion in HD animals.
The increase was most pronounced in the lateral tier of the SN (p<0.01; HD
vs. LD and LC) (Fig 23a). Simple regression analysis showed positive correlation of dynorphin peak intesities in the lateral SN to dyskinesia severity
(p<0.01) (Fig. 23c). Although average peak values of the whole SN showed
a weaker but still significant (p<0.05) correlation whereas medial SN peak
values showed no correlation with dyskinesia severity (p=0.3). These results
were confirmed by immunohistochemistry experiments. Here, the optical
density of DynB-immunoreactivity was found to be increased in DA denervated SN in high dyskinetic animals (p<0.01, HD vs LD and LC). In addition, linear correlation between the optical densities of DynBimmunoreactive cells to dyskinesia severity was found. As desribed in chapter 2.4, the SNr constitutes a major output structure of the basal ganglia. LID
associated dynorphin peptides point towards an overstimulated direct pathway, since PDyn peptides modulate GABAergic striatonigral neurotransmission. Interestingly, Leu-enkephaline-Arg (LeuEnkR, m/z 712) peak intensities were found to positively correlate with dyskinesia severity as well. Interestingly, composite images of LeuEnkR and DynB revealed an inverted
localization pattern of both peptides in the dorsolateral denervated SN. Here,
local lower levels of DynB showed corresponding higher intensities of
LeuEnkR and vice versa.
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Figure 23: Dynorphin B peak intensities are elevated in the lateral SN of high
dyskinetic group (a) MALDI IMS of DynB ion images of animals from LC (n=4),
LD (n=5) and HD (n=5) group. The HD group display clearly elevated DynB in both
high medial and lateral SN (arrows). (b) The increase in DynB peak intensity was
most pronounced in the lateral tier of SN. Values are expressed as mean % peak area
of intact SN ± SEM (p<0.01 HD vs. LD, HD vs. LC). (c) Correlation of Dyn B peak
intensities and the cumulative dyskinesia score. Scale bar = 2mm.

These observations are well in line with previous findings that identified
LeuEnkR as major metabolite of DynB in the SN, whereas in the striatum
DynB is directly degraded to LeuEnk [151]. Taken together, this study
represents the first MS based investigation on sequence verified nigral dynorphin peptides in LID/PD. This is the first study that reports distinct dynorphin peptide species that are associated with LID severity.
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5.6 Alterations of Striatal Dynorphin Peptides are
associated with L-DOPA induced Dyskinesia
(Paper VI)
The study presented in Paper VI comprised the investigation of striatal neuropeptide alterations by means of MALDI imaging MS in a rat model of LDOPA induced dyskinesia. The aim of the study was to topographical elucidate what particular striatal neuropeptides species are associated with LID
severity. Behavior studies showed the development of L-DOPA induced
dyskinesia to different degrees of severity, resulting in two well distinguished groups: high dyskinetic and low dyskinetic animals as described in
detail in Paper V (see also Fig 24a).

Figure 24. L-DOPA-induced dyskinesia in experimental PD studied with
MALDI imaging MS. a) The severity of axial, limb and orolingual dyskinesia reveal two well-separated groups, one high dyskinetic group and one low dyskinetic
group. b) Unilateral 6-OHDA-lesion model of experimental PD results in selective
dopamine-deneravtion of striatum. DA denervation is revealed with a loss of tyrosine hydroxylase immunoreactivity (marked by #. c) For selection of regions of
interest in the MALDI IMS analysis several markers were visualized to delineate
anatomical features, including myelin basic protein (m/z 2028; blue[152]) that is predominantly abundant in the corpus callosum. A metabolite of the brain specific
peptide Pep19 (m/z 1755; red) is exclusively observed in the striatum. The striatum
was divided into a dorsomedial (DM) and a dorsolateral (DL) region and mass spectra from each region was exported into ascii files and analysed separately. *
p=0.002; cc corpus callosum; cx cortex.

