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ABSTRACT
Alzheimer’s disease (AD) is the most common cause of dementia in western countries. The main
neuropathological findings in the AD brain are senile plaques, neurofibrillary tangles and degeneration
of neurons and synapses. Although research on AD is progressing fast, the causes and mechanisms of
this disease remain to be elucidated and development of new methods is necessary to study neuron-
related proteins involved in the pathophysiological mechanisms. Six low-abundance synaptic proteins
in human cerebrospinal fluid (CSF), namely rab 3a, synaptotagmin, synapsin, the presynaptic protein
GAP-43, the synaptosomal-associated protein 25 and the postsynaptic protein neurogranin, were
detected with liquid phase isoelectric focusing and immunoblotting. An ELISA method for
quantification of the phosphorylated form (Ser 9) of synapsin I was developed. Increased levels of
phosphosynapsin 1 were demonstrated in AD patients compared to controls. These results are
consistent with the hypothesis of impaired protein phosphorylation mechanisms in AD. To purify and
characterise proteins in CSF, a new strategy combining two-dimensional liquid phase electrophoresis
(2D-LPE) and matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-
TOF MS) was developed. Two brain-specific proteins, cystatin C and 32 microglobulin, were isolated
from CSF in sufficient quantities for analysis by MALDI-TOF MS. Special attention was needed to
make 2D-LPE and mass spectrometry compatible. Chloroform/methanol/water extraction was the
most efficient method for SDS removal, allowing the acquisition of good quality MALDI spectra of
the tryptic digest of the proteins analysed. Two-dimensional gel electrophoresis (2-DE) and mass
spectrometry have been used for clinical screening of disease-influenced CSF proteins in AD. In order
to increase the detection of CSF proteins and to improve the separation of protein isoforms, micro-
narrow range immobilised pH gradient strips and prefractionation prior to 2-DE of CSF were used.
Previously detected protein changes by 2-DE, between AD patients and controls, such as apoliprotein
E and apoliprotein A1, were confirmed. Several new protein changes were demonstrated, including
kininogen, apolipfotein I, B-trace, 1B glycoprotein, oo 2-HS glycoprotein and o-1 antitrypsin. As
shown in this study, different isoforms i.e. different states of glycosylated proteins, are altered in AD.
Therefore, the determination of post-translational modifications such as glycosylation and
phosphorylation, is of importance for an increased understanding of the neuropathology in AD. The
use of complementary strategies in proteome studies of CSF offers new perspectives on the pathology
in neurodegenerative diseases and also reveals new potential biomarkers for brain disorders such as
AD.
Keywords: Alzheimer’s disease, cerebrospinal fluid, proteomics, mass spectrometry, biomarkers, synaptic
proteins, liquid phase IEF
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Si la theorie de I’évolution est vraie, comment se fait-il que les méres de famille n’ont
toujours que deux mains ?

E. Dussault.

If the evolution theory is true, why do mothers still have only two hands ?

(translation) E. Dussault
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Abstract

Abstract

Alzheimer’s disease (AD) is the most common cause of dementia in western countries. The main
neuropathological findings in the AD brain are senile plaques, neurofibrillary tangles and
degeneration of neurons and synapses. Although research on AD is progressing fast, the causes and
mechanisms of this disease remain to be elucidated and development of new methods is necessary to
study neuron-related proteins involved in the pathophysiological mechanisms. Six low-abundance
synaptic proteins in human cerebrospinal fluid (CSF), namely rab 3a, synaptotagmin, synapsin, the
presynaptic protein GAP-43, the synaptosomal-associated protein 25 and the postsynaptic protein
neurogranin, were detected with liquid phase isoelectric focusing and immunoblotting. An ELISA
method for quantification of the phosphorylated form (Ser 9) of synapsin I was developed. Increased
levels of phosphosynapsin I were demonstrated in AD patients compared to controls. These results are
consistent with the hypothesis of impaired protein phosphorylation mechanisms in AD.

To purify and characterise proteins in CSF, a new strategy combining two-dimensional liquid phase
clectrophoresis (2D-LPE) and matrix-assisted laser desorption/ionisation time-of-flight mass
spectrometry (MALDI-TOF MS) was developed. Two brain-specific proteins, cystatin C and 2
microglobulin, were isolated from CSF in sufficient quantities for analysis by MALDI-TOF MS.
Special attention was needed to make 2D-LPE and mass spectrometry compatible.
Chloroform/methanol/water extraction was the most efficient method for SDS removal, allowing the
acquisition of good quality MALDI spectra of the tryptic digest of the proteins analysed. Two-
dimensional gel electrophoresis (2-DE) and mass spectrometry have been used for clinical screening
of disease-influenced CSF proteins in AD. In order to increase the detection of CSF proteins and to
improve the separation of protein isoforms, micro-narrow range immobilised pH gradient strips and
prefractionation prior to 2-DE of CSF were used. Previously detected protein changes by 2-DE,
between AD patients and controls, such as apoliprotein E and apoliprotein Al, were confirmed.
Several new protein changes were demonstrated, including kininogen, apoliprotein J, B-trace, 1f
glycoprotein, a. 2-HS glycoprotein and o-1 antitrypsin. As shown in this study, different isoforms i.e.
different states of glycosylated proteins, are altered in AD. Therefore, the determination of post-
translational modifications such as glycosylation and phosphorylation, is of importance for an
increased understanding of the neuropathology in AD.

The use of complementary strategies in proteome studies of CSF offers new perspectives on the
pathology in neurodegenerative diseases and also reveals new potential biomarkers for brain disorders
such as AD.
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Abbreviations
AB B-amyloid peptide
AD Alzheimer’s disease
ApoAl apoliprotein Al
ApoE apolipoprotein E
ApolJ apolipoprotein J
APP amyloid precursor protein
a-1 AT o-1 antitrypsin
BCIP 5-bromo-4-chloro-3-indolyl phosphate
CHCA a-cyano-4-hydroxycinnamic acid
C/M/W chloroform/methanol/water
CNS central nervous system
CSF cerebrospinal fluid
DTE dithioerythritol
DTT dithiothreitol
EAD early onset Alzheimer’s disease
ECF extracellular fluid
ECL enhanced chemiluminescence
ELISA enzyme linked immunosorbent assay
ESI electrospray ionisation
FTD frontotemporal dementia
GAP-43 growth associated protein 43
HPLC high performance liquid chromatography
IEF isoelectric focusing
IgG immunoglobulin G
IgM immunoglobulin M
IPG immobilised pH gradient
LAD late onset Alzheimer’s disease
LDS lithium dodecyl sulphate
MALDI-TOF matrix assisted laser desorption/ionisation time-of-flight
MES 2-(N-morpholino) ethane sulphonic acid
MOPS 3-(N-morpholino) propane sulphonic acid
MS mass spectrometry
Mw molecular weight
m/z mass-to-charge ratio
NFT neurofibrillary tangles
MMSE Mini Mental State Examination
PAGE polyacrylamide gel electrophoresis
PBS phosphate buffered saline
PHF paired helical filaments
pL isoelectric point
PVDF polyvinyl difluoride
RBP retinol-binding protein
SDS sodium dodecy! sulphate
SELDI surface-enhanced laser desorption/ionization
SNAP-25 synaptosomal-associated protein 25
SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptor
SP senile plaque
TCA trichloroacetic acid
TFA trifluoroacetic acid
TOF time-of-flight
2-D two-dimensional
2-DE two-dimensional gel electrophoresis
2D-LPE two-dimensional liquid phase electrophoresis
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Background

Alzheimer’s disease

There are three major dementia disorders: Alzheimer’s disease (AD), vascular dementia and
frontotemporal dementia (FTD). AD is the most common cause of dementia in western
countries. The disease is named after Alois Alzheimer, who, in 1907, described a 51-year old
demented woman '. Her cognitive functions deteriorated with the progression of the disease,
leading to death. It was at autopsy that Alois Alzheimer observed severe atrophy of the brain
and discovered the characteristic neuropathological changes, senile plaques (SP) and

neurofibrillary tangles (NFT), which are still used today to confirm the diagnosis.

Epidemiology

AD affects 3 to 10% of the population over 65 years of age. Although ethnic differences exist,
comparison of population studies from different countries shows that between 65 and 95 years
of age, the prevalence and incidence rise in an exponential fashion, doubling every five

years”.

Diagnosis

The diagnosis is today based on clinical examination and measurement of biochemical
markers. However, only post-mortem identification of SP and NFT definitely confirm the
diagnosis of AD. The clinical diagnosis is based on the symptomatology together with
exclusion of other causes of dementia. It is made by the use of internationally accepted
criteria for diagnosis of AD, described by the National Institute of Neurological and
Communicative Disorders and the Stroke Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA)3, the International Classification of Disease, 10" revision
(IDC-10) * and the Diagnostic and Statistical Manual of Mental Disorders, 4" edition (DSM
1V)’. All the systems have similar requirements: in order to be given the diagnosis of AD, the
patient must have dementia with memory loss and impairment in several cognitive domains,
disease onset between 40 and 90 years of age, and absence of other diseases. Results from
clinical examinations are also weighted together with other examinations, such as brain
imaging (magnetic resonance imaging, computerised tomography) and laboratory tests (e.g.
blood and cerebrospinal fluid (CSF) analyses). The combined determination of B amyloid-

42 (AB-42) and tau in CSF used today predicts more than 80% of AD cases ®, but in order to
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further increase the diagnostic accuracy, it is important to find new, complementary

biomarkers.

Genetics

AD can be divided into sporadic (no obvious heredity) and familial (autosomal dominant
heredity) forms. For the sporadic form, several factors are considered to be risk factors for
development of AD; for example, age, head trauma, female sex, low level of education and
environmental factors ’. Familial Alzheimer’s disease is rare and due to mutations in specific
genes. The first missense mutation was found in 1991 in the amyloid precursor protein (APP)
gene, on chromosome 21%, Mutations in the APP gene are very rare (less than 0.1% of all AD
cases), but they provide important information on the pathogenic mechanisms of AD °.
Mutations in the presenilin 1 gene (chromosome 14) and presenilin 2 gene (chromosome 1)
cause an aggressive, early-onset form of AD, usually beginning between 40 and 60 years of
age '* ', There is also an association between sporadic AD and the apolipoprotein E (apoE)
gene located on chromosome 19. ApoE is involved in cholesterol transport and has three
alleles, designated €2, €3 (the most common) and e4. The frequency of the g4 allele is

'213 and it has been established as a major risk

increased to about 40% among AD patients
factor for sporadic AD '* °. The use of cholesterol-lowering drugs such as statins, was shown
to be associated with a lower incidence of AD '® and a high-cholesterol diet led to increased

AB deposition in animal models "’

Neuropathology

Although research on AD is rapidly progressing, the causes and mechanisms of this disease
remain to be elucidated. The histological features of AD are complex and varied. The main
neuropathological findings in the AD brain are SP, NFTs and degeneration of neurons and
synapses. These changes may also be seen to a lesser extent in the brains of elderly non-
demented individuals * '*, SP are observed throughout the cortex '°. They consist mostly of
AB, a 40-42 amino acid peptide, which is a proteolytic product of APP > > The amyloid
deposits are found in different regions of the normal aging brain but are prominent in the
associative areas in AD. NFT are not specific for AD, and may be found in a variety of
neurodegenerative disorders **. In AD, NFT are initially found in the entorhinal cortex and

then spread into the hippocampal formation following a specific pattern and cause progressive
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cortical destruction 2>, NFT consist of abnormal fibrillary deposits called paired helical
filaments (PHF), which are formed of abnormal aggregations of hyperphosphorylated tau-
protein * %7, Six major isoforms of tau are present in the human brain % Tau-protein is a
normal brain phosphoprotein which binds to microtubules in the neuronal axons, thereby

promoting their assembly and stability *°.

Synaptic pathology
Apart from the identification of components of plaques and tangles, neuropathological studies
strongly support the view that synapse loss is an essential feature of the dementia associated

30, 31 with

with AD. This was first demonstrated by ultrastructural studies
immunohistochemistry using the synaptic vesicle proteins synapsin I ** and synaptophysin **
34 as markers. A correlation has been found between synaptic loss and severity of dementia,
which suggests a close relationship between synaptic pathology and the cognitive decline in
AD * 3¢ No direct correlation was found between synaptic pathology and SP or NFT *.
Presynaptic terminal degeneration was found to be greater than loss of large neurons in the
same cortical areas, suggesting that the synapse damage occurs before any injury to the cell

. 37,38
bodies "

. As other markers for synapse integrity (synaptotagmin, synapsin, the
synaptosomal-associated protein 25 (SNAP-25), rab3a) have been used, synapse loss has been
better defined and at present it is suggested that components of small synaptic vesicles are
affected *> ¥, The exact mechanism of the synaptic pathology in AD is unknown but some
groups suggest that it is an early event in AD, due to abnormal APP function in the synapse i
Several synaptic vesicle proteins have important functions in synaptic transmission, such as
vesicle trafficking, docking and fusion of the synaptic plasma membrane, and in

neurotransmitter exocytosis. Some of them are illustrated in figure 1.

10
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Bynapsin Synaptophysin

Synaptotagmin ? :
Synaptic vesicle

rab3a

Figure 1. Schematic drawing of some synaptic vesicle proteins.

Description of synaptic proteins studied in the study.

Synapsins are a family of synaptic vesicle phosphoproteins playing an important role in
regulation of neurotransmission and synaptogenesis. In mammals, three synapsin genes (I, II
and I1I) have been identified *'**. By alternative splicing, these genes give rise to two protein
isoforms (a and b). All synapsins share a constant N-terminal domain (A-C) containing a site
for phosphorylation by cAMP-dependent protein kinase or calcium-calmodulin kinase I. This
domain is important for the association of the synaptic vesicle to the plasma membrane and
thereby the regulation of vesicle trafficking ***. The C-terminal domain is variable and
seems to be involved in the binding of synapsin I to the synaptic vesicle *®, The synapsins
have two main functions; regulation of transmitter release by determining the availability of

47, 48,49

synaptic vesicles for exocytosis and the formation and maintenance of synaptic

contacts as reviewed by Ferreira et al .
Rab3a, the most abundant member of the “rab3 proteins” subfamily, is only expressed in

neurons and neuroendocrine cells *'. Rab3a binds and hydrolyses guanosine triphosphate and

dissociates from the synaptic vesicle membrane upon depolarisation-induced exocytosis i

Rab 3a is thought to play a central role in the regulation of exocytosis and recycling of small

synaptic vesicles *>>*,

11
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Growth-associated protein 43 (GAP-43) is a presynaptic membrane protein > considered to
be involved in neuronal growth, neurite formation, regeneration and neuronal sprouting after
injury *°. GAP-43 is also thought to have a role in regulation of calmodulin availability in the

cell *7.

Neurogranin is the dendritic analogue to GAP-43 in the post synaptic membrane *°.
Neurogranin is also involved in the calmodulin availability in the cell and thereby is thought
to have an effect on regulation of calcium signals >,

SNAP-25 is expressed in two isoforms (A and B) and is associated to the presynaptic
membrane by palmitoylation. SNAP-25 is involved in transmitter release and exocytosis ** %,
This protein is a member of the soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) complex (with synaptobrevin and syntaxin) responsible for membrane
fusion >+,

Synaptotagmin, an integral membrane protein of synaptic vesicles, is involved in the docking
process of the vesicles to the presynaptic membrane and exocytosis . Synaptotagmin
interacts with SNAP-25 in the SNARE complex and is proposed to be a calcium sensor for
regulated exocytosis %%,

Synaptophysin, an hydrophobic membran protein, contains four transmembrane regions. This
protein is suggested to be involved in the regulation of the SNARE complex by binding to

synaptobrevin ® and this binding was shown to vary with development stages *.

Implication of synaptic proteins in AD.
Synapsins have previously been implicated in AD pathology. The level of synapsin was
shown to be reduced in the dentate gyrus and entorhinal cortex in AD by

immunohistochemical studies >* ¢’

. Reduced levels of synapsin I mRNA were also
demonstrated in AD brains using cDNA microarrays . In the same study, reduced levels of
synapsin variants I-III of the a-type isoform were observed in the entorhinal cortex. In
contrast, no differences in synapsin levels between AD and controls were found in the study
by Sze et al. *°.

The synaptic vesicle proteins rab3a, synaptotagmin and synaptophysin, the presynaptic
protein GAP-43 and the postsynaptic protein neurogranin have all been found to be reduced
in the frontal, temporal and parietal cortex and hippocampus in AD patients compared to
controls ** * % Reduced levels of synaptic vesicle proteins in AD " have also been found

in several other studies.

