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Abstract. Biomarkers for neurodegenerative diseases should reflect the central pathogenic processes of the diseases. The field of
clinical proteomics is especially well suited for discovery of biomarkers in cerebrospinal fluid (CSF), which reflects the proteins in
the brain under healthy conditions as well as in several neurodegenerative diseases. Known proteins involved in the pathology of
neurodegenerative diseases are, respectively, normal tau protein, β-amyloid (1-42), synaptic proteins, amyloid precursor protein
(APP), apolipoprotein E (apoE), which previously have been studied by protein immunoassays. The objective of this paper
was to summarize results from proteomic studies of differential protein patterns in neurodegenerative diseases with focus on
Alzheimer’s disease (AD). Today, discrimination of AD from controls and from other neurological diseases has been improved
by simultaneous analysis of both β-amyloid (1-42), total-tau, and phosphorylated tau, where a combination of low levels of
CSF-β-amyloid 1-42 and high levels of CSF-tau and CSF-phospho-tau is associated with an AD diagnosis. Detection of new
biomarkers will further strengthen diagnosis and provide useful information in drug trials. The combination of immunoassays
and proteomic methods show that the CSF proteins express differential protein patterns in AD, FTD, and PD patients, which
reflect divergent underlying pathophysiological mechanisms and neuropathological changes in these diseases.
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1. Introduction

In recent years, there has been a growing interest in
applying proteomics to research on clinical diagnostics
and predictive medicine of neurodegenerative disor-
ders. The goal of this research has been to identify dis-
ease markers, i.e. diagnostic biomarkers, with or with-
out association to known pathophysiological mecha-
nisms and that can be used to improve the accuracy
of the clinical diagnosis. The process of biomarker
discovery involves analysis of biomarkers in clinical
human samples or samples from animal models for
example peptide and proteins profiling, lipid analysis,
metabonomics or morphological studies. Since pro-
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teins are responsible for almost all biological processes
in an organism, changes in the concentration and/or to
their structures are likely to reflect the effects of a dis-
ease, thereby making proteins attractive candidates in
biomarker discovery.

By using proteomics in biomarker discovery, the type
and concentration of a protein (or a group of proteins)
can be followed at any given time in a proteome and the
correlation of those patterns present in a “disease state”
as compared to “healthy state” can be of high diagnostic
value as well as of value to understanding the underly-
ing mechanisms of the disease. These disease-specific
proteins can assist medicine by enabling earlier detec-
tion and treatment of a disease. Because disease often
will involve a changed expression of a protein pattern,
a combination of several biomarkers is generally more
effective than a single one.

The clinical picture commonly determines the diag-
nosis and progression of neurodegenerative diseases,
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however the neuropathological investigation gives the
definite diagnosis. Sometimes, the clinical picture is
vague or complex and clinical diagnostic decisions are
difficult to make. To facilitate an early diagnosis, addi-
tional diagnostic tools would be of great interest. The
field of clinical proteomics is especially well suited for
discovery of biomarkers in cerebrospinal fluid (CSF),
which reflects the proteins in the brain under healthy
conditions as well as in several neurodegenerative dis-
eases.

There are two strategies for the search of protein
biomarkers in body compartments: One is the direct
search in peripheral fluids where the biomarker con-
centration is expected to be relatively low and today’s
detection methods will not allow their identification.
The other approach is the search for new biomarkers in
diseased tissue where the biomarker protein is present
at a higher concentration facilitating the protein identi-
fication by mass spectrometry (MS). An inherent risk in
the tissue approach is the fact that the candidate marker
identified in tissue cannot be detected in CSF or serum.

Post-mortem brain tissue has the advantage of allow-
ing direct analysis of proteins from specific regions. It
is, however, questionable whether pathophysiological
mechanisms can be elucidated from autopsy material,
because it is not possible to define what started the pro-
cess. Biopsies, on the contrary, taken during surgery
may reflect chemistry of a living brain, however, ethic
considerations make it a difficult issue.