The IMS resuls show an increase of dynorphin B (DynB), a neoendorphin
(aNeo) and substance P (SP) in the dorsolateral striatum ipsilateral to the DA
denervating lesion in high dyskinetic animals (HD) compared the to low
dyskinetic (LD) and lesion control group (LC) (p<0.05) (Fig. 25, Fig. 26a).
In addition, DynB and aNeo but not SP showed positive linear correlation to
dyskinesia severity in the respective animals (p<0.01) (Fig. 26b). Although,
no other prominent intact dynorphin peptides could be detected (e.g. DynA
1-17, DynA 1-13, big dynorphin), terminal fragments (e.g. DynA 1-8, m/z
981; Dyn A 10-17, m/z 1028) could be observed. Interestingly, putative des66

tyrosine metabolites of dynorphin A (DynA 2-8), dynorphin B (DynB 2-13)
and aNeo (aNeo2-10) were observed (Paper VI-Fig.6a,Fig.7a). Intriguingly, putative aNeo 2-10 was changed in the dorsolateral striatum of HD animals (p<0.05) and was in addition positively correlated with dyskinesia severity (p<0.01) (Paper VI-Fig6c)

Figure 25: Alterations of neuropeptides in LID revealed by MALDI IMS.
Spatial abundance distribution of peptide masses corresponding to dynorphin B, neoendorphin and substance P in stratal sections of lesion controls, low dyskinetic
and high dyskinetic animals. A significant increase of DynB , aNeo and SP mass
peak intensities was observed in the dorsolateral striatum of the lesioned compared
to the intact side in high dyskinetic animals (arrow) but not in the low dyskinetic and
lesion control group. Scalebar = 5 mm

We performed immunohistochemistry experiments using single labeling of
fosB and double antibody labeling against DynB and fosB. Levels of fosB in
the DA denervated dorsolateral striatum were found to correlate with LID
severity which is well in line with previous observation, where striatal fosB
expression was found causally linked to LID development [153]. Here, dense
DynB immunoreactivity surrounded the FosB-immunopositive nucleus
striatal neurons.
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Figure 26: Striatal neuropeptide alterations. a) Dynorphin B, -neoendorphin
and substance P are significantly increased in the DA denervated side in the striatum
of high dyskinetic animals compared to the low dyskinetic and lesion control group
(* p<0.05; SAM analysis; for Dyn B: p<0.01; Kruskal Wallis ANOVA).b) Elevated
peptide intensities (lesion vs. intact side) for DynB and aNeo but not SP are positively correlated with LID severity expressed as cumulative dyskinesia score.

The close proximity of fully mature DynB to the nuclei indicated that substantial dynorphin propeptide processing occurs relatively early after translation. The presence of L-DOPA-induced elevation of fully processed aNeo
and DynB in striatum indicates that these dynorphins may be released locally
upon dopaminergic stimulation. Since both dynorphin peptides were also
found predominantly elevated in the substantia nigra of high dyskinetic animals (Fig. 23), these data suggest that DynB and aNeo are the major dynorphin peptides that modulate neurotransmission in basal ganglia output structures of the direct pathway (Paper V). Furthermore, dynorphin peptides can
also antagonize glutamatergic corticostriatal signaling via binding to kappaopiod receptors [154]. Dynorphins have also been found to inhibit postsynaptic
NMDA receptors in the striatum via a non-opioid mechanism [155, 156].
In the present study, des tyrosine metobolites of the detected dynorphins
were found characteristically increased in the DA dernervated dorsolateral
striatum. The des Tyr-aNeo peptide levels were even found to be associated
with LID and to correlate with LID severity. Interestingly, des tyrosine dynorphin peptides have been reported previously to exert antagonizing effects
via non opioid mechanisms by binding to NMDA receptors and calcium
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channels [157]. This might indicate that excessive dynorphin expression and
characteristic processing into des tyrosine derivatives points towards a selfcompensatory mechanism in LID.
In summary, the here presented study represents the first mass spectrometry based investigation on neuroactive dynorphin peptides in the striatum in
LID. In addition, this is the first MALDI imaging based study on spatial
neuropeptide profiling in PD and LID respectively.
The results show for the first time MS based sequence identification of
striatal dynorphin peptides that were found to be associated with LID. In
addition, characteristic dynorphin metabolites were observed. Elevated
striatal dynorphin peptide levels and characteristic conversion to des tyrosine
isoforms point towards an L-DOPA induced over-activation of the direct
pathway as well as a self compensatory mechanism involving opioid and non
opiod actions.
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6 General Discussion