12
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Cerebrospinal fluid

Description

The extracellular fluid (ECF) (estimated at 250 ml) surrounding the neurons and glia cells is
continuous with the CSF filling the ventricles, the subarachnoid space and the spinal cord.
There is a slow current of ECF moving into the CSF ™ The total volume is approximately
140 ml of CSF, secreted at a rate about 0.5 ml/min by the choroid plexuses. Its function is to
support the brain and prevent damage by mechanical injury. The CSF may also act as a “third
circulation”, providing nutrients to the brain, transporting hormones and also serving to
collect waste products coming from the brain "*. The blood-brain barrier and the blood-CSF
barrier maintain the homeostasis of the brain. The ionic composition of CSF is similar to that
of plasma. The concentration of glucose and amino acids is only half of the value in plasma.
The protein concentration in CSF is much lower, 250 mg/L compared to 40g/L in plasma. The
protein concentration in CSF shows individual variations and has a tendency to increase with
age . The CSF is mainly composed of albumin and IgG, approximately 80% of the total
protein content '°. The major proteins found in human CSF are listed in Table 1. Many
proteins diffuse from plasma, depending on their molecular size and ability to pass through
the blood-CSF barrier, but some proteins were found to be more concentrated in CSF than in
plasma, probably due to intracerebral synthesis (e.g. B-trace, transthyretin, cystatin C and -2

microglobulin)’.

13
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Table 1: List of major proteins found in CSF (values compiled from Thompson, 1988 and
Aldred et al, 1995)"%7".

Protein mg/L
albumin 155
prostaglandin D synthase (B-trace) 26
IgG 22
transthyretin (prealbumin) 14.7
transferrin 14
cystatin C (gamma trace) 73
a-1 anti-trypsin 7
apolipoprotein Al 6
o.-2 macroglobulin 4.6
a-1 acid glycoprotein (orosomucoid) 35
B-1B glycoprotein (hemopexin) 3.0
haptoglobin 22
a1 anti-chymotrypsin 2.1
a—2 HS glycoprotein 17
complement C3 1.5
complement C9 1.5
IgA 1:3
B-2 microglobulin 1.1
ceruloplasmin 1.0
complement C4 1.0
lysozyme 1.0
B-2 glycoprotein [ 1.0
fibrinogen 0.65

Lumbar puncture

CSF is usually obtained by lumbar puncture in the L3/L4 or L4/L5 interspace. However, the
protein concentration in CSF varies depending on location. Lower values were found in the
ventricles, intermediate values in the cisterna magna and the highest values in the lumbar sac
78 It has also been shown that during lumbar puncture, a gradient of protein concentration
occurs. A significant decrease in protein concentration was observed in the first (0 to 4 hmL)
and the last (21" to 24™ mL) portions ”°. Therefore, a standardised procedure has been

adopted in our laboratory, where only the first 12mL are collected, then gently mixed to avoid

14
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gradient effects and centrifuged to eliminate cells and other insoluble material. CSF analysis
provides information about possible damage to the blood-brain barrier as well as about
inflammatory or infectious processes in the brain. An increased white cell count in CSF and
intrathecal immunoglobulin production, evaluated using the IgG and IgM index and/or CSF-
specific oligoclonal bands, are found in chronic cerebral infectious and inflammatory
disorders. These disorders have to be excluded when diagnosing AD, which is most
conveniently done by lumbar puncture and CSF analyses. In AD, the blood-brain barrier is
considered to be intact. Perturbations in albumin levels were found only in patients having

associated vascular diseases *.

Biochemical markers for Alzheimer’s disease

The diagnosis of AD is mainly based on clinical examination and relies on exclusion criteria.
Combined determination of AB—42 and tau in CSF has become a valuable diagnostic tool
during recent years, predicting about 80 % of AD cases * ®'. In AD, AB-42 levels in CSF

o5 . . .
6 8284 Because CSF is in direct

decrease compared to controls, while tau levels increase
contact with the ECF of the brain, one way to detect molecular changes like plaque formation,
degeneration of neurons and/or synapses is by analysing proteins in CSF. In order to increase
the diagnostic accuracy, especially in the early stage of the disease, finding biochemical
markers that reflect these changes is very important *°.

Other proteins involved in the neuropathology of AD, such as APP, phosphorylated tau and
apoE, have previously been studied by ELISA assays. Studies on CSF-APP in AD have not

F,%%8 while

89, 90

given concordant results. Some studies have shown reduced levels of APP in CS
others showed no significant differences between AD patients and controls
Phosphorylated tau levels have recently been shown to be elevated in AD compared to
controls >,

Measurement of CSF-apoE also showed conflicting results. Some studies demonstrated

95, 96

reduced levels of CSF-apoE in AD compared to controls , while other studies showed no

changes 7%,

Synaptic proteins in CSF might be useful as markers of the synaptic degeneration. However,
most synaptic vesicle proteins are membrane proteins with low water solubility and are
present in very low concentrations in CSF. Attempts to define synaptic pathology in CSF
came first from other markers of synapses such as chromogranin A and the GM1 ganglioside,

which were shown to be reduced in AD patients compared to controls ** ', Previously, one

15
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synaptic vesicle protein, synaptotagmin, was for the first time detected in CSF, using a
procedure including affinity chromatography, micro-reversed phase chromatography (uRP-

1 A reduction of

HPLC) and enhanced chemiluminescence (ECL) immunoblotting
synaptotagmin was found in both brain tissue and lumbar CSF in AD '”', implying that CSF
reflects the composition of synaptic proteins in the brain under normal and pathological
conditions. Other synaptic vesicle proteins, such as rab3a, synaptophysin, GAP-43 and
neurogranin, were not detectable with this procedure. The synaptic proteins cannot be
detected by ordinary sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) and Western-blotting, even after CSF concentration. New methods therefore have to
be developed for detection and characterisation of low-abundance neuronal proteins such as

synaptic proteins in CSF.

Proteomic studies of CSF.

A map of human CSF proteins was first presented in 1980 '®. The identification of CSF
proteins was based on the co-migration of purified proteins, immunostaining and comparison
with published two-dimensional gel electrophoresis (2-DE) maps of other body fluids '*'%.
Since then, many groups have adapted this method. Today 30 to 35 proteins have been

107-111

identified by 2-DE and mass spectrometry . The CSF reference map is accessible

through the World Wide Web at http:/www.expasy.ch .
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Experimental theory

Enzyme linked immunosorbent assay (ELISA)

ELISA is a technique widely used in research and clinical practice for quantitative
determination of various proteins in complex biological mixtures. There are several types of
ELISA methods, for example direct antigen ELISA or competitive antigen ELISA. The
sandwich ELISA, which is illustrated in figure 2, has been used in the present study.
Antibodies coated on the solid phase are exposed to sample and/or standard antigens in
dilutions and, after washing, the complex is further exposed to an antibody conjugate to the
same antigen. With the restriction that the detected and standard antigen must have multiple
epitopes for antibody binding, or a repeating single epitope, this assay is sensitive and also
provides special features of specificity and low background characteristics compared to direct
antigen ELISA.

+ Colour change

@ Substrate

Enzyme linked
antibody

Antigen

Figure 2. Schematic representation of a sandwich ELISA.

Proteomic methods

The term “proteome”, first introduced in 1995 ', means the protein complement of a
genome. In the cascade of regulatory events leading from the gene to the protein, the
proteome can be seen as the end product of the genome. While the genome is static, the
proteome is highly dynamic, because the 'protein content of a cell will vary, depending on the
physiological state, stress, drug administration, health and disease.

The most widespread strategy for studying protein expression in biological systems employs
2-DE followed by enzymatic degradation of isolated protein spots, peptide mapping and

bioinformatic database searches. To study low-abundance proteins such as neuron-related
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proteins in CSF, some alternative proteomic methods have to be developed, i.e. combinations

of analytical and preparative 2-DE methods (figure 3).

Analytical 2-DE Prefractionation prior Preparative 2D-LPE
to analytical 2-DE

Liquid phase TEF
in a Rotofor cell

v

l IEF in IPG strivs Pooled prefractionated samples L.'quld plipse 1ER
b before IEF in IPG strips jiaRotafor/cell

| } }

Continuous elution §
2nd. dim.
SDS-PAGE in a Prep cell

! ' !

Spot excision

1st. dim.

SDS-PAGE SDS-PAGE

Spot excision

Proteins in liquid phase

Trypsin digestion and Trypsin digestion and Whole protein and tryptic peptides
mass spectrometry analysis mass spectrometry analysis mass spectrometry analysis

Figure 3. Combination of analytical and preparative 2-D electrophoretic methods.

Analytical 2-D gel electrophoresis

Two-dimensional gel electrophoresis, which combines isoelectric focusing (IEF) and sodium

13, 14 s carried out

dodecy! sulphate (SDS) polyacrylamide gel electrophoresis (PAGE)
under denaturing conditions. In the first dimension, IEF separates the proteins according to
their isoelectric point (pI). The second dimension, SDS-PAGE, separates the proteins
according to their molecular weight (Mw). The 2-D technique generates 2-D maps of the

proteins in the sample (figure 4).
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100 kDa

10kDa
v

Figure 4. Schematic representation of proteins separated on a 2-D gel.

In the first dimension: IEF

The first dimension is performed in individual immobilised pH gradient (IPG) strips, which
are 3mm wide and cast on plastic film. Before IEF, the IPG strips are rehydrated to their
original thickness of 0.5 mm with an appropriate buffer. The sample is loaded onto the IPG
strip containing ampholyte molecules, which can generate a pH gradient. High voltage is
applied and the proteins are separated according to their pl. IPG strips are available in
different lengths (7cm, 11lcm, 13cm, 18cm and 24cm) and with different pH intervals. A pH
3-10 IPG strip will display the widest range of proteins on a single gel. The narrower pH
ranges (e.g. 3-6 or 4-7) are used for higher resolution separation in a particular pH range.
Furthermore, micro-narrow pH intervals (e.g. 3.9-5.1 or 4.7-5.9) make it possible to get a
much better resolution of protein isoforms and also to distinguish faint spots that are

otherwise masked.

In the second dimension: SDS-PAGE

The IPG strips are equilibrated in the presence of SDS, dithiothreitol (DTT), urea, glycerol
and iodoacetamide, and placed onto the surface of a horizontal or on top of a vertical SDS-
PAGE gel and the proteins are electrophoresed through the gel. The most commonly used
buffer system for second dimension is the tris-glycine system described by Laemmli ''°. Other
buffer systems can be used, particularly the Nu-PAGE system (Novex), which gives a better

resolution of spots and a better reproducibility than the previous system. Upon completion of
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electrophoresis, the proteins are stained with Coomassie blue, silver or fluorescent dyes. For
evaluation of protein spots on the 2-D gel, different types of software can be used, performing
spot detection, spot quantification, gel comparison, and statistical analysis. Protein spots on
the gel can be cut out of the gel and enzymatically digested, yielding sufficient amounts of
peptides to enable unambiguous protein identification through peptide mapping and/or
tandem MS ''°. Post-translational modifications of proteins such as acetylation,
phosphorylation and glycosylation visualised as trains of spots on the 2-D gel, can be
identified and characterised using MS ''7. However, the 2-DE technique has some drawbacks
that need to be considered. Proteins that are notably difficult to separate are membrane
proteins, low copy number proteins, large and highly basic proteins. Therefore, some
alternative separation methods including combination of analytical and preparative 2-DE have

to be developed to provide complementary information to that derived from 2-DE.

Liquid-phase IEF

Protein purification by IEF has the advantage of being a non-denaturing technique, i.e.
antibodies, antigens and enzymes usually retain their biological activity during the procedure.
The Rotofor cell (figure 5) has been developed for preparative scale, free solution IEF
applications. Sample preparation, prior to liquid phase IEF, is very simple. Biological fluids,
like CSF or serum, are dissolved in water, and the ampholytes are added. The protein sample
with ampholytes is loaded into the focusing chamber containing a cylindrical membrane core
with 19 monofilament polyester membrane screens, which divide the focusing chamber into
20 compartments. Under rotation, voltage is applied, creating a pH gradient and the proteins
migrate in the electrical field through the screens to their pl. At this point, the proteins will
stop migrating and become focused. When the equilibrium is reached, the cell is stopped and
fractions are harvested.

By liquid phase IEF, up to 55mL and 1 g of protein can be loaded using the large cell and
proteins can be enriched up to 500 times, at their pl. Since the separation is performed in

liquid phase, no gel elution or other steps are required.
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Figure 5. The Rotofor cell

Preparative 2D liquid phase electrophoresis (2D-LPE)

Preparative 2D-LPE is based on the same IEF and gel electrophoresis principles as the widely
used analytical 2-DE, except that all separations steps occur in solution, avoiding extra steps
such as extraction, electroelution or transfer of proteins to membranes before identification.
2D-LPE allows a larger volume of sample to be analysed compared to analytical 2-DE,

yielding sufficient amounts of low-abundance proteins for further characterisation.

The first dimension: liquid-phase IEF
In the first step, the proteins are fractionated by liquid phase IEF as described above.

The second dimension: continuous elution SDS-PAGE:

In the second purification step, individual proteins from the Rotofor fractions are isolated on
the basis of their size differences in a cylindrical SDS-PAGE gel using the Prep cell (figure
6). The best separation conditions for a specific molecular weight region (e.g. 10 kDa) are
obtained by varying parameters such as the gel length, the diameter of the tube (28 or 37mm)
and the acrylamide composition of the gel (e.g. 17% T/ 2.67% C). The percentage by weight
of total monomer including cross-linker (N,N’-methylene bisacrylamide) is given by T, while
C is the proportion of cross-linker as a percentage of total monomer. The sample is dissolved
in sample buffer containing SDS, which is an anionic detergent that binds to proteins (1.4 g

SDS/ 1g protein), so that all proteins in the sample will become negatively charged. Since the

21



Experimental theory

shape of the protein influences the rate of migration, a reducing agent such as dithiothreitol
(DTT) or B-mercaptoethanol is usually added. The reducing agent disrupts all disulphide
bonds, denaturing the protein. About 2 mg of protein can be loaded onto the Prep cell.
However, the sample volume should be kept below 2 mL so that the whole sample enters the
gel at the same time. When the proteins reach the bottom of the gel, they are continuously

eluted with a buffer and collected automatically.
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Figure 6. The Prep cell

Mass spectrometry

Matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF
MS)

During the last decade, mass spectrometry has emerged as a powerful technique to identify
and characterise proteins. ''® MALDI-TOF MS provides a very good mass determination of
intact molecules. Furthermore, MALDI allows the detection of post-translational
modifications of proteins and allows us to obtain amino acid sequence information. MALDI-
MS is ideal for protein research in many ways. It is capable of generating molecular ions with
minimal fragmentation and has a higher compatibility with buffers and detergents commonly
used in the purifications of proteins than other mass spectrometric methods ''°. The MALDI-

TOF mass spectrometer we use at our laboratory is described in figure 7.
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The analytes are mixed with matrix, deposited on a stainless steel probe and introduced in the
ionisation chamber, which is under vacuum. The matrix, usually low molecular mass aromatic
molecules such as cinnamic acid derivatives, is important in the MALDI process. It must be
possible to mix the matrix and the analyte in the same solvents; the matrix has to absorb
strongly at the appropriate wavelength and be able to ionise the analyte. The sample is then
bombarded with ultraviolet laser pulses, which results in the desorption and ionisation of the

matrix and analyte molecules.

20-30 kV = Flight tube Reflectron
Sample | l \
plate \.I

Laser pulse

Detector

Delayed extractlon :
linear mode

ion source

Detector
reflected mode

Figure 7. Schematic drawing of a MALDI-TOF mass spectrometer.

The ions are then accelerated by an electric field towards a grid at ground potential. The
resulting velocity of the ions is inversely proportional to the square root of their mass-to-
charge ratio (m/z). The ions are allowed to drift in a field-free tube and since ions with
different mass have different velocity (the higher the mass, the slower the ion will be), they
reach the detector at different times. However, ions of the same m/z often have different
initial kinetic energies and hit the detector at slightly different times, resulting in broad peaks.
Use of a time-lag-focusing ion source and/or an ion mirror can reduce this peak broadening
and improve the resolving power of the spectrometer. The ion mirror '*° compensates for the
difference in initial kinetic energies so that ions with the same m/z arrive at the detector at the
same time. However, the sensitivity in the reflected mode (with the ion mirror on) is lower
than in the linear mode (ion mirror off). The linear mode is therefore preferred for protein

analysis, while the reflected mode is more often used in peptide analysis.
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Q-10F

The Q-TOF is a hybrid instrument consisting of a quadrupole mass filter coupled orthogonally
to a time-of-flight (TOF) analyser. Electrospray ionisation (ESI) is used to create gas-phase
analyte ions. Briefly, the sample is dissolved in a polar, volatile solvent and then transported
through a needle placed at high potential. A spray of charged droplets is ejected from the tip
of the needle by the electric field between the needle and the nozzle (entrance to the vacuum
system). The droplets shrink through evaporation, finally yielding gas-phase ions. In MS
mode the ions drift through the quadrupole filter (which in this case only acts as a focusing
device) and are separated according to their mass-to-charge ratio (m/z) in the TOF analyser.
In MS/MS mode, the quadrupole filter is set to allow only a narrow m/z range to pass for
subsequent collision-induced dissociation. The fragments are then separated in the TOF
analyser. Thus, amino acid sequence information can be obtained since the fragmentation
occurs according to known patterns. Comparison of the obtained sequence information
against a database can give protein/peptide identification. The combination of ionisation at
atmospheric pressure and the continuous flow of solvent used in ESI allows direct coupling
with separation techniques, such as liquid chromatography. With nano-spray, a low flow rate

version of ESI, very low sample consumption as well as increased sensitivity is achieved.