Body fluids, such as CSF, serum, or urine, represents
a cellular, protein-rich information reservoir that con-
tains traces of what has been encountered during its cir-
culation throughout the body. Being easily accessible,
and present in sufficient amounts for protein profiling,
body fluids offer an attractive medium to biomarker
analysis. Analysis of CSF is so far the most convenient
method for studying the biology of neurodegenerative
diseases in living patients, and has been used as a major
diagnostic tool for a wide range of conditions affecting
both the central and the perifer nervous system.

Biomarkers for neurodegenerative diseases should
reflect the central pathogenic processes of the diseases
for example the neuronal degeneration, the disturbance
in the beta-amyloid (Aβ) metabolism or the synaptic
loss in AD pathology. Known proteins involved in
the pathology of neurodegenerative diseases are, re-
spectively, normal tau protein, Aβ-42, synaptic pro-
teins, amyloid precursor protein (APP), apolipoprotein
E (apoE), which previously have been studied by im-
munoassays by us and several other groups.

The objective of this paper was to summarize re-
sults from proteomic studies of differential protein

patterns in neurodegenerative diseases with focus on
Alzheimer’s disease (AD).

2. Proteomics methods for the identification of
diagnostic markers

Proteomic research combines high-resolution sep-
aration techniques applied to complex protein mix-
tures with state-of-the-art identification methods such
as mass spectrometry (MS) or immunoassays. It is gen-
erally agreed that none of the existing separation and
identification methodologies on its own can give a full
account of the protein composition or the protein ex-
pression in complex mixtures e.g. biological fluids such
as CSF, serum, urine, or tissue extracts. This limitation,
however, has not prevented the use of existing methods
or the combination of existing technologies to provide
valuable information on a wide range of proteins, es-
pecially when either their absence or presence or their
level of expression can be correlated to a disease state.

For a global proteomic study, two-dimensional gel
electrophoresis (2-DE), a combination of prefractiona-
tion and 2-DE, or multi-parametric immunoassays will
be used to study expression and post translational mod-
ification of proteins, while preparative 2-DE or 2-D liq-
uid chromatography (LC) coupled to tandem MS will
be used for identification and discovery of new protein
biomarkers. The use of a combined strategy for pep-
tide/ protein profiling of CSF is expected to offer new
perspectives for the discovery of new biomarkers.

2.1. Two-dimensional gel electrophoresis

After nearly thirty years, 2-DE is still the method of
choice for separating, comparing and detecting quanti-
tative changes in biomarker expression patterns [41,58,
76,96]. Proteins are separated according to their charge
and their molecular weight, allowing resolution of mul-
tiple isoforms and variants of the same proteins. When
coupled to MS, individual polypeptide components can
be identified. However, there is still a resistance to the
widespread use of 2-D gels. One reason is the hard
work involved in the separation technology. Another
limitation are the in-build limitations of the technol-
ogy that several classes of proteins are difficult to re-
solve including acidic/alkaline proteins, and hydropho-
bic proteins. Quantitative measurements are limited
to a narrow dynamic range, and as a result, the major
abundant proteins mask lower abundance proteins. In
spite of that, 2-D gels have been used successfully for
differential protein display in biomarker discovery of
neurodegenerative diseases.
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2.2. Surface-enhanced laser desorption/ionization
mass spectrometry

Surface-enhanced laser desorption/ionization (SEL-
DI) MS is another proteomic approach for biomarker
discovery [16,74,75]. It combines two powerful tech-
niques; chromatography and MS. Proteins are cap-
tured either by adsorption, partition, electrostatic in-
teraction, or affinity chromatography on a solid-phase
protein-chip surface. The retained proteins are subse-
quently ionised and detected by time-of-flight (TOF)
MS. SELDI can provide a rapid protein expression pro-
file from a variety of biological samples. This system is
most effective for profiling low molecular weight pro-
teins up to 20 kDa, providing a complementary visual-
ization technique to 2-DE.