The dawn of proteomics in the early 1990’s caused a huge surge of euphoria
in biological, biochemical and biomedical research. The ability to screen the
protein expression profile of any biological sample with the possibility to
gain comprehensive qualitative and quantitative information of hundreds of
unknown proteins in just one single experiment was a tempting perspective.
Particular in the field of clinical proteomics, the expectations were immense
to identify disease related protein regulations that will yield specific biomarkers. Now 20 years later, the initial excitement gave way to disillusion
and to a more sober view on the true potential and limitations of proteomics.
This is sadly highlighted by the fact that to date, mass spectrometry based
proteomic studies did not yield a single clinically validated biomarker [158].
However, there is no doubt that mass spectrometry based proteomics is a
very powerful approach for biological research despite the apparent challenges.
Particularly, the field of clinical proteomics faces multiple obstacles, including mainly the complexity of clinical specimen as well as individual
variations. In addition, physiological changes in protein expression were
found to be in the range of 10 to 50%. Such a change in intensity is however
hard to detect due to the individual patient variation and the reproducibility
of the proteomic quantitation techniques. This highlights the need for improved quantification tools as well as the minimization of technical and nondisease related biological variation. A central issue in current clinical proteomic research is the interaction between the clinical facilities and the proteomic laboratory, which consists mainly of analytical chemists or molecular
biologists. Therefore, common standards with respect to patient groups,
sample collection and sample storage are essential in order to provide sufficient compatibility of obtained results. Comparative proteomic studies between different patient groups aim to detect potential biomarkers as well as
key players of underlying pathogenic mechanisms. Thus, the establishment
of a stable baseline by choosing an appropriate patient group size and verification of the findings is absolutely essential. Since proteomic studies are
rather time consuming and require a lot of expertise and hands on work, an
optimal tradeoff between sample size and work effort has to be found in
order to provide accurate results in a reasonable time span. Thus, besides the
clinical factors, a suitable proteomic approach has to be chosen that allows
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sensitive and robust protein identification and quantification in complex
biological matrices.
The studies reported in Papers I and II represent clinical application of
proteomic techniques for comparative analysis of biological samples obtained from patients and control subjects. Both studies emphasize the potential for clinical application of proteomics techniques, since it allows comprehensive and sensitive profiling of protein expression levels with absolute
molecular specificity. However, common obstacles in clinical proteomics as
mentioned above have also been encountered during the course of these studies particularly with respect to appropriate sample amounts, sample quality
and the resulting sample variation (Paper I, II, IV). This prompted the design of further neuroproteomic experiments, which aimed to fully exploit the
potential of mass spectrometry based protein identification while minimizing
sources of variation and interference. The advantage of more targeted proteomic approaches, using direct mass spectrometry analysis of tissue and cell
samples has been initially demonstrated in Paper II. Particularly the analysis
of neural cells proved to be a quite promising approach, which was further
developed in Paper III. Here, an intact cell MS strategy was established and
applied to CNS glial cells. The results show that ICMS allows rapid, robust
and sensitive analysis of cellular protein expression profiles with high molecular specificity. This in turn provides the possibility to study various cellular mechanisms and responses to external stimulations in a single experiment. Furthermore distinct molecular markers that are characteristic for the
different cell types and stages can be determined and further evaluated. A
further powerful discipline of proteomics is MALDI imaging MS. This technique allows the topographical elucidation of distinct molecular species in
tissue samples. In Paper III this approach was applied in order to determine,
if glial cell type specific signature proteins deduced from the ICMS results
can be utilized as tracers to predict the corresponding cell type in situ. The
technique was also used in a further follow up study on post mortem spinal
cord samples from ALS patients, which is presented in Paper IV. The technique, proved to be a very suitable approach for evaluating the protein distribution pattern in the spinal cord samples. Although there have been drawbacks concerning the actual sample quality and variation, still characteristic
protein patterns with potential clinical relevance have been observed. The
studies presented in Paper V and VI were designed according to the mentioned strength and weakness in order to fully exploit the power of mass
spectrometry based proteomics. Here, a well-established animal study on a
particular objective was performed allowing full sample control and ensuring
minimal non-disease related variation. Furthermore, MALDI IMS of brain
sections was employed for spatial profiling of neuropeptides in brain structures. The results show the detection of distict opiod peptide species that
exhibited characteristic spatial profiles and were found to correlate with LID,
which has not been reported before. Furthermore, these findings allow con71