Mass spectrometric analysis of tryptic peptides (peptide mapping)

Trypsin is preferentially used to digest proteins for MS analysis. Trypsin cleaves at the C-
terminal of the two basic amino acids lysine and arginine, generating a wide distribution of
peptide masses (typically 500-2500 u). Peptide mapping with a database search is often used
for identification of proteins present in a biological sample. The molecular masses of the
cleavage products are determined by MS and compared with theoretical masses of enzymatic
peptides in protein sequence databases. Internet resources (e.g. Profound or MASCOT) used
for this purpose present the results as a ranking of proteins that have the highest probability of

matching the experimental data.
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Aims of the present study

Overall aim

The overall aim of this study is to gain an increased understanding of the pathophysiological
mechanisms in AD. To study these processes, neuron-specific proteins were investigated in
living patients, i.e. in CSF from individual patients. New proteomic strategies for the
purification, detection, quantification and characterisation of CSF proteins are needed for

studying neuron-specific proteins in CSE.

Specific aims of the study were

e To study synaptic pathology in CSF.
o To develop complementary proteomic methods for analysing less abundant
proteins in CSF.

e To reveal new potential biomarkers for AD.

The studies were performed by:
o Detecting several synaptic proteins (ng/L) in CSF using liquid phase IEF and
immunoblotting.
e Measuring phosphorylated synapsin I in CSF of AD patients compared to controls.
e Developing preparative 2-D liquid phase electrophoresis methods for isolation,
identification and increased detection of CSF proteins.

e Comparing the CSF proteome in AD patients with that in controls.
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Materials and methods

Cerebrospinal fluid

CSF samples used were obtained from the Clinical Neurochemical Laboratory, Sahlgrenska
University Hospital/Mdlndal, Sweden. Lumbar puncture was performed in the L4-L5
vertebral interspace. The first 12 mL of CSF were collected, gently mixed to avoid gradient
effects, and centrifuged at 2000 x g (+4°C) for 10 min to eliminate cells and other insoluble
material. The samples were stored at -80°C if further analyses were carried out later on. All
patients had a normal white blood cell count and blood-brain barrier function and absence of
intrathecal IgG and IgM production.

CSF from AD patients and controls was analysed and more detailed information is provided
below for each study. AD patients were diagnosed according to NINCDS-ADRDA criteria °.
The severity of dementia was evaluated using the MMSE "*"* 2, The control group “healthy
individuals” had no history, symptoms or signs of psychiatric or neuronal disease.

The control group “non-demented controls” consisted of patients with minor psychiatric
complaints or subjective memory complaints that could not be verified by clinical

examination or neuropsychological testing. All individuals had MMSE scores of 29-30.

Ethical approval
The study was approved by the Ethics Committee of Goteborg University. All participants or
their relatives gave informed consent to inclusion in the study, which was performed in

accordance with the Helsinski Declaration.

Chemicals/Antibodies
Detailed descriptions of the chemicals and antibodies used and their respective suppliers are

given in the papers.

Detection of low-abundance synaptic proteins in CSF with a combination of

liquid phase IEF and immunoblotting (Papers I and II)
Pooled CSF samples from patients on whom lumbar puncture had been performed to exclude

infectious disorders of the central nervous system (CNS) were used.
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Liquid phase IEF was performed in the Rotofor cell (BioRad Laboratories, Hercules, CA,
USA). In Paper I, The CSF sample was concentrated by precipitation using 10%
trichloroacetic acid (TCA) for one hour on ice. After centrifugation (2000 x g, 10 min), the
protein pellet was washed twice with ether/ethanol (1:1 v/v) and dried. The precipitate was
brought to a volume of 10-12 mL with 6 M urea and 20 mM DTT and 2% Biolytes
ampholytes, pH range 3-10 (Bio-Rad).

The sample preparation was slightly modified in Paper II, where CSF was dialysed for 2
hours (Mw cut-off 7.000) against distilled water. After dialysis, 20mM DTT, 1% Servalyt pH
3-10 isodalt and 0.1% n-octylglucoside were added. IEF was performed according to the
manufacturer’s instructions. The running conditions are described in detail in Paper I.

The proteins were electrophoresed through tris-glycine gels (Bio-Rad Laboratories, Hercules,
CA, USA)(Papers I and IIT) or NuPAGE Bis-Tris gels (Novex, San Diego, CA, USA) (Paper
1) and transferred from the gel to a polyvinyl difluoride (PVDF) membrane (Millipore,
Bedford, MA, USA) using the NovaBlot System (Pharmacia, Uppsala, Sweden).
Immunodetection was performed with antibodies directed against different synaptic proteins.
In Paper I, synaptotagmin (clone 41.1), the rab3a MAD (clone 42.2), the GAP-43 (NM4),
SNAP-25 and neurogranin were used. In Paper II, synapsin I MAb 355, synapsin I polyclonal
antibody AB 1543 and synapsin I polyclonal antibody 51-5200 were used. The suppliers and

the detailed immunoblotting protocols are described in the papers.

Proteomic methods.

Protein precipitation and desalting procedures

CSF proteins were mixed with acetone or ethanol (1:4 v/v) and precipitated at -20°C for 2
hours. The mixture was then centrifuged at 10.000g for 10 min. at +4°C.
Bio-Spin columns P-6 (cut-off 6,000 Da (BioRad)) were used to desalt CSF samples

according to the manufacturer’s instructions.

Analysis of CSF proteins in AD patients by 2-DE using micro-narrow strips (Paper V)
The AD patients consisted of 7 AD patients (4 women and 3 men) and the average age was
80+ 5 years. The control group consisted of 7 healthy individuals (3 women and 4 men) and

the average age was 66 * 6 years.
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The 2-D gel electrophoresis method was previously described in detail '’. Briefly, 300 pL of
CSF was precipitated with acetone (1:4 v/v). The pellet was mixed with a buffer (9M urea,

35 mM tris, 42 mM DTT, 2% CHAPS, 0.66% SDS, 2% IPG buffer and bromophenol blue
(BPB)). The first dimension was performed with IPG strips (pH 4.7-5.9, 7 cm (Bio-Rad)) with
a Protean IEF Cell (Bio-Rad). After equilibration of the IPG strips in the buffer (50mM tris-
HCI pH 8.8, 6M urea, 30% glycerol, 2% SDS and BPB) containing 1% DTT for 15 min and
2.5% iodoacetamide for a further 15 min, the second dimension separation was performed
with the Nu-PAGE gel system (Novex, San Diego, CA, USA) combined with MOPS buffer
(1.0 M MOPS, 1.0 M tris, 69 mM SDS, 20m M EDTA) for 45 min.

For detection of the protein spots, SYPRO Ruby Protein Stain (Molecular Probes) was used.
Image acquisition and analysis were performed on a Fluor-S Multilmager (Bio-Rad). The
protein spots were detected, quantified and matched using the PD-Quest 2-D gel analysis
software, v.6. The protein spots from different gels were matched and their spot volumes
determined. In the normalisation process, the integrated optical density of all spots within a
gel that have been matched to the reference standard image spots are summed, and the
summed values are then compared as a basis of normalisation.

The trypsin digestion method was previously described in detail '”’. Briefly, the spots were
excised, placed in a siliconised tube and digested with porcine trypsin (Promega Corporation,
Madison, USA). The peptides were extracted with formic acid (FA) and acetonitrile (ACN).
Before mass spectrometric analysis, the peptides were purified with Zip Tipcis (Millipore,
Bedford, USA) according to the manufacturer’s instructions. The matrix used was a-cyano-4-

hydroxy-cinnamic acid (CHCA) saturated (15g/L) in ACN:0.1% FA (1:1).

Analysis of CSF proteins in AD patients using liquid phase IEF in combination with 2-
DE (Paper V)

CSF from individual patients, 5 AD patients (2 women and 3 men), average age 81+ 5 years,
and 5 non-demented controls (3 women and 2 men), average age 62+ 12 years, was analysed.
The CSF sample (3 mL) was prefractionated using a Rotofor cell as mentioned above. Briefly,
the CSF sample was brought up to a volume of 12 mL with ultrapure water. Thereafter, 1%
Servalyt (pH range 3-10), 20 mM DTT and 0.5 mL antiprotease solution (Complete, Roche
Diagnostics, Mannheim, Germany) were added. Selected Rotofor fractions were pooled and

concentrated to 300 pL in a vacuum centrifuge before 2-DE. We obtained three pools from
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the prefractionation step, i.e. pool 1:fractions 2-5 (pH 1.5-4.5), pool 2: fractions 6-9 (pH 4.5-
6) and pool 3: fractions 10-14 (pH 6-7.5).

The prefractionated protein fraction pools were precipitated with 900pL ice-cold ethanol

(1:4 v/v) and the first dimension was carried out on IPG strips pH 3-6, pH 4-7 and pH 5-8, 7
cm for 20,000 Vh on the Protean Cell. After the first dimension, the samples were reduced
and alkylated as described above. The second dimension as well as the staining procedure,
image acquisition and analysis and in-gel tryptic digestion were performed as described
above.

Characterisation of CSF proteins using preparative 2D liquid phase electrophoresis (2D-
LPE) (Papers III and IV)

Pooled CSF samples from patients in whom lumbar puncture had been performed to exclude

infectious disorders of the central nervous system (CNS) were used.

The whole procedure is described thoroughly in Paper III. After liquid phase IEF (described
previously), the Rotofor fractions were analysed by immunoblotting using rabbit anti-serum
against cystatin C and -2 microglobulin (Dakopatts, Glostrup, Denmark). The dried Rotofor
fractions containing cystatin C and -2 microglobulin were dissolved in ImL SDS sample
buffer (0.06 M tris-HCI, pH 6.8, containing 2% SDS, 3% DTT, 10% glycerol and 0.025%
bromophenol blue) and boiled for 5 min. The protein sample was applied to the 491
Preparative cell (Bio-Rad Laboratories, Hercules, CA, USA) and electrophoresed under
constant power (12W) for approximately 13 hours. Fractions were collected automatically at a
rate of 0.7 mL/min. The gel composition was 17% T/2.67% C, with a height of 10 cm, and
with a gel tube size of 28mm (internal diameter). The stacking gel composition was 4% T/
2.67% C with a height of 2 cm.

Removal and quantification of residual SDS

Three different methods were compared for SDS removal and are described in Paper IV. The
chloroform/methanol/water (C/M/W) (1:4:3 v/v) extraction was the most effective. In Paper
111, we used both C/M/W extraction and desalting columns for SDS removal.

A colorimetric method '* was used to quantify the residual SDS in the samples after different
SDS removal methods (Paper 1V) and determine the minimal SDS amount tolerated for

MALDI MS analysis of our samples.
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Protein analysis

Quantitative determination of albumin, IgG and IgM in serum and CSF was performed using
the Behring Nephelometer Analyser (Behringwerke AG, Marburg, Germany). The blood-
brain barrier function was determined using the CSF/serum albumin ratio.

Silver staining of the gels was performed in order to analyse the total protein content of a
fraction, using the Xpress silver staining kit (Novex, San Diego, USA). The gels were dried
with the DryEase mini-gel drying system (Novex, San Diego, USA), according to the

instruction manual.

Trypsination of samples prior to mass spectrometry
In Paper 111, the protein pellets were subjected to tryptic digestion for 4 hours. The detailed
procedure is described in Paper III. The samples were then dried and reconstituted in 0.1%

trifluoroacetic acid (TFA) in water before deposition on the probe with the seed layer method.

MALDI-TOF mass spectrometry (Papers 1L, IV and V)

Sample preparation.

The MALDI matrix used was a-cyano-4-hydroxycinnamic acid (CHCA). Detailed
preparation procedures are described in the papers. In Papers III and IV, the protein pellets
were dissolved in 50 pL of 0.1% TFA in water or 20 mM n-octylglucoside and deposited on
the stainless steel probe according to the matrix seed layer method '**. In Paper V, the
peptides were purified with Zip Tipcis (Millipore, Bedford, USA) according to the

manufacturer’s instructions and eluted with matrix directly on the probe.

Apparatus
All MALDI analyses were performed with a Reflex II MALDI-TOF mass spectrometer

(Bruker-Franzen Analytik GmbH, Bremen, Germany) equipped with a two stage electrostatic
reflectron and a delayed extraction (time-lag-focusing) ion source. In Paper IV, all spectra
were recorded in linear mode at an acceleration voltage of 20 kV, in order to see whole
proteins. In Paper III, all spectra were acquired in reflectron mode at an acceleration voltage
of 20 kV. In Paper V, the mass spectrometer had been upgraded with a high resolution
reflector detector and a 2 GHz digitizer. The mass spectra, acquired in reflectron mode, were

analysed using Bruker software and were initially calibrated by external calibration using a
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mixture of known peptides and later recalibrated using two autodigestion products of porcine
trypsin as internal calibrants. Before the list of m/z values was subjected to the database
search, tryptic peptides from keratin and porcine trypsin were removed using software

developed in-house.

Data analysis
The monoisotopic masses of the peptides obtained experimentally were compared with the
predicted monoisotopic m/z values of tryptic peptides of all known proteins assembled in a

specific database. We used the Internet resource “MS-Digest” (hitp:/prospector.ucsfedu/) to

compare the theoretical tryptic peptide masses of cystatin C and B-2 microglobulin with the
experimental values (Paper III). In Paper V, the protein database search tool “ProFound”

(http://129.85.19.192/profound_bin/WebProFound.exe) was wused to compare the

monoisotopic m/z values of the tryptic fragments with those of known proteins in the NCBI

database. A mass deviation of 50 ppm was tolerated and Homo sapiens was specified.

Q-TOF mass spectrometry (Paper V)

Samples for which MALDI-TOF did not provide unambiguous protein identity were further
investigated throughout acquisition of fragment ion data in an electrospray quadrupole time-
of-flight (ESI-QTOF) instrument (Q-tof, Micromass, Manchester, UK). Zip-Tip-enriched
samples in ACN: 0.1% FA (1:1 v/v) were sprayed from gold-coated glass capillaries using a
nanoflow electrospray source. Argon was used as the collision gas. Instrument calibration was
performed using fragment ions from Glufibrinopeptide B and fourth-order polynomial fit.
MS/MS spectra were post-processed using MaxEnt3 (Micromass) and used without further

interpretation for database searches using MASCOT (hitp://www.matrixscience.com) against

all entries in the NCBInr database.

Quantification of phosphorylated synapsin in CSF with an ELISA method
(Paper II)

We studied if there is a difference in CSF phosphorylated synapsin levels between AD
patients and controls. The AD group consisted of 20 patients, 13 women and 7 men, average

age 75+ 8 years, and the control group consisted of 14 individuals, 12 women and 2 men,
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average age 66t 12 years, without history, symptoms or signs of psychiatric or neurological

disease.

The sandwich-ELISA was based on a rabbit anti-phosphophorylated synapsin (Ser 9)
antibody (Chemicon) and a synapsin I specific MAb (MAb 355) (Chemicon). Then, a goat
anti-mouse IgG (Fab-specific) biotin conjugate (Sigma-Aldrich Chemie, Gmbh) was used.
Thereafter, avidin-HRP (Sigma-Aldrich Chemie, Gmbh) was incubated for 1 hour at +37 °C.
Development occurred by adding 3,3",5,5 -tetramethylbenzidine (TMB) substrate (TMB
Peroxidase EIA Substrate Kit, BioRad). The reaction was quenched with H,SO,4 (0.5 M) after
30 min. The absorbance was measured at 450 nm.

The detailed procedure is described in Paper II. RIPA-buffer (150 mM NaCl, 50mM tris-HCl
(pH 8.0) 1% Triton X100, 0.5% cholic acid, 0.1% SDS, 5 mM EDTA) extracted brain

homogenate in a serial dilution was used as standard.
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Results and discussions

Studies of neuron-specific proteins in CSF, markers for neuropathological processes, require
developments in proteomic methodology. Therefore, complementary separation methods to
those derived from 2-D gels, including combinations of analytical or preparative methods,
have been developed, as illustrated in figure 8. Direct 2-DE, liquid phase IEF in the Rotofor
cell or SDS-PAGE in the Prep cell, followed by immunoblotting, mass spectrometry and

database searches have been employed for studies on CSF proteins in AD.

CSF

Isoelectric focusing (IEF) in liquid phase \

(Rotofor cell)

i

Immunoblotting l | Analytical 2D eIecTrophoress |
Preparative SDS-PAGE in liquid phase : ELISA

(Prep cell)

N

| Mass spectrometry

Figure 8. Combination of methods used for studying CSF proteins.
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Detection of synaptic proteins in CSF with a combination of liquid phase

IEF and immunoblotting (Papers I and II)

Liquid phase IEF in combination with immunoblotting has been used to enrich trace amounts
(ng/L) of neuron-specific proteins that are involved in AD. Six synaptic proteins, namely
rab3a, synapsin, synaptotagmin, SNAP-25, GAP-43 and neurogranin, were detected in
nanogram per litre quantities in human CSF (figure 2, Paper I; figure la, 1b and lc in Paper
1I). Rab 3a was found in Rotofor fractions (4-6) as a single band at approximately 24 kDa.
The anti-synaptotagmin antibody recognised two bands, one of 65 kDa (in fractions 9-11) and
another of aproximately 110 kDa (Rotofor fractions 5-6). The higher molecular band of

110 kDa is probably a dimer of synaptotagmin. SNAP-25 was detected as a single band (in
Rotofor fractions 2-3) with a Mw of 28 kDa. GAP-43 was found in Rotofor fractions 2-4, as
one band (50 kDa), and neurogranin was detected as a single band at 18 kDa (in Rotofor
fractions 4-5). Synapsin was detected as a doublet band with a Mw of 80 kDa approximately
(Rotofor fractions 17-19).