2.3. Prefractionation strategies

A few abundant proteins, i.e. albumin and im-
munoglobulins, limit the total amount of CSF or serum
proteins that can be loaded on the 1-D gels, 2-D gels or
by SELDI analysis, resulting in difficulties to detect low
abundant proteins. By using liquid phase isoelectric fo-
cusing (LP-IEF), first proposed by Bier [5] as a prefrac-
tionation step prior to 2-DE, we have previously shown
that less abundant CSF proteins can be enriched, thus
more easily detected and identified by MS [24]. Pro-
tein enrichment by LP-IEF has the advantage of being
a non-denaturating technique i.e. the peptides/proteins
usually retain their biological activity during the proce-
dure. The Rotofor cell has been developed for prepar-
ative scale, free solution IEF applications. Since the
separation is performed in liquid phase, no gel elution
or other steps are required. LP-IEF has been used in the
first dimension and in combination either with continu-
ous elution SDS-PAGE [22,70], immunoblotting [21],
or 1-D gels and electro elution in the second dimen-
sion of the protein separation [23]. An important ad-
vantage of using LP-IEF as a prefractionation step for
enrichment of CSF proteins is the high load capability
of the Rotofor cell, thereby making it possible to enrich
low abundant proteins in sufficient amounts for detec-
tion/quantification by MS. During several years alter-
native prefractionation methods prior to 2-DE has been
reported, each with its advantages and disadvantages.

A variety of depletion methods for specific removal
of high abundant proteins from body fluids have also
been developed. Several major strategies are avail-
able concerning the mechanisms of removal of human
serum albumun (HSA) and IgG. In the case of HSA,

binding can be achieved by either dye-ligands such as
the widely recognized Cibacron Blue F3GA and deriva-
tives thereof [35] or specific antibodies [93,101]. The
removal of IgG is commonly achieved by immobilizing
protein A or protein G onto the affinity resins, which
binds to the Fc region of the IgG [1,6,14], but specific
antibodies can also be used. Only a few comparative
studies of albumin and IgG depletion methods have
previously been performed [37,93]. However, addi-
tional depletion methodologies have recently become
available therefore five commercially available deple-
tion columns have been comprehensivelyevaluated and
compared regarding their efficiency, specificity and re-
producibility for removal of high abundant proteins in
biological fluids [7]. Our results showed that all five
depletion columns tested removed albumin and IgG
with high efficiency. We found that based on repro-
ducibility and binding specificity, the Multiple Affinity
Removal Column that removed a total of six high abun-
dant proteins (albumin, IgG, antitrypsin, IgA, transfer-
rin and haptoglobin) offered the most promising de-
pletion approach. Depleted serum from the Multiple
Affinity Removal column was further evaluated by 2-
DE analysis, and the results indicated increased reso-
lution and improved intensity of low abundant proteins
in a reproducible fashion [7].

2.4. 2-D LC-MS/MS and preparative 2-DE

An alternative proteomic approach for resolving
complex protein mixtures is 2-D LC coupled to
MS/MS [37,56,65]. The separation is performed in
a liquid chromatographic system consisting of two
columns with different separation mechanisms. 2-D
LC is time-consuming and this technique is not yet
suitable for clinical testing.

A strategy employing LP-IEF in the first dimension,
1-D gels in combination with gel elution in the second
dimension and MS/MS analysis has been used for dis-
covery and identification of proteins from human CSF
and brain tissue [23]. Advantages of this method com-
pared to 2-D LC are the speed of analysis and also the
easy handling.

3. Tau protein

Tau protein is a microtubule-associated protein found
in high concentration in the axon of neurons and glial
cells of the CNS. Tau proteins exist as many hetero-
geneous isoforms derived from both differential splic-
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ing of tau-mRNA and post-translation modification of
the protein. Characterization of tau protein from CSF
by the combination of LP-IEF and immunoblotting
showed that both phosphorylated and unphosphory-
lated tau isoforms are present in CSF, and the tau pro-
tein appeared both in truncated and as full length forms
in CSF [91].