clusions to be drawn about particular signaling mechanisms that underlie the
studied conditions. These findings highlight the potential of IMS and proteomics particular with respect to limitations of commonly used techniques
in molecular biology.
In summary, the results presented in this thesis demonstrate that a suitable
proteomic approach in conjunction with optimal sample control and a clear
objective can be a very powerful strategy in biological research in order to
elucidate the molecular mechanisms underlying the pathology of various
disease.
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7 Swedish Summary

Introduktion
Hjärnan är det mest komplexa och heterogena organet i människokroppen,
involverat i många av kroppens funktioner såsom rörelse, känsel, syn, hörsel,
doftsinne, hormonreglering och mycket mer. Hjärnan är också ett organ där
vi har väldigt lite information om den molekylära kommunikationen mellan
olika celler. På grund av den enorma mångfald av processer som styrs av
hjärnan påverkar sjukdomar och skador på nervsystemet hela kroppen signifikant. Eftersom populationen över 60 år ökar konstant i världen, ökar också
prevalensen för åldersrelaterade sjukdomar, i industriländer specifikt neurodegenerativa sjukdomar såsom Alzheimer’s sjukdom, Parkinson’s sjukdom,
Multipel skleros (MS) och Amyotrofisk lateralskleros (ALS). På grund av
hjärnans komplexitet är de mekanismer som orsakar patologin i dessa sjukdomar till största delen okänd och ett botemedel mot någon av dem saknas.
Den behandling som är möjlig är svårtillgänglig och har ofta omfattande
biverkningar. Vidare saknas adekvata och känsliga diagnostiska och prognostiska kliniska markörer som skulle möjliggöra tidig och korrekt diagnos
för lämplig behandling i god tid.
En annan vanlig orsak till funktionsnedsättning, handikapp och dödsfall
är traumatisk hjärnskada (traumatic brain injury, TBI). Trots att patologin
bakom TBI är välkänd, saknar nuvarande kliniskt diagnostiska tekniker såsom datortomografi (CT) och magnetresonanstomografi (MRT) precision för
exakt bedömning av svårhetsgraden av skadan, vilket försvårar optimal behandling och minskar patientens mest gynnsamma tillfrisknande. Därför är
det angeläget att utveckla nya analytiska tekniker för att undersöka dessa
sjukdomstillstånd på en molekylär nivå.

Proteomik
Proteomik definieras som studier av alla uttryckta protein i ett biologiskt
prov vid en viss tidpunkt. Termen härstammar från genomiken, studier av
alla gener. Proteinerna och peptiderna i nervsystemet är därför benämnda
neuroproteom respektive neuropeptidom. Masspektrometri är den vanligaste
metoden för att karakterisera protein- och peptidsekvenser i proteomik, men
de viktigaste egenskaperna som skiljer metoden från andra tekniker är dess
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snabbhet, lättanvändhet och framför allt specificitet. I ett typiskt experiment
extraheras proteiner ur ett biologiskt prov och separeras med hjälp av olika
metoder såsom gelelektrofores eller vätskekromatografi. De separerade proteinfraktionerna digereras till peptider genom användning av speciella enzym som klyver proteinsekvenser på distinkta platser, vid specifika aminosyror. De peptider som blir resultatet av klyvningen separeras ytterligare, ofta
med hjälp av vätskekromatografi, och analyseras sedan med hjälp av massspektrometri, där massan av peptiden så väl som aminosyrasekvensen kan
bestämmas. Aminosyrasekvensen kan sedan jämföras mot stora databaser
som innehåller alla hittills kända proteinsekvenser. Med denna teknik är det
möjligt att identifiera det ursprungliga proteinet genom att analysera dess
peptider, även kallat ”bottom up proteomics”.