Synaptophysin was not detectable with our method and this may be explained by its
hydrophobic nature, leading to very poor solubility in CSF. In another study, tau protein,
present at pg/L, has previously been detected in CSF with our technique as four bands with
Mw of 25-80 kDa, using different types of antibodies that recognise both the phosphorylated

and unphosphorylated forms .

Because albumin and IgG represent 80% of the total amount of CSF proteins, it is difficult to
detect and study low-abundance proteins such as synaptic proteins in CSF. Several
approaches have previously been adopted to circumvent this problem, such as elimination of

plasma proteins by affinity chromatography '** '*

or high performance electrophoresis
chromatography '27_ The synaptic proteins could not be detected with these methods, or by
common SDS-PAGE and immunoblotting. However, using affinity chromatography followed
by HPLC and chemiluminescence immunoblotting ', synaptotagmin was detected for the
first time in human CSF. No other synaptic proteins were observed using this method.

Albumin can be removed from CSF using affinity columns '** '**

. However affinity columns
are not ideal because of non-specific binding to the column and loss of proteins. Preparative
IEF has a unique ability to enrich low-abundance proteins from complex biological mixtures

in sufficient quantities for detection by immunoblotting (the present study) or MALDI-MS ',
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without further purification. Other apparatus like the Gradiflow 130 or the psol-IEF device '
also showed the necessity of prefractionation when analysing complex samples like CSF or
serum.

Synaptic proteins have previously been shown to be reduced in AD brain, and are correlated
with the severity of dementia *'. Previously, a marked reduction of synaptotagmin was found
in the hippocampus and frontal cortex of EAD patients compared to controls %! In the same
study, reduced levels of synaptotagmin were found in pooled CSF of EAD patients compared
to controls by SDS-PAGE and ECL immunoblotting, supporting the idea that alterations in
the protein composition of the brain are reflected, and can be detected, by analysis of human
CSF. Our study showed that several of the synaptic proteins can be identified in CSF to study

the synaptic function and pathology in different brain disorders.

Detection of phosphorylated synapsin in CSF with an ELISA method
(Paper II)

A sandwich-ELISA, based on a rabbit anti-phosphorylated synapsin antibody and a synapsin I
specific Mab, has been developed for determination of phosphosynapsin I in individual CSF
samples. Using this assay, we have measured phosphosynapsin I in CSF of 20 AD patients
and 14 controls. The level of phosphosynapsin I was increased in the AD group (0.164+0.15)
compared to controls (0.033£0.05) (Figure 9). Phosphosynapsin CSF levels in almost all
controls were so low that the protein could not be detected with our ELISA. The synapsin
ELISA was standardised using RIPA-buffer-extracted brain homogenate in a serial dilution.
Earlier attempts to measure synapsin in individual CSF samples also showed undetectable
levels in healthy individuals '*>. In brain tissue, either reduced or unchanged levels of

32, 67, 133

synapsin have been demonstrated in AD . In vitro studies showed reduced

phosphorylation of synapsin I in AD postmortem tissues 5

and immunohistochemistry
experiments on rats also showed a decreased phosphorylation of synapsin I after transient
moderate ischemia '*, suggesting that perturbations of synapsin phosphorylation occur early

in pathological states such as AD.
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Figure 9. Individual values of phosphorylated synapsin I in AD patients compared to controls

measured by ELISA. Values are given as arbitrary units (a.u.) per 70 png/mL of total protein.

Other proteins involved in AD also showed perturbations in their phosphorylation status, such

26 136

as the microtubule-associated protein tau and B-tubulin ">, which are abnormally
hyperphosphorylated in AD. An imbalance in the protein kinase-protein phosphatase system
has been implicated in AD ', suggesting that other phosphorylated proteins might have

phosphorylation perturbations during pathological conditions, such as synapsin.

Characterisation of CSF proteins by 2D-LPE and MALDI-TOF MS
(Papers III and IV)

2D-LPE

A strategy employing 2D-LPE and MALDI-TOF MS was used to characterise tryptic digest
of proteins in human CSF (Paper III).

In the first dimension, cystatin C was localised in Rotofor fractions 5 to 20, as a single band at
approximately 15 kDa, and B—2 microglobulin was localised in Rotofor fractions 5 to 12, as a
single band at approximately 11 kDa (immunoblot analyses are shown in Paper I1I, figure 2).
The Rotofor fractions 8-10, which contained the highest concentration of cystatin C and -2
microglobulin, were pooled and applied to the Prep cell for separation by SDS-PAGE.

Cystatin C was recovered in fractions 60-75 (figure 10a), and f—2 microglobulin in fractions
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45-60 (figure 10b). No contaminants were present in those fractions as assessed by inspection
of silver-stained SDS-PAGE gels, on which cystatin C and B—2 microglobulin stained as
distinct bands (figure 10c).
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Figure 10. Immunoblot analysis of Prep cell fractions containing (a) cystatin C and (b) B—2

microglobulin. (c) Silver-stained gel analysis of Prep cell fractions

Two CSF proteins, cystatin C and -2 microglobulin, with concentrations of 3-20 mg/L have
been isolated and identified. As shown in this study, proteins with small differences in Mw
(13,347 Da and 11,731 Da) can easily be separated by the Prep cell. A limitation of this
method was that very low-abundant proteins were diluted in the final elution volume (a few

mL), thereby making their detection very difficult.

Removal of SDS to allow the interface between electrophoresis and mass spectrometry
(Paper 1V)

SDS removal methods

The presence of ionic detergents, such as SDS, usually severely compromises the MALDI

analysis technique '** '*°. Therefore, SDS has to be removed from the samples before MS
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analysis. We tested three different SDS removal methods; solvent extraction (C/M/W), cold
acetone precipitation and desalting columns. The C/M/W extraction was the most efficient
method of removing SDS, achieving a 1000-fold reduction, regardless of the initial SDS
concentration. However, a protein recovery of 50% was obtained, as estimated by
examination of silver-stained gels, where both the pellets and the supernatant were analysed
(figure 2 in Paper V). The cold acetone precipitation procedure was less efficient for removal
of SDS, but higher amounts of proteins were recovered (80%). The use of desalting columns
did not improve either SDS removal or protein recovery. Other methods, such as ion-pair

extraction '*° or dialysis, failed to remove SDS efficiently and caused large protein losses.

Influence of SDS on the sensitivity of protein detection by MALDI MS

In order to investigate how the sensitivity of MALDI-TOF MS was affected by the presence
of SDS in the sample, we analysed cytochrome C in different concentrations of SDS in water.
We found that the signal-to-noise ratio of the cytochrome C peak decreased with increasing
SDS concentration up to 0.1% SDS (figure 6 in Paper IV) and then increased again when 1%
or 5% SDS was present in the sample. However, the high concentrations of SDS resulted in
broad peaks due to adduct formation, decreasing the ability of the MALDI MS analysis to
distinguish between different protein isoforms. These results are in agreement with results
reported by Amado et al.'*'. Using the C/M/W procedure for SDS removal, we obtained a
MALDI signal only with the lowest concentration of SDS (approximately 2 x10%). When
we then added the neutral detergent n-octylglucoside to the sample, MALDI spectra could be
obtained in all protein samples (Paper IV, figure 7), even those containing 0.1% SDS (figure
11).
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Figure 11. MALDI MS analysis of myoglobin after SDS removal by the C/M/W procedure in
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the absence (A) and presence (B) of n-octylglucoside.
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This study showed that even after different types of SDS removal procedures, trace amounts
of SDS are still left in the sample, which impairs the MALDI signal. We circumvented this
problem by adding n-octylglucoside, which attenuated the negative effect of SDS. N-
octylglucoside is a neutral detergent often used in MS analysis for its solubilisation properties
142,183 Comparing the methods, the C/M/W procedure was the most efficient way to remove
SDS but the cold acetone precipitation gave a higher protein recovery (80%) and should be

used in cases where the initial protein concentration in the sample is low.

Analysis of Prep cell fractions after SDS removal (Paper III)

The C/M/W method was chosen to remove SDS from cystatin C and B—2 microglobulin Prep
cell fractions. However, one problem observed with the precipitation techniques is that some
proteins, like B—2 microglobulin, co-precipitated with SDS, leaving only trace amounts of the
protein for MALDI analysis. We therefore used desalting columns to reduce the amount of
SDS in the B—2 microglobulin samples and collected only the first 3 mL eluted from the
column. MALDI analysis of the tryptic digest from Prep cell fractions confirmed the presence
of cystatin C and B—2 microglobulin. The MALDI spectra of tryptic peptides from cystatin C
are shown in figure 12. The sequence coverage was 58/120 amino acids or 48 %, which was
sufficient to identify the protein by high-accuracy peptide mass mapping and database

searching.
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Figure 12. MALDI MS analysis of tryptic digest from a Prep cell fraction containing
cystatin C.
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In this study, we showed that the combination of 2D-LPE and MALDI-TOF MS is a valuable
tool for purification and characterisation of small amounts of proteins. Indeed, proteins can be
purified in sufficient amounts to allow both identification and characterisation by MS. 2D-
LPE and MALDI-TOF MS have also been used for the characterisation of low-abundance
proteins in pleural exudates '*°, Different strategies have been used by other groups, e.g. 2-D
preparative electrophoresis for isolation of recombinant virus proteins '** and in combination
with electroblotting of the proteins to a PVDF membrane for purification of hydrophobic

14

proteins from Candida albicans '*°. A combination of preparative IEF and reverse-phase

HPLC has recently been described for the separation of proteins from a HEL cell line lysate
146

Proteome studies of CSF in AD patients and controls

Protein precipitation procedures before 2-D electrophoresis

CSF contains a high salt but low protein concentration. A high concentration of salt affects
the IEF of proteins in the first dimension of 2-DE. For high-quality 2-D gels, the salt has to be
removed or decreased and the protein content has to be enriched. Several protein precipitation
methods have been compared, including acetone precipitation, ethanol precipitation and Bio-
Spin desalting columns.

When analysing 300 pL CSF directly on 2-D gels, no major differences were observed in the
2-D protein pattern between the three different procedures, (figure 13).

lideetone - % |p)Fibanol

Figure 13. SYPRO Ruby-stained 2-D gels separated on IPG-strips, pH 4-7 in the first
dimension with three different sample preparation methods: a) acetone precipitation (1:4 v/v),
b) ethanol precipitation (1:4 v/v) ¢) salt removal with a Bio-Spin column (BioRad). An aliquot

of 300 pL CSF was used for each experiment.
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Our results were not consistent with results published by Yuan et al.'"', who observed a
greater number of spots and a higher protein recovery using Bio-Spin columns compared to
acetone precipitation. Many factors might have affected the results, like different gels types,
staining procedures or laboratory practice. We chose to use acetone precipitation in direct 2-
DE experiments in order to maintain the consistency in our methods and previous studies.In
contrast, when analysing prefractionated CSF proteins, the use of ethanol instead of acetone
for precipitation improved protein spot focusing, as illustrated in figure 14. It seems that
ethanol precipitation removes the ampholytes present in the sample after the liquid phase IEF
more successfully. May be are the ampholytes causing some perturbations in the focusing
process in the first dimension? When using Bio-Spin columns on prefractionated CSF

proteins, a low protein recovery was obtained (data not shown).

pH4-7 pH4-7 0
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Figure 14. a) acetone precipitation (1:4 v/v) and b) ethanol precipitation (1:4 v/v) of

prefractionated CSF proteins (pH 4.5-6.0), separated on IPG-strips pH 4-7.

2-D gel electrophoresis using micro-narrow range IPG strips (Paper V)

The partial CSF proteomes of 7 AD patients and 7 controls were compared by loading 300 uL
unfractionated CSF on micro-range narrow IPG strips (pH 4.7-5.9). Comparing the intensity
of spots between AD and normal controls, 18 spots were found to be significantly up- or
down-regulated (Student’s t-test, p<0.05). The altered proteins are illustrated in figure 15 and
those which were identified are summarised in Table 2. Eight proteins were significantly
reduced in CSF of AD patients. They were identified as kininogen, one isoform of a-1f3
glycoprotein, two isoforms of apolipoprotein J (apoJ), three isoforms of apoE, two isoforms

of apolipoprotein Al (apoAl), B-trace (protaglandin D2 synthase), cell cycle progression 8
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protein and retinol-binding protein (RBP). Only one protein, one isoform of -1 antitrypsin
(a-AT), was increased in AD patients compared to controls.

Previously detected protein changes including apoE and apoAl between AD patients and
controls '’ were confirmed. Some new proteins altered in AD have also been identified, like

kininogen, a-1P glycoprotein, apoJ, B-trace, cell cycle progression 8 protein and a-AT.

pH47-59

Figure 15. Direct 2-DE analysis of 300 pL. CSF on pH 4.7-5.9 IPG strips (7cm) followed by
10% NuPAGE gels with MOPS buffer. Circles represent proteins with reduced levels and

squares represent increased levels in AD patients compared to controls.
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Table 2. List of identified proteins that are statistically ((t-test) p<0.05) altered in CSF from
AD patients compared to controls using micro- narrow range strips pH 4.7-5.9 in the 2-DE

procedure, and identified by MS as described in Materials and methods. Each protein is listed

with the p-value from the Student’s t-test. (* MS analysis from an earlier study 10,
Spot | Accnb Protein identity Theor. Theor.  Matched Sequence Mass spec. P

NCBI : Mw pl peplides __coverage value

1 | 23503038  a-1B glycoprotein 51.87 5.51 8 21 MALDI 0.04

2 125507 kininogen precursor 69.88 6.23 - - MS/MS 0.01

3 177836 o-1 antitrypsin 4432 5.37 15 47 MALDI* 0.01

precursor

4 178855 apoJ 50.06 5.89 5 20 MALDI 0.04

5 178855 apol 50.06 5.89 - - MS/MS 0.01

6 4557325 apoE 34.23 5.52 10 34 MALDI*  0.005

i 4557325 apoE 34.23 5.52 10 34 MALDI 0.02

8 4557325 apoE 34.23 5.52 9 34 MALDI 0.002

9 730305  B-trace (protaglandin 18.69 8.37 7 40 MALDI* 0.04

D2 synthase)

10 730305 B-trace 18.69 8.37 7 40 MALDI*  0.006

11 178775 apoAl 28.07 5.27 8 33 MALDI 0.02

12 178775 apoAl 28.07 5.27 6 24 MALDI 0.006

13 | 20141667 retinol binding 21.07 5.27 6 63 MALDI* 0.03

protein
14 | 4758048 cell cycle 4433 9.43 7 18 MALDI 0.02
progression 8 protein

The most clearly affected proteins in AD were several isoforms of apoE and apoAl, as
previously shown ', They are the major apolipoproteins identified in CSF. In the brain,
they’re thought to be involved in cholesterol transport and several studies have suggested that
the cholesterol metabolism is disturbed in AD '”'*%. ApoJ, also called clusterin, has been
shown to be present in the senile plaques and increased levels have been reported in AD brain
"% Tt has also been shown that apoJ is associated with soluble Ap in CSF '*°. The conflicting
data between our study and the previous study on the unchanged CSF apoJ levels in AD "'
might be due to the more sensitive detection of different isoforms of apoJ by 2-DE.
Immunological determination of apoJ levels only gives information about the total apoJ
immunoreactivity and not the specific differences between the apoJ isoforms. One isoform of
RBP was found to be decreased in this study but another isoform was increased in CSF of AD
patients in our previous study '”’, showing also the importance of studying isoforms of

proteins. Increased levels of RBP has been found in AD brains > .

Several new protein changes associated with AD were demonstrated in CSF using the micro-

narrow range IPG strips.
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Kininogen, involved in the kallikrein/kinin system, has earlier been linked to AD '*.

13155 and is thought to

Increased cleavage of kininogen was found in CSF of AD patients
interact with B-amyloid in AD ',

The function of a-1f glycoprotein, which has sequence similarities with immunoglobulins, is
unknown and this protein has never been linked to AD.

Only one protein was significantly increased in CSF from AD patients, i.e. a-AT, a serine

protease inhibitor which has previously been localised in NFTs and SPs '*’.

Prefractionation procedure of CSF proteins before 2-DE

We used 3 mL CSF, which is a clinically available CSF volume. Since the Rotofor cell
requires up to 12-15 mL sample volume, the CSF was diluted to 12 mL with water.