Using monoclonal antibodies that detect all isoforms
of tau independent of phosphorylation, ELISA meth-
ods have been developed that measure “total” CSF tau
level [10,99,104]. An increase in CSF tau in AD pa-
tients has been found in a numerous of studies. The
sensitivity to identify AD patients varies between re-
ports, but has been around 80–90% [2,3,54], while its
specificity in differenting AD from normal aging has
been in the range of 85–90%. However, other studies
have found that high tau levels also are found in other
neurodegenerative diseases as for example in frontal
lobe dementia (FTD) [39], vascular dementia [10], and
Parkinson’s disease (PD) [69].

The level of CSF tau reflects the degree of neuronal
degeneration and damage [10]. This suggestion is sup-
ported by the findings that a marked transient increase
in CSF-tau is found after acute stroke, with a positive
correlation between CSF-tau and infarct size as mea-
sured by CT [49,51].

To further elucidate the involvement of total tau and
phosphorylated tau in various dementia disorders, the
CSF concentration of tau and phospho-tau in proba-
ble and possible AD, FTD, and, PD have been deter-
mined [91]. The results suggests that the CSF concen-
trations of tau and phosphotau are increased in about
two thirds of probable AD, and in half of those with
possible AD, but are normal in FTD, PD, and controls.
This probably reflects that different pathophysiologi-
cal mechanisms are active in various neurodegenerative
diseases.

4. Amyloid precursor protein

The amyloid precursor protein (APP) is a ubiqui-
tously expressed transmembrane glycoprotein. Differ-
ent ways of processing APP can occur involving at least
three types of proteolytic enzymes: α, β, or γ secre-
tase. The soluble forms of APP (α-sAPP and APP β-
sAPP) are present in brain and CSF [73,88]. Studies on
CSF from sporadic forms of AD patients compared to
healthy controls have not discriminated between these
two forms using sandwich enzyme linked immunosor-
bent assay methods [71]. Results from other studies

on the total level of sAPP in AD compared to controls
are contradictory, ranging from no significant differ-
ence [53], to lower levels [72,80,101].

5. Beta amyloid peptides

Under normal conditions the soluble Aβ peptides are
present in the brain and CSF [87]. Characterization
of soluble Aβ from CSF have revealed heterogeneity
with respect to the length of both the N-terminal and
C-terminal of Aβ [103]. The multiple forms of Aβ

peptides are also seen in the amyloid deposits [64]. Re-
cently, Wiltfang and colleagues found that another form
of Aβ, Aβ1-38 is present in higher concentration than
Aβ1-42 in CSF, and is thus the second most prominent
Aβ peptide specie in CSF [105].

Most studies have been focused on quantification
of the two Aβ peptides, Aβ1-40 and Aβ1-42 in CSF.
Using different assays specific for Aβ1-42, a marked
increase in Aβ1-42 in CSF-AD has been found in a
numerous of studies. However, one study found an
increase in Aβ1-42 in AD [57], which may be due to
methodological differences or differences in patient and
control groups. The sensitivity to identify AD patients
has been approximately 80–90%, while its specificity
in differencing AD from normal aging has been in the
range of 85–90% [34,54]. In contrast, the level of
CSF- Aβ1-40 is unchanged in AD patients compared
to healthy controls [55].

Lower levels of Aβ42 has also been found in FTD
and VAD patients [54,77,91]. The reduction of CSF-
Aβ1-42 is reflecting the deposition of the Aβ peptide
in senile plaques, with lower levels secreted to the CSF.

An Aβ SELDI immunoassay was first developed
to analyze different Aβ peptides found in cell culture
medium. The pattern of Aβ-peptides found in hu-
man CSF and in brain homogenate from AD patients
have been investigated using the same method [15,61].
These data suggest the presence of a novel Aβ peptide,
elongated at the C-terminus, corresponding to Aβ1-45
or Aβ1-46 according to its molecular mass in CSF.
This peptide was only observed in CSF of AD patients.
Moreover the signal corresponding to Aβ1-42 was de-
creased in the CSF of AD patients when compared with
non-demented controls, and consistent with the results
by ELISA quantitation.