Resultat och diskussion
Målet med den här avhandlingen var att använda och utveckla olika tekniker
inom proteomik för att studera förändringar av protein i det centrala nervsystemet i olika neurologiska sjukdomar. De individuella studierna innefattar
flera olika aspekter av neuroproteomisk forskning, inklusive kliniska tilllämpningar, cellanalys och masspektrometri-baserad protein- och peptidavbildning i hjärn- och ryggmärgsvävnad. I arbete I analyserades ryggmärgsvätska från patienter med traumatisk hjärnskada, där proteinförändringar
kunde mätas över tid under patientens tillfrisknande. Under den tidsperioden
kunde karakteristiska förändringar i proteinkoncentrationen observeras, som
indikerar underliggande sekundära mekanismer efter initial skada som är
svår att bedöma med hjälp av kliniska parametrar. I arbete II analyserades
proteininnehållet i ryggmärgsvävnad från patienter med ALS jämfört med
friska kontrollpersoner. Fynden inkluderar flera proteiner som bara kunde
detekteras i en av de två grupperna och kan ha en central betydelse för patogenesen i ALS. Vidare kunde enstaka nervceller friläggas från vävnaden och
analyseras, vilket resulterade i detektionen av flera intressanta proteiner som
är specifika för dessa celler.
I arbete III studerades andra hjärnceller, så kallade gliaceller, som utgör 9
av 10 av hjärnans celler. I den här studien utvecklade vi ett enkelt protokoll
för direkt masspektrometrisk analys av odlade gliaceller där varje celltyp gav
upphov till ett karakteristiskt spektrum som gjorde det möjligt att urskilja de
olika typerna av gliaceller. Vidare kunde man bestämma vilka protein som
varierar mest olika emellan olika celltyper, och sedan använda de proteinerna för att detektera de korresponderande gliacellerna i vävnad genom att
använda avbildande, imaging masspektrometri (IMS). I IMS analyseras vävnadsprover genom att vävnadsytan träffas av en laser som joniserar proteiner
och peptider i provet. Med denna teknik är det möjligt att detektera hur olika
molekyler är fördelade i ett vävnadsprov.
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I arbete IV användes IMS för att analysera proteinfördelningen i ryggmärgsprover från patienter med ALS och från friska kontrollpersoner. Här
hittades flera proteiner som var karakteristiskt fördelade i ryggmärgen och
det var även flera skillnader mellan de två grupperna. Samma teknik användes också i arbete V och VI, där vi undersökte distribution och förändringar
av neuropeptider i hjärnan från råttor i en modell för dyskinesi inducerad av
L-DOPA-behandling. Den vanligaste behandlingen för Parkinson’s sjukdom
är L-DOPA, som tyvärr innebär svåra biverkningar för patienten som över
tid utvecklar abnorma ofrivilliga rörelser, så kallad dyskinesi. Mekanismen
för dyskinesi inducerad av L-DOPA-behandling är fortfarande okänd. I vår
djurmodell gavs råttor med Parkinson’s sjukdom L-DOPA under tre veckor,
och råtthärnan kunde anlyseras med IMS med fokus på två regioner av hjärnan som är involverade i rörelsekontroll. Vi fann att vissa neuropeptider som
fungerar som neurotransmittorer och stimulerar rörelse hade ett mycket förhöjt uttryck under dyskinesi i de båda hjärnstrukturerna.

Konklusion
Resultaten som presenteras i den här avhandlingen demonstrerar att proteinanalys med hjälp av masspektrometri är en kraftfull teknik för att undersöka
neurologiska sjukdomar. De olika proteomiska teknikerna kan appliceras för
analys av humana kroppsvätskor såväl som vävnadsanalys och vävnadsavbilning med syftet att detektera sjukdomsrelaterade förändringar i proteinkoncentrationer. Dessa förändringar kan användas som potentiella markörer
för sjukdomsdiagnostik. Vidare kan de ge essentiell information om fysiologiska mekanismer som ligger till grund för sjukdomarna, vilket kan ge en
bättre förståelse för sjukdomen och underlätta utvecklingen av nya behandlingsmetoder.
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