When comparing direct and prefractionated 2-D gels (figure 16), it is clear that the
prefractionated gels have an increased number of protein spots. Furthermore, the increased
intensity of these spots indicates a higher protein concentration. Prefractionation before 2-DE
also increases the ability of 2-D gels to separate protein spots that contain different proteins
and thereby reduces the risk of having a mixture of enzymatically derived peptides from
different proteins in the sample. Furthermore, isoforms of post-translational modifications of

different proteins in CSF can be studied with high sensitivity '*".

' Direct 2-DE |

Prefractionated
2-DE

e

CSF sample pH 1.5 -4.5 CSF sample pH 4.5 - 6.0 CSF sample pH 6.?—‘7.5 -

Figure 16. Comparison of direct and prefractionated CSF on SYPRO Ruby-stained 2-D gels.
The pH interval of the IPG strips is denoted in the upper left corner of the gels and the pH

range of the prefractionated CSF samples at the bottom of the gel images.
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The advantages of prefractionation methods are that they reduce the sample complexity and
facilitate detection of less abundant proteins. Liquid phase IEF also minimises non-ideal

behaviour of proteins such as precipitation or aggregation.

Analysis of prefractionated CSF proteins before 2-DE in AD patients compared to
controls (Paper V)

CSF samples (3 mL) from 5 AD patients and 5 controls were prefractionated by liquid phase
IEF using the Rotofor. For each patient, twenty Rotofor fractions were obtained. They were
then pooled and analysed as follows: fractions 2 to 5 on pH 3-6 strips; fractions 6 to 9 on pH
4-7 strips and fractions 10 to 14 on pH 5-8 strips. We found 37 protein spots which were up-
or down-regulated at least two times in AD patients compared to controls. 23 spots were
down-regulated and 14 spots were up-regulated. The identified altered proteins are presented

in Table 3 and illustrated in figure 17 a, b and c.

Table 3. Proteins up or down-regulated at least two times in CSF in AD patients compared to

controls using prefractionation of CSF before 2-DE, and identified by MS as described in

Materials and methods. (* MS analysis from an earlier study '*7).

Spot | Acc nb.NCBI Protein identity Theor. Theor.  Matched  Sequence Mass spec.
Mw pl peptides __ coverage analysis

1,23 | 23503038 a-1B glycoprotein 51.87 5:51 ) 11 MALDI
45 2521983 0-2-HS glycoprotein 40.20 54 4 9 MALDI*

6 339685 transthyretin 13.76 53 6 60 MALDI

7.8 177836 a-1 antitrypsin 4432 5.37 7 27 MALDI

precursor

9 229995 B-2 microglobulin 11.58 6.5 4 46 MALDI

10,11 4557871 transferrin precursor 77.03 6.9 21 31 MALDI

12 6013427 albumin precursor 69.21 5.9 13 19 MALDI
13 339685 transthyretin 13.76 53 8 81 MALDI*
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Figure 17a
Figure 17: 2-DE gel of prefractionated CSF proteins. Fraction 2-5 (a) fraction 6-9 (b) fraction
10-14 (c) were analysed on pH 3-6(a), pH 4-7 (b) and pH 5-8 (c) IPG strips respectively,
followed by 10% Nu-PAGE gels. Circles denote the protein spots decreased two times in
intensity and squares the protein spots increased two times in intensity in CSF of AD patients

compared to controls.

Figure 17b
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Figure 17c:

Since only 5 AD patients and 5 controls respectively were used in the prefractionation study,
we did not perform statistical analyses. Instead, two-fold increase or decrease of the proteins
intensity was taken in account in order to identify all possible protein candidates. Our results
are consistent with our previous results using direct 2-DE, which further indicates the
implication of those proteins in AD pathology. One protein, a-2-HS glycoprotein (or fetuin),
implicated in bone growth and remodelling '*®, has never previously been associated to AD.
Surprisingly, none of the identified proteins in the prefractionation 2-DE study were
apolipoproteins. This might be explained by the fact that lipoproteins tend to adhere to plastic
vials *° and could be lost in the additional sample transfer from one test-tube to another
needed in the prefractionation procedure.

As shown in this study and in our previous study '”, different isoforms of the proteins are
altered in AD. Several of the altered CSF proteins in AD are glycosylated, such as apoE, apol,
a-2-HS glycoprotein, a-1B glycoprotein, a-1 antitrypsin and pB-trace. Therefore, the
determination of post-translational protein modifications is of importance in studies of the

neuropathology in AD.
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Potential CSF biomarkers in AD

The use of micro-narrow range strips and a prefractionation step before 2-DE have increased
the detection of proteins in CSF and identified several new protein changes in AD. In the
present study, the levels of 14 proteins and their isoforms were altered in AD CSF compared
to the controls. Some of the identified proteins have already been examined as biochemical
markers for AD, including apoE **'*°, apoJ "' and TTR "°.

Only a few proteomic studies have been carried out to compare differences between AD
patients and healthy individuals ' ' ' n the study by Johnson et al., one isoform of -2
haptoglobin was identified and this protein was increased in AD patients compared to controls
190 Altered CSF levels of cystatin C and two isoforms of -2 microglobulin were recently
found using the surface-enhanced laser desorption/ionization (SELDI) technique '®.

In our recent proteomic study of CSF proteins in FTD, the levels of six proteins and their
isoforms were altered in FTD patients compared to controls, including granin-like
neuroendocrine precursor, protein pigment epithelium-derived factor, RBP, apoE and
haptoglobin ', All proteomic data showed that several proteins involved in FTD pathology
were not influenced in CSF of AD patients, i.e one specific protein pattern was obtained for
AD patients and one for the FTD patients. By using a protein pattern, like in 2-D gels, we are
not limited by the sensitivity and specificity of any single biomarker. Therefore the use of a
set of biomarkers derived from proteomic analysis is a good way for separating complex

neurodegenerative disorders such as dementia.

As shown in this study, different isoforms of the proteins are altered in AD. Many of the
altered proteins identified by 2-DE are glycosylated, e.g. apoE, apoJ, o-2-HS glycoprotein, o-
1B glycoprotein, a-1 antitrypsin, and B-trace (protaglandin D2 synthase). Furthermore, our
ELISA results show increased levels of phosphosynapsin I in AD compared to controls.

Therefore, the determination of post-translational protein modifications such as glycosylation

or phosphorylation states is of importance for an understanding of the neuropathology in AD.

An important purpose of proteomic research is to going on understanding of the cellular
function at the protein level. Table 4 correlates each protein identified in the present study
with its function in an attempt to clarify the function of the CSF proteins and explore the

molecular mechanisms of AD.
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Table 4: Classification of altered proteins in AD by function.

Function Proteins

Signal protein B-2 microglobulin, kininogen

Transport and transthyretin, apoE, apoA1l,apoJ, albumin, retinol-binding protein,
L 3 transferrin.

binding protein

Growth factor a-2-HS glycoprotein, cell cycle 8 protein

/regulation protein

Inhibitor ol -antitrypsin

Enzyme/catalysator B-trace (protaglandin D2 synthase)

Unknown a-1p glycoprotein

The use of complementary strategies in proteome studies of CSF offers new perspectives on
the pathology of neurodegenerative diseases and also reveals new potential biomarkers for
AD. After further verification, proteins like «-2-HS glycoprotein, kininogen, «-1B

glycoprotein or a-1 antitrypsin could perhaps be used together as biomarkers for AD.

Analytical and /or preparative 2-DE for studying CSF proteins ?

Today, around 40 to 45 proteins have been identified in human CSF using 2-DE and MS '
1L 181 The identified proteins are mainly the most abundant proteins in CSF, because low-
abundance proteins are masked by the highly abundant albumin and immunoglobulins. Not all
CSF proteins can be detected with the 2-DE technique; indeed low-abundance, basic proteins
and membrane proteins are very difficult to detect and analyse '*. In order to detect low-
abundance proteins in CSF, increased protein amounts have to be loaded on the 2-D gel, but
this did not result in better detection as disturbance of the 2-D protein pattern was observed
1% In order to facilitate the detection of low-abundance proteins in CSF, various techniques
have earlier been described, e.g. affinity chromatography, gel filtration and HPLC,'® ' but
only a few more CSF proteins could be detected '®°. Also, the risk of losing proteins in long,
fastidious, multiple-step procedures is increased.

Another two-step electrophoretic procedure, involving liquid phase IEF in the Rotofor cell in
combination with one-dimensional electrophoresis and electroelution, has been used for
purification and identification of proteins from human CSF '®’. Several low-abundance

neuron-related proteins have been identified in human CSF and human brain tissue using this
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technique '*®. Recently, the use of IEF as prefractionation before 2-D electrophoresis was
shown to be advantageous as less abundant proteins are enriched '*’. With preparative 2D-
LPE, the conditions are optimised for separation of proteins in a specific molecular weight
region and it provides a high separation capacity and higher loadability than analytical 2-DE.
2D-LPE is therefore a useful method for isolation of proteins in large quantities, allowing
easier characterisation by MS or chromatography. However, 2D-LPE cannot be used for

screening studies such as analytical 2-D electrophoresis.

Another challenge when analysing CSF is the high amount of salt. Several methods have been
used to remove salt, such as desalting columns, dialysis or protein precipitations with acetone,
ethanol or TCA/acetone '''. In our experience, acetone was better in direct 2-DE experiments,
while ethanol precipitation was more appropriate when prefractionation of CSF was used.
Dialysis was used to remove salts before liquid phase IEF, as it is a smoother method,
avoiding protein losses. A further limitations of 2-DE is its limited suitability for analysis of
high molecular weight proteins (>100kDa) as they are often difficult to solubilise and do not
enter into the IPG strip. One alternative recently proposed was the use of IPG gels containing
agarose instead of polyacrylamide '®.

Basic membrane proteins are also often absent in 2-D gels and although many attempts have
been made to ameliorate the resolution of commercial basic IPG strips, the results are not as
good as with the acidic gels '*. Finally, small proteins and peptides (<10kDa) are almost
impossible to identify by MALDI because of the small number of peptides generated by
enzymatic cleavage. In this case, other techniques could be used, like Q-TOF-MS/MS or
capillary electrophoresis coupled to MS.

In a CSF proteomic approach, direct 2-DE or a combination of liquid-phase [EF and 2-D gels
will be used to study the expression and comparison of disease-related proteins, while
preparative 2-D electrophoresis will be used to identify and characterise, for example, low-

abundance proteins or membrane proteins.
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Conclusions

To find potential biomarkers with the focus on AD, new proteomic strategies for detection,
identification and characterisation of proteins in CSF have been used. With liquid phase IEF
and immunoblotting, we identified six low-abundance synaptic proteins (ng/L) in human CSF,
namely rab 3a, synaptotagmin, GAP-43, SNAP-25, synapsin and neurogranin. In order to
purify and characterise proteins in CSF, a new strategy was developed, combining 2D-LPE
and MALDI-TOF MS. Two brain-specific proteins, cystatin C and 2 microglobulin, were
isolated from CSF in sufficient quantities for analysis by MALDI-TOF MS. Special attention
was needed to make 2D-LPE and nmass spectrometry compatible, and
chloroform/methanol/water extraction was the most efficient and allowed the acquisition of
good quality MALDI spectra of the tryptic digest of the proteins analysed. Comparative
proteomic methods, i.e. 2-DE electrophoresis, mass spectrometry and prefractionation before
2-DE, have been used for comprehensive analysis of CSF proteins in AD patients and
controls. Thirteen proteins and their isoforms were altered in AD patients compared to
controls, including apoE, apoAl, apoJ, B-2 microglobulin, retinol-binding protein,
transthyretin, kininogen, B-trace, transferrin and a-1 antitrypsin as well as proteins that have
never been linked with AD such as, cell cycle progression 8 protein, o -1 § glycoprotein and
o 2-HS glycoprotein. Many of the altered proteins in AD are glycosylated proteins. As shown
in this study, determination of post-translational modifications is of importance for an
understanding of the neuropathology of AD. An ELISA method for quantification of the
phosphorylated form (Ser 9) of synapsin I has also been designed. Increased levels of
phosphosynapsin [ were demonstrated in AD patients compared to controls.

In a proteomic approach, 2-DE or a combination of liquid-phase IEF and 2-DE will be used
for studying expression and post-translational modifications of disease-related proteins, while
preparative 2-DE will be used to identify and characterise proteins. Complementary

proteomic studies of CSF revealed new potential protein markers for AD.
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Bakgrund

Alzheimer’s sjukdom (AD) &r en den vanligaste demenssjukdom i vistvédrlden. Man hittar hos
AD patienter en dkad forekomst av senila plack (omréde som bestér av en peptid, B-amyloid
som aggregerats) och neurofibriller (ansamling av foridndrade proteiner som liknar fibrer) i
hjdrnans celler, jamfort med vad icke-dementa dldre personer har, samt en forlust av
nervceller (neuron) och minskad antal kontakter mellan neuroner (synapser). Trots omfattande
forskning, dr sjukdomsmekanismerna vid AD fortfarande okdnda. Genom att karakterisera
och studera olika neuron proteiner, som pa olika sétt 4r associerade med AD &r forhoppningen
att man bittre skall forstd sjukdomens patofysiologi. For att studera dessa proteiner pa
patienter ir studier i ryggvitska (likvor) en mojlig vég. De flesta proteiner fsrekommer dock i
mycket sma méngder i likvor, och mélet med denna avhandling har varit dels att utveckla
analytisk och preparativ metodik for att kunna studera proteiner och dels anvénda dessa nya

metoder for att studera eventuella fordndringar i likvor hos AD patienter.

Resultat

Med hjilp av preparativ isoelektrisk fokusering i vitskefas (dér proteiner skils &t beroende pa
deras massa och laddning) och immunoblotting (igenkénning med hjilp av specifika
antikroppar) har vi lyckats isolera och identifiera sex lagférekommande synapsproteiner i
likvor, namligen rab3a, synaptotagmin, synapsin, SNAP-25, GAP-43 och neurogranin. Vi har
ocksa satt upp en ELISA metod (baserad pa antikroppar) for bestdmning av den fosforylerade
formen av synapsin I i likvor och funnit 6kade nivéer av detta protein hos AD patienter
jamfort med kontroller. Dessa resultat verensstimmer med hypotesen om att det foreligger
en obalans i protein fosforylerings mekanismer hos AD patienter.

For att isolera och karakterisera proteiner i likvor, har vi utvecklat en ny strategi som
kombinerar preparativ tva-dimensionell gel elektrofores i vitskefas (2D-LPE) med
masspektrometri. Med 2D-LPE, kan vi separera proteiner med avseende pd laddning (1:a
dimension), ddrefter med avseende pd massa (2:a dimension) och till sist identifiera dem med
masspektrometri. For att kunna koppla ihop elektrofores i vitskefas och masspektrometri har
vi varit tvungna att ta fram en metod for eliminering av SDS (en detergent) frén vara
proteinprover. Tv& hjdrn-specifika proteiner cystatin C och -2 mikroglobulin isolerades frén

likvor i tillricklig méngd for en lyckad masspektrometrisk analys.

52



Populdrvetenskaplig sammanfattning pa svenska

Vi har anvint analytisk tvd-dimensionell gelelektrofores och masspektrometri for att
understka vilka sjukdomsspecifika proteiner som #r foréndrade i likvor hos AD patienter
jamfort med kontroller. Tidigare kinda fynd sésom att apolipoprotein E och apolipoprotein
Al var péverkade, kunde konfirmeras. Dessutom hittade vi nya proteiner sdsom kininogen,
apolipoprotein J, B-trace, o -1 B glycoprotein, o 2-HS glycoprotein som forekom i minskade
nivder och ett protein a-1 antitrypsin, som forekom i 6kade nivaer hos AD patienter. Tre
proteiner visades, for forsta gdngen ha en koppling till AD, ndmligen cell cycle progression 8

protein, a -1 § glycoprotein och a 2-HS glycoprotein.

Konklusion

Maénga av de proteiner som forekom i &dndrad mé#ngd hos AD patienter &r fosforylerade
(innehaller en fosfat grupp) eller glykosylerade (innehéller sockerkedjor) vilket visar vikten
av att i framtiden, studera de post-translationella modifieringarna av proteiner.

Att anvédnda olika “proteomik” metoder Oppnar nya vigar for forstéelsen av
neurodegenerativa sjukdomar samt visar nya potentiella biomarkorer for demenssjukdomar
som AD.

53



Acknowledgements

Acknowledgements

I would like to thank everyone who helped and supported me to accomplish this thesis. In
particular I would like to thank:

Pia Davidsson, my supervisor, for introducing me to the field of neurochemistry and
proteomics. For your professional and enthusiastic guidance through this work and for being
always there for questions, proofs reading, discussions and support.

Kaj Blennow, my second supervisor, for giving me the opportunity to work in your group in
the field of Alzheimer’s disease, for your excellent scientific knowledge and interesting
discussions.

All members of the “protein group”, Sara Folkesson, Kina Gustafsson, Anna-maria Lidstrom,
Annika Olsson, Linda Paulson, Camilla Hesse, Maria Lindbjer, Birgitta Delheden and
Monica Christiansson, for sharing laboratory space, laboratory expertise and making a happy
atmosphere.

All the “mass spectrometry fantasists” Ann Brikmalm, Gosta Karlsson, Rita Persson, Carol
Nilsson and Thomas Larsson for teaching me how to use a mass spectrometer, for good
advices and fruitful collaborations.