P. Davidsson and M. Sjögren / The use of proteomics in biomarker discovery in neurodegenerative diseases 85

6. Apolipoprotein E

ApoE is an apolipoprotein with a molecular weight
of approximately 34 kDa. The apoE gene is located on
chromosome 19, and the protein consists of three iso-
forms occurring in varying frequency among the gen-
eral population: apoE2 (7–8%), E3 (77–78%) and E4
(14–16%) [31,84]. ApoE is normally circulating in
plasma and is a constituent of plasma lipoprotein parti-
cles mediating uptake of those into the cells [63,79,83].
In humans the brain is the second most important site
for biosynthesis of apoE [30]. In AD, microglial cells
surrounding the core of senile plaques (SPs), extracel-
lular deposits of aggregated β-amyloid, are positive for
apoE protein [98]. The results on apoE levels in AD
brain tissue are contradictory though, with apoE levels
reported unchanged or decreased in different AD-brain
regions [4,43,48,78]as compared to controls. The vari-
ations are probably due to differences in methodology
and patient materials.

Differences in the apoE isoforms have also been
shown. The apoE4 isoform is associated as a suscep-
tibility gene for AD [18,85,94]. Studies on CSF-apoE
in AD patients have also given inconclusive results [9,
59,60], which might be related to confounding factors
interfering with sample handling and/or analyses. In
the study by Hesse et al. [50], reduced levels of apoE
in CSF of AD patients were found. Both in the AD
group and in the control a group, higher level of CSF-
apoE was found in individuals possessing the apoE4
alleles. These results show that CSF-apoE is reduced
in AD, and that the handling of CSF is a critical fac-
tor, which might explain the discrepant results from
previous studies.

The known change of Cys to Arg in position 112 of
the apoE4 isoform has been identified by the combina-
tion of LP-IEF in combination with SDS-PAGE, elec-
tro elution and MALDI TOF MS analysis [52]. This
change was detected in CSF of AD patients, reflecting
the increased frequency of the apoE4 allele in this pop-
ulation. This peptide was not detected in CSF samples
from healthy control individuals.

7. Synaptic proteins

Neuropathological studies strongly support that a
synapse loss is an essential feature associated with neu-
rodegenerative disorders. This was first demonstrated
by ultra structural studies [27,28] with immunohisto-
chemistry using the synaptic vesicle proteins synapsin

I [39] and synaptophysin [97] as markers. A correla-
tion was found between synaptic loss and severity of
dementia, which suggest a close relationship between
synaptic pathology and the cognitive decline in AD [20,
95]. The synaptic vesicle proteins rab3a, synaptotag-
min, and synaptophysin, the presynaptic protein GAP-
43 and the post-synaptic protein neurogranin have all
been found to be reduced in the frontal, temporal, and
parietal cortex and hippocampus in AD compared to
controls [20]. Reduced levels of synaptic vesicle pro-
teins have also been found in several other studies [13,
38].

Synaptic proteins in CSF might be useful as markers
of the synaptic degeneration. However, most synaptic
proteins are membrane proteins with low water solu-
bility and are present in very low concentration in CSF.
Attempts to define synaptic pathology in CSF came first
from other markers of synapses such as chromogranin
A and ganglioside GM1, which were shown to be re-
duced in AD patients compared to controls [8,10]. Pre-
viously, one synaptic vesicle protein, synaptotagmin,
was for the first time detected in CSF using a procedure
including affinity chromatography followed by micro-
reversed phase chromatography, and enhanced chemi-
luminescence’s immunoblotting [19]. A reduction of
synaptotagmin was first found in both brain tissue and
also in lumbar CSF of in AD patients [19,20], implying
that CSF reflects the composition of synaptic proteins
in the brain under normal and pathological conditions.
Other synaptic proteins were not detectable using this
procedure. The synaptic proteins can neither be de-
tected by ordinary sodium dodecyl sulphate polyacry-
lamide gel electrophoresis (SDS-PAGE) and Western-
blotting, even after CSF concentration. LP-IEF in com-
bination with immunoblotting has been used for en-
richment and detection of neuron-specific proteins that
are involved in neurodegenerative disorders [21,91].
Six synaptic proteins including rab3a, synaptotagmin,
GAP-43, SNAP-25, synapsin, and neurogranin were
detected in nanogram per litre quantities in human CSF
using this method. These results showed that several of
the synaptic proteins could be identified in CSF in trace
amounts, showing that these proteins can be quantita-
tive, which may reflect altered synaptic function and
integrity as it is known to occur in neurodegenerative
diseases.