All my fellow PhD students at the Neurochemistry department, Sara Folkesson, Kina
Gustafsson, Anna-maria Lidstrom, Annika Olsson, Linda Paulson, Tina Hedberg, Maria
Blomgqvist, Zarah Pernber, Marie Molander, and Annika Dahl, for funny e-mails, sharing
coffee-breaks, good and bad moments, and being good friends.

Kerstin Andersson and Shirley Fridlund for being joyful room-mates. Remember to water the
flowers...

All the people at the laboratory of Neurochemistry in Mdlndal for their friendship and
support.

Finally, I would like to thank my family, my husband Mamo and my son Yani for their love
and support.

This work was supported by grants from The Swedish Medical Research Council
(grants#12769, 13121), Stiftelsen Gamla tjanarinnor, the Swedish Society for Medical
research, Stohnes Stiftelsen, Stockholm, Sweden; Adlerbertska forskningsfonden, Hjalmar
Svensson Foundation, Lundgrens Vetenskapsfond, Kungl och Hvitfeldtska Stiftelsen,
Goteborg, Wilhelm och Martina Lungrens Vetenskapfond, Goteborg, Sweden,
Alzheimerfonden, Kerstin och Bo Pfannenstills Stiftelsen and Lundbecksstiftelsen, Lund,

Sweden.

54



References

References

1.Alzheimer, A., A characteristic disease of the cerebral cortex. Allgemeine Zeitschrift fiir
Psychiatrie und Psychisch-Gerichliche Medizin, 1907. LXIV: p. 146-148.

2.Kawas, C.H. and R. Katzman, Epidemiology of dementia and Alzheimer disease. Alzheimer
disease, 2nd edition. R.D. Terry, R. Katzman, K.L. Bick, and S.S. Sisodia. Lippincott Williams
& Wilkins, Philadelphia, 1999: p. 95-115.

3.McKhann, G., D. Drachman, M. Folstein, R. Katzman, D. Price, and E.M. Stadlan, Clinical
diagnosis of Alzheimer's disease: report of the NINCDS-ADRDA Work Group under the
auspices of Department of Health and Human Services Task Force on Alzheimer's Disease.
Neurology, 1984. 34(7): p. 939-44.

4,WHO, The IDC-10 classification of mental and behavioural disorders. Geneve. World
Health Organization, 1992.

5.APA, Diagnostic and statistical Manual of Mental Disorders.Fourth edition. American
Psychiatric Association., 1994. Washington DC.

6.Andreasen, N., L. Minthon, P. Davidsson, E. Vanmechelen, H. Vanderstichele, B. Winblad,
and K. Blennow, Evaluation of CSF-tau and CSF-Abeta4?2 as diagnostic markers for
Alzheimer disease in clinical practice. Arch Neurol, 2001. 58(3): p. 373-9.

7 Mattson, M.P., Experimental models of Alzheimer's disease. Science & Medicine,
1998(Mars/April): p. 16-25.

8.Goate, A., M.C. Chartier-Harlin, M. Mullan, J. Brown, F. Crawford, L. Fidani, L. Giuffra,
A. Haynes, N. Irving, L. James, and et al., Segregation of a missense mutation in the amyloid
precursor protein gene with familial Alzheimer's disease. Nature, 1991. 349(6311): p. 704-6.

9.Selkoe, D.J., Translating cell biology into therapeutic advances in Alzheimer's disease.
Nature, 1999. 399(6738 Suppl): p. A23-31.

10.Sherrington, R., E.I. Rogaev, Y. Liang, E.A. Rogaeva, G. Levesque, M. Ikeda, H. Chi, C.
Lin, G. Li, K. Holman, and et al., Cloning of a gene bearing missense mutations in early-onset
familial Alzheimer's disease. Nature, 1995. 375(6534): p. 754-60.

11.Levy-Lahad, E., W. Wasco, P. Poorkaj, D.M. Romano, J. Oshima, W.H. Pettingell, C.E.
Yu, P.D. Jondro, S.D. Schmidt, K. Wang, and et al., Candidate gene for the chromosome 1
familial Alzheimer's disease locus. Science, 1995. 269(5226): p. 973-7.

12.Roses, A.D., Apolipoprotein E alleles as risk factors in Alzheimer's disease. Annu Rev
Med, 1996. 47: p. 387-400.

13.Poirier, J., J. Davignon, D. Bouthillier, S. Kogan, P. Bertrand, and S. Gauthier,
Apolipoprotein E polymorphism and Alzheimer's disease. Lancet, 1993. 342(8873): p. 697-9.

14.Corder, E.H., A.M. Saunders, W.J. Strittmatter, D.E. Schmechel, P.C. Gaskell, G.W.
Small, A.D. Roses, J.L. Haines, and M.A. Pericak-Vance, Gene dose of apolipoprotein E type

55



References

4 allele and the risk of Alzheimer's disease in late onset families. Science, 1993. 261(5123): p.
921-3.

15 Strittmatter, W.J., A.M. Saunders, D. Schmechel, M. Pericak-Vance, J. Enghild, G.S.
Salvesen, and A.D. Roses, Apolipoprotein E: high-avidity binding to beta-amyloid and
increased frequency of type 4 allele in late-onset familial Alzheimer disease. Proc Natl Acad
Sci U S 4, 1993. 90(5): p. 1977-81.

16.Jick, H., G.L. Zornberg, S.S. Jick, S. Seshadri, and D.A. Drachman, Statins and the risk of
dementia. Lancet, 2000. 356(9242): p. 1627-31.

17.Refolo, L.M., B. Malester, J. LaFrancois, T. Bryant-Thomas, R. Wang, G.S. Tint, K.
Sambamurti, K. Duff, and M.A. Pappolla, Hypercholesterolemia accelerates the Alzheimer's
amyloid pathology in a transgenic mouse model. Neurobiol Dis, 2000. 7(4): p. 321-31.

18.Selkoe, D.J., The molecular pathology of Alzheimer's disease. Neuron, 1991. 6(4): p. 487-
98.

19.Tomlinson, B.E., G. Blessed, and M. Roth, Observations on the brains of demented old
people. J Neurol Sci, 1970. 11(3): p. 205-42.

20.Glenner, G.G. and C.W. Wong, Alzheimer's disease: initial report of the purification and
characterization of a novel cerebrovascular amyloid protein. Biochem Biophys Res Commun,
1984. 120(3): p. 885-90.

21.Kang, J., H.G. Lemaire, A. Unterbeck, J.M. Salbaum, C.L. Masters, K.H. Grzeschik, G.
Multhaup, K. Beyreuther, and B. Muller-Hill, The precursor of Alzheimer's disease amyloid
A4 protein resembles a cell-surface receptor. Nature, 1987. 325(6106): p. 733-6.

22.Janke, C., M. Beck, M. Holzer, V. Bigl, and T. Arendt, Analysis of the molecular
heterogeneity of the microtubule-associated protein tau by two-dimensional electrophoresis
and RT-PCR. Brain Res Brain Res Protoc, 2000. 5(3): p. 231-42.

23.Tomlinson, B.E. and J.A.N. Corsellis, Aging and the dementias,, A.J. Hume, J.AN.
Corsellis, and D.L. W., Editors. 1984, Edward Arnold: London. p. 951-1025.

24 Braak, H. and E. Braak, Neuropathological stageing of Alzheimer-related changes. Acta
Neuropathol, 1991. 82(4): p. 239-59.

25.Braak, H., E. Braak, and J. Bohl, Staging of Alzheimer-related cortical destruction. Fur
Neurol, 1993. 33(6): p. 403-8.

26.Grundke-Igbal, L., K. Igbal, Y.C. Tung, M. Quinlan, H.M. Wisniewski, and L.I. Binder,
Abnormal phosphorylation of the microtubule-associated protein tau (tau) in Alzheimer
cytoskeletal pathology. Proc Natl Acad Sci U S A4, 1986. 83(13): p. 4913-7.

27.Ueda, K., E. Masliah, T. Saitoh, S.L. Bakalis, H. Scoble, and K.S. Kosik, Alz-50
recognizes a phosphorylated epitope of tau protein. J Neurosci, 1990. 10(10): p. 3295-304.

56



References

28.Goedert, M., Neurofibrillary pathology of Alzheimer's disease and other tauopathies. Prog
Brain Res, 1998. 117: p. 287-306.

29 Ferreira, A., J. Busciglio, and A. Caceres, Microtubule formation and neurite growth in
cerebellar macroneurons which develop in vitro: evidence for the involvement of the
microtubule- associated proteins, MAP-1a, HMW-MAP2 and Tau. Brain Res Dev Brain Res,
1989. 49(2): p. 215-28.

30.Davies, C.A., D.M. Mann, P.Q. Sumpter, and P.O. Yates, A quantitative morphometric
analysis of the neuronal and synaptic content of the frontal and temporal cortex in patients
with Alzheimer's disease. J Neurol Sci, 1987. 78(2): p. 151-64.

31.DeKosky, S.T. and S.W. Scheff, Synapse loss in frontal cortex biopsies in Alzheimer's
disease: correlation with cognitive severity. Ann Neurol, 1990. 27(5): p. 457-64.

32.Hamos, J.E., L.J. DeGennaro, and D.A. Drachman, Synaptic loss in Alzheimer's disease
and other dementias. Neurology, 1989. 39(3): p. 355-61.

33.Terry, R.D., E. Masliah, D.P. Salmon, N. Butters, R. DeTeresa, R. Hill, L.A. Hansen, and
R. Katzman, Physical basis of cognitive alterations in Alzheimer's disease: synapse loss is the
major correlate of cognitive impairment. Ann Neurol, 1991. 30(4): p. 572-80.

34.Heinonen, O., H. Soininen, H. Sorvari, O. Kosunen, L. Paljarvi, E. Koivisto, and P.J.
Riekkinen, Sr., Loss of synaptophysin-like immunoreactivity in the hippocampal formation is
an early phenomenon in Alzheimer's disease. Neuroscience, 1995. 64(2): p. 375-84.

35.Davidsson, P. and K. Blennow, Neurochemical dissection of synaptic pathology in
Alzheimer's disease. Int Psychogeriatr, 1998. 10(1): p. 11-23.

36.Sze, C.I., H. Bi, B.K. Kleinschmidt-DeMasters, C.M. Filley, and L.J. Martin, Selective
regional loss of exocytotic presynaptic vesicle proteins in Alzheimer's disease brains. J
Neurol Sci, 2000. 175(2): p. 81-90.

37.Masliah, E., L. Hansen, T. Albright, M. Mallory, and R.D. Terry, Inmunoelectron
microscopic study of synaptic pathology in Alzheimer's disease. Acta Neuropathol, 1991.
81(4): p. 428-33.

38.Masliah, E., R.D. Terry, M. Alford, R. DeTeresa, and L.A. Hansen, Cortical and
subcortical patterns of synaptophysinlike immunoreactivity in Alzheimer's disease. Am J
Pathol, 1991. 138(1): p. 235-46.

39.Blennow, K., N. Bogdanovic, I. Alafuzoff, R. Ekman, and P. Davidsson, Synaptic
pathology in Alzheimer's disease: relation to severity of dementia, but not to senile plaques,
neurofibrillary tangles, or the ApoE4 allele. J Neural Transm Gen Sect, 1996. 103(5): p. 603-
18.

.40.Masliah, E., Mechanisms of synaptic pathology in Alzheimer's disease. J Neural Transm
Suppl, 1998. 53: p. 147-58.

57



References

41.Yang-Feng, T.L., L.J. DeGennaro, and U. Francke, Genes for synapsin I, a neuronal
- phosphoprotein, map to conserved regions of human and murine X chromosomes. Proc Nat!
Acad Sci U S 4, 1986. 83(22): p. 8679-83.

42.Sudhof, T.C., A.J. Czernik, H.T. Kao, K. Takei, P.A. Johnston, A. Horiuchi, S.D. Kanazir,
M.A. Wagner, M.S. Perin, P. De Camilli, and et al., Synapsins: mosaics of shared and
individual domains in a family of synaptic vesicle phosphoproteins. Science, 1989.
245(4925): p. 1474-80.

43 Kao, H.T., B. Porton, A.J. Czernik, J. Feng, G. Yiu, M. Haring, F. Benfenati, and P.
Greengard, A third member of the synapsin gene family. Proc Natl Acad Sci U S A4, 1998.
95(8): p. 4667-72.

44 Bahler, M. and P. Greengard, Synapsin I bundles F-actin in a phosphorylation-dependent
manner. Nature, 1987. 326(6114): p. 704-7.

45.Hosaka, M., R.E. Hammer, and T.C. Sudhof, A phospho-switch controls the dynamic
association of synapsins with synaptic vesicles. Neuron, 1999. 24(2): p. 377-87.

46.Benfenati, F., F. Valtorta, E. Chieregatti, and P. Greengard, Interaction of free and synaptic
vesicle-bound synapsin I with F-actin. Neuron, 1992. 8(2): p. 377-86.

47.Greengard, P., F. Valtorta, A.J. Czernik, and F. Benfenati, Synaptic vesicle
phosphoproteins and regulation of synaptic function. Science, 1993. 259(5096): p. 780-5.

48.Sudhof, T.C., The synaptic vesicle cycle: a cascade of protein-protein interactions. Nature,
1995. 375(6533): p. 645-53.

49.Sudhof, T.C., The synaptic vesicle cycle revisited. Neuron, 2000. 28(2): p. 317-20.

50.Ferreira, A. and M. Rapoport, The synapsins: beyond the regulation of neurotransmitter
release. Cell Mol Life Sci, 2002. 59(4): p. 589-95.

51.Fischer von Mollard, G., B. Stahl, C. Li, T.C. Sudhof, and R. Jahn, Rab proteins in
regulated exocytosis. Trends Biochem Sci, 1994. 19(4): p. 164-8.

52.Matteoli, M., K. Takei, R. Cameron, P. Hurlbut, P.A. Johnston, T.C. Sudhof, R. Jahn, and
P. De Camilli, Association of Rab3A with synaptic vesicles at late stages of the secretory
pathway. J Cell Biol, 1991. 115(3): p. 625-33.

53.Fischer von Mollard, G., G.A. Mignery, M. Baumert, M.S. Perin, T.J. Hanson, P.M.
Burger, R. Jahn, and T.C. Sudhof, rab3 is a small GTP-binding protein exclusively localized
to synaptic vesicles. Proc Natl Acad Sci U S A, 1990. 87(5): p. 1988-92.

54.Schiavo, G. and G. Stenbeck, Molecular analysis of neurotransmitter release. Essays
Biochem, 1998. 33: p. 29-41.

55.Benowitz, L.I., N.I. Perrone-Bizzozero, S.P. Finklestein, and E.D. Bird, Localization of the

growth-associated phosphoprotein GAP-43 (B-50, F1) in the human cerebral cortex. J
Neurosci, 1989. 9(3): p. 990-5.

58



References

56.Benowitz, L.I. and A. Routtenberg, GAP-43: an intrinsic determinant of neuronal
development and plasticity. Trends Neurosci, 1997. 20(2): p. 84-91.

57.Slemmon, J.R., B. Feng, and J.A. Erhardt, Small proteins that modulate calmodulin-
dependent signal transduction: effects of PEP-19, neuromodulin, and neurogranin on enzyme
activation and cellular homeostasis. Mol Neurobiol, 2000. 22(1-3): p. 99-113.

58.Watson, J.B., L. Szijan, and P.M. Coulter, Localization of RC3 (neurogranin) in rat brain
subcellular fractions. Brain Res Mol Brain Res, 1994. 27(2): p. 323-8.

59.Blasi, J., E.R. Chapman, E. Link, T. Binz, S. Yamasaki, P. De Camilli, T.C. Sudhof, H.
Niemann, and R. Jahn, Botulinum neurotoxin A selectively cleaves the synaptic protein
SNAP-25. Nature, 1993. 365(6442): p. 160-3.

60.Schiavo, G., A. Santucci, B.R. Dasgupta, P.P. Mehta, J. Jontes, F. Benfenati, M.C. Wilson,
and C. Montecucco, Botulinum neurotoxins serotypes A and E cleave SNAP-25 at distinct
COOH- terminal peptide bonds. FEBS Lett, 1993. 335(1): p. 99-103.

61.Jahn, R. and T.C. Sudhof, Membrane fusion and exocytosis. Annu Rev Biochem, 1999. 68:
p. 863-911.

62.Brose, N., A.G. Petrenko, T.C. Sudhof, and R. Jahn, Synaptotagmin: a calcium sensor on
the synaptic vesicle surface. Science, 1992. 256(5059): p. 1021-5.

63.Sudhof, T.C., Synaptotagmins: why so many? J Biol Chem, 2001. 5: p. 5.

64.Zhang, X., M.J. Kim-Miller, M. Fukuda, J.A. Kowalchyk, and T.F. Martin, Ca2+-
dependent synaptotagmin binding to SNAP-25 is essential for Ca2+- triggered exocytosis.
Neuron, 2002. 34(4): p. 599-611.

65.Calakos, N. and R.H. Scheller, Vesicle-associated membrane protein and synaptophysin
are associated on the synaptic vesicle. J Biol Chem, 1994. 269(40): p. 24534-7.