Therefore, a sandwich-ELISA was developed for de-
termination of one synaptic vesicle protein, phospho-
synapsin-1, in individual CSF samples [82]. The
sandwich-ELISA was based on a rabbit anti-phospho-
synapsin antibody and a synapsin 1 specific mono-
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clonal antibody. Using this assay, phospho-synapsin-1
was determined in CSF of 20 AD patients and 14 con-
trols. The level of phospho-synapsin-1 was increased
in AD group (0.164 + 0.15 AU, mean + SD) com-
pared to controls (0.033+ 0.05 AU, mean + SD). Phos-
pho synapsin levels in almost all controls were so low
that the proteins could not be detected with our ELISA
method. Earlier attempts to measure synapsin in indi-
vidual CSF samples also showed undetectable levels in
healthy individuals [86]. In brain tissue, either reduced
or unchanged levels of synapsin have previously been
demonstrated in AD. In vitro studies showed reduced
phosphorylation of synapsin 1 in AD post mortem tis-
sue suggesting that perturbation of synapsin phospho-
rylation occur early in pathological states such as AD.

CSF-GAP-43 has also been analysed in neurodegen-
erative diseases including AD, FTD, and PD patients
compared to controls. CSF-GAP-43 was only signifi-
cantly reduced in PD compared to the other groups [90,
92], and was not changed in AD, or FTD compared to
controls. This could imply that degeneration of presy-
naptic terminals was limited in all groups. How-
ever based on previous findings using immunoblot-
ting/immunohistochemistry methods this seems un-
likely [12,28]. An other explanation is that the results
reflect the concomitant degeneration and regeneration
of synapses, the sum of which causes only mild changes
in the CSF-GAP-43 levels. Our previous study on
brain tissue levels GAP-43 found both decreases and in-
creases in different regions in AD [13], which supports
this notion.

All these results show that characterization of pro-
teins and their modification (amino acid substitutions,
glycosylation, or phosphorylation) in CSF is an impor-
tant tool in the investigation of the pathophysiology of
neurodegenerative diseases.

8. CSF protein profiling studies in
neurodegenerative diseases

8.1. Direct 2-DE

In order to expand the search for diagnostic biomark-
ers, which would lead to a better understanding of
the pathophysiological mechanisms of neurodegener-
ation, 2-DE investigations of the CSF have been per-
formed [25,26,36,44–47,68,89,106]. Using 2-DE anal-
ysis and the silver staining technique, large differences
in protein patterns in CSF between patients with brain
disorders such as AD, schizophrenia, PD and multi-

ple sclerosis were shown [44–47,68], however many of
these proteins have not yet been identified.