66.Becher, A., A. Drenckhahn, I. Pahner, M. Margittai, R. Jahn, and G. Ahnert-Hilger, The
synaptophysin-synaptobrevin complex: a hallmark of synaptic vesicle maturation. J Neurosci,
1999. 19(6): p. 1922-31.

67.Wakabayashi, K., W.G. Honer, and E. Masliah, Synapse alterations in the hippocampal-
entorhinal formation in Alzheimer's disease with and without Lewy body disease. Brain Res,
1994. 667(1): p. 24-32.

68.Ho, L., Y. Guo, L. Spielman, O. Petrescu, V. Haroutunian, D. Purohit, A. Czernik, S.
Yemul, P.S. Aisen, R. Mohs, and G.M. Pasinetti, Altered expression of a-type but not b-type
synapsin isoform in the brain of patients at high risk for Alzheimer's disease assessed by DNA
microarray technique. Neurosci Lett, 2001. 298(3): p. 191-4.

69.Davidsson, P., N. Bogdanovic, L. Lannfelt, and K. Blennow, Reduced expression of

amyloid precursor protein, presenilin-1 and rab3a in cortical brain regions in Alzheimer’s
disease. Dement Geriatr Cogn Disord, 2001. 12(4): p. 243-50.

59



References

70.Shimohama, S., S. Kamiya, T. Taniguchi, K. Akagawa, and J. Kimura, Differential
involvement of synaptic vesicle and presynaptic plasma membrane proteins in Alzheimer's
disease. Biochem Biophys Res Commun, 1997. 236(2): p. 239-42.

71.Greber, S., G. Lubec, N. Cairns, and M. Fountoulakis, Decreased levels of synaptosomal
associated protein 25 in the brain of patients with Down syndrome and Alzheimer's disease.
Electrophoresis, 1999. 20(4-5): p. 928-34.

72.Bogdanovic, N., P. Davidsson, 1. Volkmann, B. Winblad, and K. Blennow, Growth-
associated protein GAP-43 in the frontal cortex and in the hippocampus in Alzheimer's
disease: an immunohistochemical and quantitative study. J Neural Transm, 2000. 107(4): p.
463-78.

73.Masliah, E., M. Mallory, M. Alford, R. DeTeresa, L.A. Hansen, D.W. McKeel, Jr., and
J.C. Morris, Altered expression of synaptic proteins occurs early during progression of
Alzheimer's disease. Neurology, 2001. 56(1): p. 127-9.

74.Segal, M.B., Extracellular and cerebrospinal fluids. J Inherit Metab Dis, 1993. 16(4): p.
617-38.

75.Segal, M.B., The choroid plexuses and the barriers between the blood and the
cerebrospinal fluid. Cell Mol Neurobiol, 2000. 20(2): p. 183-96.

76.Thompson, E.J., The CSF proteins: A biochemical approach. 1988: Elsevier Science.

77.Aldred, A.R., C.M. Brack, and G. Schreiber, The cerebral expression of plasma protein
genes in different species. Comp Biochem Physiol B Biochem Mol Biol, 1995. 111(1): p. 1-15.

78.Weisner, B. and W. Bernhardt, Protein fractions of lumbar, cisternal, and ventricular
cerebrospinal fluid. Separate areas of reference. J Neurol Sci, 1978. 37(3): p. 205-14.

79 Blennow, K., P. Fredman, A. Wallin, C.G. Gottfries, G. Langstrom, and L. Svennerholm,
Protein analyses in cerebrospinal fluid. I. Influence of concentration gradients for proteins on
cerebrospinal fluid/serum albumin ratio. Eur Neurol, 1993. 33(2): p. 126-8.

80.Blennow, K., A. Wallin, P. Fredman, I. Karlsson, C.G. Gottfries, and L. Svennerholm,
Blood-brain barrier disturbance in patients with Alzheimer's disease is related to vascular
factors. Acta Neurol Scand, 1990. 81(4): p. 323-6.

81.Hulstaert, F., K. Blennow, A. Ivanoiu, H.C. Schoonderwaldt, M. Riemenschneider, P.P.
De Deyn, C. Bancher, P. Cras, J. Wiltfang, P.D. Mehta, K. Igbal, H. Pottel, E. Vanmechelen,
and H. Vanderstichele, Improved discrimination of AD patients using beta-amyloid(1-42) and
tau levels in CSF. Neurology, 1999. 52(8): p. 1555-62.

82.Blennow, K., A. Wallin, H. Agren, C. Spenger, J. Siegfried, and E. Vanmechelen, Tau

protein in cerebrospinal fluid: a biochemical marker for axonal degeneration in Alzheimer
disease? Mol Chem Neuropathol, 1995.26(3): p. 231-45.

60



References

83.Motter, R., C. Vigo-Pelfrey, D. Kholodenko, R. Barbour, K. Johnson-Wood, D. Galasko,
L. Chang, B. Miller, C. Clark, R. Green, and et al., Reduction of beta-amyloid peptide42 in
the cerebrospinal fluid of patients with Alzheimer's disease. Ann Neurol, 1995. 38(4): p. 643-
8.

84.Andreasen, N., C. Hesse, P. Davidsson, L. Minthon, A. Wallin, B. Winblad, H.
Vanderstichele, E. Vanmechelen, and K. Blennow, Cerebrospinal fluid beta-amyloid(1-42) in
Alzheimer disease: differences between early- and late-onset Alzheimer disease and stability
during the course of disease [see comments]. Arch Neurol, 1999. 56(6): p. 673-80.

85.Blennow, K. and E. Vanmechelen, Combination of the different biological markers for
increasing specificity of in vivo Alzheimer's testing. J Neural Transm Suppl, 1998. 53: p. 223-
35;

86.Palmert, M.R., M. Usiak, R. Mayeux, M. Raskind, W.W. Tourtellotte, and S.G. Younkin,
Soluble derivatives of the beta amyloid protein precursor in cerebrospinal fluid: alterations in
normal aging and in Alzheimer's disease. Neurology, 1990. 40(7): p. 1028-34.

87.Prior, R., U. Monning, U. Schreiter-Gasser, A. Weidemann, K. Blennow, C.G. Gottfries,
C.L. Masters, and K. Beyreuther, Quantitative changes in the amyloid beta A4 precursor
protein in Alzheimer cerebrospinal fluid. Neurosci Lett, 1991. 124(1): p. 69-73.

88.Van Nostrand, W.E., S.L. Wagner, W.R. Shankle, J.S. Farrow, M. Dick, J.M. Rozemuller,
M.A. Kuiper, E.C. Wolters, J. Zimmerman, C.W. Cotman, and et al., Decreased levels of
soluble amyloid beta-protein precursor in cerebrospinal fluid of live Alzheimer disease
patients. Proc Natl Acad Sci U S 4, 1992. 89(7): p. 2551-5.

89.Hock, C., S. Golombowski, F. Muller-Spahn, W. Naser, K. Beyreuther, U. Monning, D.
Schenk, C. Vigo-Pelfrey, A.M. Bush, R. Moir, R.E. Tanzi, J.H. Growdon, and R.M. Nitsch,
Cerebrospinal fluid levels of amyloid precursor protein and amyloid beta-peptide in
Alzheimer's disease and major depression - inverse correlation with dementia severity. Eur
Neurol, 1998.39(2): p. 111-8.

90.Sjogren, M., P. Davidsson, C.G. Gottfries, H. Vanderstichele, A. Edman, E. Vanmechelen,
A. Wallin, and K. Blennow, The CSF levels of tau, gap-43 and APP correlate in alzheimer's
disease reflecting a common pathophysiologic process. Dement Geriatr Cogn Disord, 2001.
12: p. 257-64.

91.Vanmechelen, E., H. Vanderstichele, P. Davidsson, E. Van Kerschaver, B. Van Der Perre,
M. Sjogren, N. Andreasen, and K. Blennow, Quantification of tau phosphorylated at threonine
181 in human cerebrospinal fluid: a sandwich ELISA with a synthetic phosphopeptide for
standardization. Neurosci Lett, 2000. 285(1): p. 49-52.

92.Sjogren, M., P. Davidsson, M. Tullberg, L. Minthon, A. Wallin, C. Wikkelso, A.K.
Granerus, H. Vanderstichele, E. Vanmechelen, and K. Blennow, Both total and
phosphorylated tau are increased in Alzheimer's disease. J Neurol Neurosurg Psychiatry,
2001. 70(5): p. 624-30.

93.Buerger, K., R. Zinkowski, S.J. Teipel, T. Tapiola, H. Arai, K. Blennow, N. Andreasen, K.
Hofmann-Kiefer, J. DeBernardis, D. Kerkman, C. McCulloch, R. Kohnken, F. Padberg, T.

61



References

Pirttila, M.B. Schapiro, S.I. Rapoport, H.J. Moller, P. Davies, and H. Hampel, Differential
diagnosis of Alzheimer disease with cerebrospinal fluid levels of tau protein phosphorylated
at threonine 231. Arch Neurol, 2002. 59(8): p. 1267-72.

94.Hu, Y.Y., S.S. He, X. Wang, Q.H. Duan, I. Grundke-Igbal, K. Igbal, and J. Wang, Levels
of nonphosphorylated and phosphorylated tau in cerebrospinal fluid of Alzheimer's disease
patients : an ultrasensitive bienzyme- substrate-recycle enzyme-linked immunosorbent assay.
Am J Pathol, 2002. 160(4): p. 1269-78.

95.Landen, M., C. Hesse, P. Fredman, B. Regland, A. Wallin, and K. Blennow,
Apolipoprotein E in cerebrospinal fluid from patients with Alzheimer's disease and other
forms of dementia is reduced but without any correlation to the apoE4 isoform. Dementia,
1996. 7(5): p. 273-8.

96.Hesse, C., H. Larsson, P. Fredman, L. Minthon, N. Andreasen, P. Davidsson, and K.
Blennow, Measurement of apolipoprotein E (apoE) in cerebrospinal fluid. Neurochem Res,
2000. 25(4): p. 511-7.

97 Lefranc, D., P. Vermersch, J. Dallongeville, C. Daems-Monpeurt, H. Petit, and A.
Delacourte, Relevance of the quantification of apolipoprotein E in the cerebrospinal fluid in
Alzheimer's disease. Neurosci Lett, 1996. 212(2): p. 91-4.

98.Hahne, S., C. Nordstedt, A. Ahlin, and H. Nyback, Levels of cerebrospinal fluid
apolipoprotein E in patients with Alzheimer's disease and healthy controls. Neurosci Lett,
1997. 224(2): p. 99-102.

99 .Blennow, K., P. Davidsson, A. Wallin, P. Fredman, C.G. Gottfries, I. Karlsson, J.E.
Mansson, and L. Svennerholm, Gangliosides in cerebrospinal fluid in 'probable Alzheimer's
disease’. Arch Neurol, 1991. 48(10): p. 1032-5.

100.Blennow, K., P. Davidsson, A. Wallin, and R. Ekman, Chromogranin A in cerebrospinal
fluid: a biochemical marker for synaptic degeneration in Alzheimer's disease? Dementia,
1995. 6(6): p. 306-11.

101.Davidsson, P., R. Jahn, J. Bergquist, R. Ekman, and K. Blennow, Synaptotagmin, a
synaptic vesicle protein, is present in human cerebrospinal fluid: a new biochemical marker
for synaptic pathology in Alzheimer disease? Mol Chem Neuropathol, 1996. 27(2): p. 195-
210.

102.Goldman, D., C.R. Merril, and M.H. Ebert, Two-dimensional gel electrophoresis of
cerebrospinal fluid proteins. Clin Chem, 1980. 26(9): p. 1317-22.

103.Wiederkehr, F., A. Ogilvie, and D.J. Vonderschmitt, Cerebrospinal fluid proteins studied
by two-dimensional gel electrophoresis and immunoblotting technique. J Neurochem, 1987.
49(2): p. 363-72.

104.Merril, C.R., M.P. Goldstein, J.E. Myrick, G.J. Creed, and P.F. Lemkin, The protein

disease database of human body fluids: I. Rationale for the development of this database. App/
Theor Electrophor, 1995. 5(2): p. 49-54.

62



References

105.Mattila, K., T. Pirttila, and H. Frey, Horizontal two-dimensional electrophoresis of
cerebrospinal fluid proteins with immobilized pH gradients in the first dimension.
Electrophoresis, 1990. 11(1): p. 91-2.

106.Alafuzoff, I., R. Adolfsson, G. Bucht, E. Jellum, P.D. Mehta, and B. Winblad, Isoelectric
focusing and two-dimensional gel electrophoresis in plasma and cerebrospinal fluid from
patients with dementia. Eur Neurol, 1986. 25(4): p. 285-9.

107.Davidsson, P., A. Westman-Brinkmalm, C.L. Nilsson, M. Lindbjer, L. Paulson, N.
Andreasen, M. Sjogren, and K. Blennow, Proteome analysis of cerebrospinal fluid proteins in
Alzheimer patients. Neuroreport, 2002. 13(5): p. 611-5.

108.Raymackers, J., A. Daniels, V. De Brabandere, C. Missiaen, M. Dauwe, P. Verhaert, E.
Vanmechelen, and L. Meheus, Identification of two-dimensionally separated human
cerebrospinal fluid proteins by N-terminal sequencing, matrix-assisted laser
desorption/ionization--mass spectrometry, nanoliquid chromatography- electrospray
ionization-time of flight-mass spectrometry, and tandem mass spectrometry. Electrophoresis,
2000. 21(11): p. 2266-83.

109.Sickmann, A., W. Dormeyer, S. Wortelkamp, D. Woitalla, W. Kuhn, and H.E. Meyer,
Identification of proteins from human cerebrospinal fluid, separated by two-dimensional
polyacrylamide gel electrophoresis. Electrophoresis, 2000. 21(13): p. 2721-8.

110.Sickmann, A., W. Dormeyer, S. Wortelkamp, D. Woitalla, W. Kuhn, and H.E. Meyer,
Towards a high resolution separation of human cerebrospinal fluid. J Chromatogr B Analyt
Technol Biomed Life Sci, 2002. 771(1-2): p. 167- 196.

111.Yuan, X., T. Russell, G. Wood, and D.M. Desiderio, Analysis of the human lumbar
cerebrospinal fluid proteome. Electrophoresis, 2002. 23(7-8): p. 1185-1196. [doi].

112.Wasinger, V.C., S.J. Cordwell, A. Cerpa-Poljak, J.X. Yan, A.A. Gooley, M.R. Wilkins,
M.W. Duncan, R. Harris, K.L. Williams, and I. Humphery-Smith, Progress with gene-product
mapping of the Mollicutes: Mycoplasma genitalium. Electrophoresis, 1995. 16(7): p. 1090-4.

113.0'Farrell, P.H., High resolution two-dimensional electrophoresis of proteins. J Biol
Chem, 1975.250(10): p. 4007-21.

114 Klose, J., Protein mapping by combined isoelectric focusing and electrophoresis of mouse
tissues. A novel approach to testing for induced point mutations in mammals. Humangenetik,
1975. 26(3): p. 231-43.

115.Laemmli, U.K., Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature, 1970. 227(259): p. 680-5.

116.Patterson, S.D., Matrix-assisted laser-desorption/ionization mass spectrometric

approaches for the identification of gel-separated proteins in the 5-50 pmol range.
Electrophoresis, 1995. 16(7): p. 1104-14.

63



References

117.Neubauer, G. and M. Mann, Mapping of phosphorylation sites of gel-isolated proteins by
nanoelectrospray tandem mass spectrometry: potentials and limitations. Anal Chem, 1999.
71(1): p. 235-42.

118.Karas, M. and F. Hillenkamp, Laser desorption ionization of proteins with molecular
masses exceeding 10,000 daltons. Anal Chem, 1988. 60(20): p. 2299-301.

119.Patterson, S.D. and R. Aebersold, mass spectrometric approaches for the identification of
gel-separated proteins. Electrophoresis, 1995. 16: p. 1791-1814.

120.Tang, X., R. Beavis, W. Ens, B. Lafortune, B. Schueler, and K.G. Standing, A secondary
ion time-of-flight mass spectrometer with an ion mirror. Int J Mass Spectrom and Ion
Process, 1988. 85: p. 43-67.

121.Folstein, M.F., S.E. Folstein, and P.R. McHugh, "Mini-mental state". A practical method
for grading the cognitive state of patients for the clinician. J Psychiatr Res, 1975. 12(3): p.
189-98.

122.Cockrell, J.R. and M.F. Folstein, Mini-Mental State Examination (MMSE).
Psychopharmacol Bull, 1988. 24(4): p. 689-92.

123.Arand, M., T. Friedberg, and F. Oesch, Colorimetric quantitation of trace amounts of
sodium lauryl sulfate in the presence of nucleic acids and proteins. 4nal Biochem, 1992.
207(1): p. 73-5.

124.Westman, A., G. Karlsson, and R. Ekman, A comparison of MALDI-MS sample
preparation strategies for proteins in complex biological mixtures. Proc. [4th International
Mass Spectrometry Conference, Tampere, Finland., 1998.

125.Wikkelso, C., C. Blomstrand, and L. Ronnback, Separation of cerebrospinal fluid specific
proteins -- a methodological study. Part I. J Neurol Sci, 1980. 44(2-3): p. 247-57.

126.Wikkelso, C., M. Andersson, C. Von Essen, L. Ronnback, and C. Blomstrand, Separation
of cerebrospinal fluid-enriched proteins. A methodological study, Part 2. J Neurol Sci, 1983.
60(3): p. 419-29.

127.Leone, M.G., L. Saso, A. Del Vecchio, M.Y. Mo, B. Silvestrini, and C.Y. Cheng,
Micropurification of two human cerebrospinal fluid proteins by high performance
electrophoresis chromatography. J Neurochem, 1993. 61(2): p. 533-40.

128.Davidsson, P., R. Ekman, and K. Blennow, A new procedure for detecting brain-specific
proteins in cerebrospinal fluid. J Neural Transm, 1997. 104(6-7): p. 711-20.

129.Nilsson, C.L., M. Puchades, A. Westman, and P. Davidsson, Identification of proteins in
pleural exudate using two-dimensional preparative liquid phase electrophoresis and matrix-
assisted laser desorption/ionization mass spectrometry. Electrophoresis, 1999. 20: p. 860-5.

130.Corthals, G.L., M.P. Molloy, B.R. Herbert, K.L. Williams, and A.A. Gooley,

Prefractionation of protein samples prior to two-dimensional electrophoresis. Electrophoreszs
1997. 18(3-4): p. 317-23.

64



References

131.Zuo, X., L. Echan, P. Hembach, H.Y. Tang, K.D. Speicher, D. Santoli, and D.W.
Speicher, Towards global analysis of mammalian proteomes using sample prefractionation
prior to narrow pH range two-dimensional gels and using one-dimensional gels for insoluble
and large proteins. Electrophoresis, 2001. 22(9): p. 1603-15.

132.Schlaf, G., C. Salje, A. Wetter, K. Stuertz, K. Felgenhauer, and M. Mader, Determination
of synapsin I and synaptophysin in body fluids by two- site enzyme-linked immunosorbent
assays. J Immunol Methods, 1998. 213(2): p. 191-9.

133.Perdahl, E., R. Adolfsson, I. Alafuzoff, K.A. Albert, E.J. Nestler, P. Greengard, and B.
Winblad, Synapsin I (protein I) in different brain regions in senile dementia of Alzheimer type
and in multi-infarct dementia. J Neural Transm, 1984. 60(2): p. 133-41.

134.Parks, K.M., J.E. Sugar, V. Haroutunian, L. Bierer, D. Perl, and W.C. Wallace, Reduced
in vitro phosphorylation of synapsin I (site 1) in Alzheimer's disease postmortem tissues.
Brain Res Mol Brain Res, 1991. 9(1-2): p. 125-34.

135.Bolay, H., Y. Gursoy-Ozdemir, Y. Sara, R. Onur, A. Can, and T. Dalkara, Persistent
defect in transmitter release and synapsin phosphorylation in cerebral cortex after transient
moderate ischemic injury. Stroke, 2002. 33(5): p. 1369-75.

136.Vijayan, S., E. El-Akkad, I. Grundke-Igbal, and K. Igbal, A pool of beta-tubulin is
hyperphosphorylated at serine residues in Alzheimer disease brain. FEBS Lett, 2001. 509(3):
p. 375-81.

137.Igbal, K., C. Alonso Adel, E. El-Akkad, C.X. Gong, N. Haque, S. Khatoon, J.J. Pei, L.
Tsujio, J.Z. Wang, and [. Grundke-Igbal, Significance and mechanism of Alzheimer
neurofibrillary degeneration and therapeutic targets to inhibit this lesion. J Mol Neurosci,
2002. 19(1-2): p. 95-9.

138.Beavis, R.C. and B.T. Chait, Rapid, sensitive analysis of protein mixtures by mass
spectrometry. Proc Natl Acad Sci U S 4, 1990. 87(17): p. 6873-7.

139.Kallweit, U., K.O. Bornsen, G.M. Kresbach, and H.M. Widmer, Matrix compatible
buffers for analysis of proteins with matrix-assisted laser desorption/ionization mass
spectrometry. Rapid Commun Mass Spectrom, 1996. 10: p. 845-849.

140.Konigsberg, W.H. and L. Henderson, Removal of sodium dodecyl sulfate from proteins
by ion-pair extraction. Methods Enzymol, 1983. 91: p. 254-9.

141.Amado, F.M.L., M.G. Santana-Marques, A.J. Ferrer-Correia, and K.B. Tomer, Analysis
of peptide and protein samples containing surfactants by MALDI-MS. Anal. Chem., 1997. 69:
p. 1102-1106.

142.Cohen, S.L. and B.T. Chait, Influence of matrix solution conditions on the MALDI-MS
analysis of peptides and proteins. Anal Chem, 1996. 68(1): p. 31-7.

143.Gharahdaghi, F., M. Kirchner, J. Fernandez, and S.M. Mische, Peptide-mass profiles of
polyvinylidene difluoride-bound proteins by matrix-assisted laser desorption/ionization time-

65



References

of-flight mass spectrometry in the presence of nonionic detergents. Anal Biochem, 1996.
233(1): p. 94-9.

144.Yvon, S., D. Rolland, J.P. Charrier, and M. Jolivet, An alternative for purification of low
soluble recombinant hepatitis C virus core protein: preparative two-dimensional
electrophoresis. Electrophoresis, 1998. 19(8-9): p. 1300-5.

145 Masuoka, J., P.M. Glee, and K.C. Hazen, Preparative isoelectric focusing and preparative
electrophoresis of hydrophobic Candida albicans cell wall proteins with in-line transfer to
polyvinylidene difluoride membranes for sequencing. Electrophoresis, 1998. 19(5): p. 675-8.

146.Wall, D.B., M.T. Kachman, S. Gong, R. Hinderer, S. Parus, D.E. Misek, S.M. Hanash,
and D.M. Lubman, Isoelectric focusing nonporous RP HPLC: a two-dimensional liquid-phase
separation method for mapping of cellular proteins with identification using MALDI-TOF
mass spectrometry. Anal Chem, 2000. 72(6): p. 1099-111.

147 Davidsson, P., S. Folkesson, M. Christiansson, M. Lindbjer, B. Delheden, K. Blennow,
and A. Westman-Brinkmalm, Identification of proteins in human cerebrospinal fluid using
liquid phase isoelectric focusing as a prefractionation step followed by two-dimensional
electrophoresis and matrix-assisted laser desorption/ionisation mass spectrometry. Rapid
Commun Mass Spectrom, 2002. 16: p. 2083-2088.

148.Jarvik, G.P., E.M. Wijsman, W.A. Kukull, G.D. Schellenberg, C. Yu, and E.B. Larson,
Interactions of apolipoprotein E genotype, total cholesterol level, age, and sex in prediction of
Alzheimer's disease: a case-control study. Neurology, 1995. 45(6): p. 1092-6.

149.May, P.C., M. Lampert-Etchells, S.A. Johnson, J. Poirier, J.N. Masters, and C.E. Finch,
Dynamics of gene expression for a hippocampal glycoprotein elevated in Alzheimer's disease
and in response to experimental lesions in rat. Neuron, 1990. 5(6): p. 831-9.

150.Ghiso, J., E. Matsubara, A. Koudinov, N.H. Choi-Miura, M. Tomita, T. Wisniewski, and
B. Frangione, The cerebrospinal-fluid soluble form of Alzheimer's amyloid beta is complexed
to SP-40,40 (apolipoprotein J), an inhibitor of the complement membrane-attack complex.
Biochem J, 1993. 293(Pt 1): p. 27-30.

151.Lidstrom, A.M., C. Hesse, L. Rosengren, P. Fredman, P. Davidsson, and K. Blennow,
Normal levels of clusterin in cerebrospinal fluid in Alzheimer's disease, and no change after
acute ischemic stroke. J Alzheimers Dis, 2001. 3(5): p. 435-442.

152 Maury, C.P. and A.M. Teppo, Immunodetection of protein composition in cerebral
amyloid extracts in Alzheimer's disease: enrichment of retinol-binding protein. J Neurol Sci,
1987. 80(2-3): p. 221-8. :

153.Aoyagi, T., T. Wada, M. Nagai, F. Kojima, S. Harada, T. Takeuchi, H, Takahashi, K.
Hirokawa, and T. Tsumita, Deficiency of kallikrein-like enzyme activities in cerebral tissue of
patients with Alzheimer's disease. Experientia, 1990. 46(1): p. 94-7.

154.Bergamaschini, L., L. Parnetti, D. Pareyson, S. Canziani, M. Cugno, and A. Agostoni,

Activation of the contact system in cerebrospinal fluid of patients with Alzheimer disease.
Alzheimer Dis Assoc Disord, 1998. 12(2): p. 102-8.

66



References

155.Bergamaschini, L., C. Donarini, G. Gobbo, L. Parnetti, and V. Gallai, Activation of
complement and contact system in Alzheimer's disease. Mech Ageing Dev, 2001. 122(16): p.
1971-83.

156.Joseph, K., Y. Shibayama, Y. Nakazawa, E.I. Peerschke, B. Ghebrehiwet, and A.P.
Kaplan, Interaction of factor XII and high molecular weight kininogen with cytokeratin 1 and
gCl1qR of vascular endothelial cells and with aggregated Abeta protein of Alzheimer's
disease. Immunopharmacology, 1999. 43(2-3): p. 203-10.

157.Gollin, P.A., R.N. Kalaria, P. Eikelenboom, A. Rozemuller, and G. Perry, Alpha 1-
antitrypsin and alpha 1-antichymotrypsin are in the lesions of Alzheimer's disease.
Neuroreport, 1992. 3(2): p. 201-3.

158.Szweras, M., D. Liu, E.A. Partridge, J. Pawling, B. Sukhu, C. Clokie, W. Jahnen-
Dechent, H.C. Tenenbaum, C.J. Swallow, M.D. Grynpas, and J.W. Dennis, alpha 2-HS
glycoprotein/fetuin, a transforming growth factor-beta/bone morphogenetic protein
antagonist, regulates postnatal bone growth and remodeling. J Biol Chem, 2002, 277(22): p.
19991-7.

159.Merched, A., .M. Serot, S. Visvikis, D. Aguillon, G. Faure, and G. Siest, Apolipoprotein
E, transthyretin and actin in the CSF of Alzheimer's patients: relation with the senile plaques
and cytoskeleton biochemistry. FEBS Lett, 1998. 425(2): p. 225-8.

160.Johnson, G., D. Brane, W. Block, D.P. van Kammen, J. Gurklis, J.L. Peters, R.J. Wyatt,
D.G. Kirch, H.A. Ghanbari, and C.R. Merril, Cerebrospinal fluid protein variations in
common to Alzheimer's disease and schizophrenia. Appl Theor Electrophor, 1992. 3(2): p.
47-53,

161.Choe, L.H., M.J. Dutt, N. Relkin, and K.H. Lee, Studies of potential cerebrospinal fluid
molecular markers for Alzheimer's disease. Electrophoresis, 2002. 23(14): p. 2247-51.

162.Carette, O., I. Demalte, A. Scherl, O. Yalkinoglu, G. Koenig, P.R. Burkhard, A.C.
Hochstrasser, and J.C. Sanchez. 4 panel of CSF biomarkers for the diagnostic of Alzheimer
disease. in 5th Siena meeting, from genome to proteome: functional proteomics. 2002. Italy.

163.Davidsson, P., M. Sj6gren, N. Andreasen, C.L. Nilsson, M. Lindbjer, K. Blennow, and A.
Westman-Brinkmalm, Studies of the pathophysiological mechanisms in frontotemporal
dementia by proteome analysis of cerebrospinal fluid proteins. Molecular Brain Research.,
2002. In press.

164.Fey, S.J. and P.M. Larsen, 2D or not 2D. Two-dimensional gel electrophoresis. Curr
Opin Chem Biol, 2001. 5(1): p. 26-33.

165.Wiederkehr, F., M.R. Bueler, M. Wacker, and D.J. Vonderschmitt, Study of human
cerebrospinal fluid proteins by size exclusion-high performance liquid chromatography and

two-dimensional gel electrophoresis. Electrophoresis, 1989. 10(7): p. 480-8.

166.Wildenauer, D.B., D. Korschenhausen, W. Hoechtlen, M. Ackenheil, M. Kehl, and F.
Lottspeich, Analysis of cerebrospinal fluid from patients with psychiatric and neurological

67



References

disorders by two-dimensional electrophoresis: identification of disease-associated
polypeptides as fibrin fragments. Electrophoresis, 1991. 12(7-8): p. 487-92.

167.Davidsson, P. and C.L. Nilsson, Peptide mapping of proteins in cerebrospinal fluid
utilizing a rapid preparative two-dimensional electrophoretic procedure and matrix- assisted
laser desorption/ionization mass spectrometry. Biochim Biophys Acta, 1999. 1473(2-3): p.
391-9.

168.Davidsson, P., L. Paulson, C. Hesse, K. Blennow, and C.L. Nilsson, Proteome studies of
human cerebrospinal fluid and brain tissue using a preparative two-dimensional
electrophoresis approach prior to mass spectrometry. Proteomics, 2001. 1(3): p. 444-52.

169.0h-Ishi, M., M. Satoh, and T. Maeda, Preparative two-dimensional gel electrophoresis

with agarose gels in the first dimension for high molecular mass proteins. Electrophoresis,
2000. 21(9): p. 1653-69.

68



P& grund av upphovsrittsliga skal kan vissa ingdende delarbeten ej publiceras har.
For en fullstindig lista av ingaende delarbeten, se avhandlingens bdrjan.

Due to copyright law limitations, certain papers may not be published here.
For a complete list of papers, see the beginning of the dissertation.

GOTEBORGS UNIVERSITET

GOTEBORGS UNIVERSITETSBIBLIOTEK



DOCTORAL THESES FROM THE INSTITUTE OF CLINICAL NEUROSCIENCE,
DEPARTMENT OF PSYCHIATRY AND NEUROCHEMISTRY, GOTEBORG UNIVERSITY,
SAHLGRENSKA UNIVERSITY HOSPITAL/MOLNDAL

1.

2
3.

Gunnar Hambert (1966) Males with positive sex chromatin. An epidemiological
investigation followed by psychiatric study of seventy-five cases.

Jan Walinder (1967) Transsexualism. A study of forty-three cases.

Torgny Persson (1970) Catecholamine turnover in central nervous system as elucidated
with radioactive tyrosine and dopa with synthesis inhibitors.

4. Rolf Ohman (1970) Metabolism of gangliosides.

10.
11.
. Ingvar Karlsson (1974) Effects of low dietary levels of essential fatty acids and protein on

13
14.
15,

16.

17

19.

20.

21.
22
23.
24.

25.
26.
2
28.

Gunnel Melbin (1971) Traffic accidents and mental health. Frequency of psychiatric
records among accident drivers and comparison between offence rates of young accident
drivers with and without a psychiatric record.

Miérten Holm (1972) Metabolism and function of gangliosides.

Tore Hillstrom (1973) Mental disorder and sexuality in the climacteric. A study in
psychiatric epidemiology.

Jan Wahlstrom (1973) Prenatal analysis of the chromosome constitution. Examination of
cells from the amniotic fluid of pregnant women aged 35 and over.

Christer Alling (1974) Essential fatty acid malnutrition and brain development.

Ake Bruce (1974) Phospholipids of the skeletal muscle.

Per Dalén (1974) Season of birth in schizophrenia and other mental disorders.

the biochemical brain development in rat.

Jan-Eric Ménsson (1974) Structures and distribution of gangliosides in human tissues.
Ragnar Olegérd (1974) Metabolism of blood lipids in newborn infants.

Leif Wallin (1974) Severe mental retardation in a Swedish industrial town. An
epidemiological and clinical investigation.

Marie Thérése Vanier (1974) Contribution a ’étude des lipides cérébraux au cours du
dévelopement chez le foetus et le jeune enfant.

. Marie Thérése Vanier (1974) Chemical pathology of Krabbe’s disease.
18.

Staffan Olanders (1975) Females with supernumerary X chromosomes. A study of 39
psychiatric cases.

Ernest Hard (1976) The drinking pattern in the rat and its modulation through the effect of
taste and previous experience.

UIf Lekholm (1976) Oral epithelial lipids and their relation to oral carcinogenesis in the
rat.

Annika Skott (1978) Delusions of infestation. Dermatozoenwahn - Ekbom’s syndrome.
Pam Fredman (1979) Structure and function of gangliosides.
Gunilla H&kansson (1979) Biochemical studies of norrbottnian type of Gaucher disease.

Jan Balldin (1981) Experimental and clinical studies on neuroendocrine and behavioural
effects of electroconvulsive therapy.

Bengt Lundstrdm (1981) Gender Dysphoria. A social-psychiatric follow-up.
Olle Nilsson (1982) Glycolipid changes in Gaucher disease.
Ragnhild Norén (1982) Comparative studies of central nervous system and lipids.

Borje Karlsson (1984) Myelin basic protein. Assay conditions and occurrence in human
cerebrospinal fluid.