In the proteomic study of CSF proteins in a group
of 15 AD patients, the levels of six proteins and their
isoforms, including proapolipoprotein, apolipoprotein
E, β-2 microglobulin (β-2 m), retinol binding protein
(RBP), transthyretin (TTR), and ubiquitin were signif-
icantly altered. The most notable changes were seen
among the apolipoproteins, especially proapolipopro-
tein [24]. Furthermore, the partial CSF proteome of 7
AD patients and 7 controls were compared using micro-
strips (pH 4.7-5-9) [81]. Comparing the intensity of
spots between AD and controls, 18 spots were found
to be significantly up- or down regulated (p < 0.05).
Eight proteins were significantly reduced in CSF of AD
patients and they were identified as kininogen, one iso-
form of α-1 β glycoprotein, and two isoforms of apoJ,
three isoforms of apoE, two isoforms of apoA1,α-trace,
cell cycle progression 8 proteins and RBP. Only one
protein, one isoform of α-1-antitrypsin, was increased
in AD patients compared to controls. Previously de-
tected protein changes were confirmed including apoE,
and apoA1. Some new proteins changes were identi-
fied like kininogen, α-1β glycoprotein, apoJ, β-trace,
cell cycle progression 8 and α-1-antitrypsin. In con-
trast, Fonteh and Harrington reported at the 2002 meet-
ing in Siena [33] an increase of specific isoforms of
apolipoproteins A1, J, K and Prostaglandin D synthase
(PGDS) in the CSF of AD study participants.

The most affected proteins in AD were among the
apolipoproteins, especially proapolipoprotein. As con-
stituents of high-density lipoprotein (HDL), apoE and
apoA1 have important roles in controlling the lipid
homeostasis in peripheral cells. The biological func-
tion of apolipoproteins is less clear, but an involvement
of them in transporting cholesterol out and in from neu-
rons are obvious. Interestingly, there is also a grow-
ing evidence of a link between a disturbance in the
apolipoproteins and cholesterol metabolism in AD [29].
Determination of CSF-apoE has earlier showed reduced
levels in AD patients compared to controls [66], which
is consistent with our results. In contrast to our study,
no significant difference in apoA1 brain expression or
in CSF levels have been found between AD patients
and controls [67]. The conflicting data between our
study and other studies might be due to the more sensi-
tive detection of different isoforms of apoA1 by 2-DE.
An immunological determination of total apoA1 gives
only the information of the total apoA1 immunoreac-
tivity and not specific differences between apoA1 iso-
forms. ApoJ, also called clusterin, has been shown to
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be present in the senile plaques and increased levels
have been reported in AD brain [62].

Several new proteins changes were demonstrated in
CSF using the micro-narrow range IPG strips. Kinino-
gen involved in the kallikrein/kinin system, has earlier
been linked to AD. Increased cleavage of kininogen
was found in CSF of AD patients and is thought to inter-
act with (A in AD. Only one protein was significantly
increased in CSF of AD patients, i.e. α-1-antitrypsin,
a serine protease that has previously been localised in
neurofibrillary tangles and senile plaques.

Several of the altered proteins in the comparison be-
tween AD patients and controls are isoforms of glyco-
proteins such as α-1-antitrypsin, β-trace, α-1β glyco-
protein, apoJ, and apoE. Therefore, potential changes
in the glycosylation patterns of these proteins and their
role in AD are important in the etiology of AD. Fourier
transform ion cyclotron resonance (FT-ICR) MS and
infrared multiphoton dissociation (IRMPD) have re-
cently been used to structurally determine the glycosy-
lation states of altered isoforms of CSF proteins, sepa-
rated by 2-DE [42], and might be an important tool for
investigation of post translational modifications.

In an other proteomic study, the CSF proteins were
analysed in a group of FTD patients, which is the sec-
ond most common type of dementia. The levels of six
proteins and their isoforms were altered in FTD patients
compared to controls including granine-like neuroen-
docrine precursor, pigment epithelium derived factor,
RBP, apoE, and haptoglobin [26]. We showed for the
first time that several proteins involved in FTD pathol-
ogy were not altered in the CSF of AD patients, and
vice versa, thus establishing differences in pathophysi-
ological mechanisms between FTD and AD, two of the
most common neurodegenerative disorders [25,26].

Recently, the combination of 2-DE and PCA has
been used for studying biomarkers in AD-CSF com-
pared to controls [17]. They detected a panel of nine
biomarkers, which was used to distinguish normals
from AD-CSF. Thus far they have not identified any of
the proteins. We have also examined the ability of the
2-DE technology to classify CSF samples into appro-
priate categories using multivariate statistical methods.
This recent study demonstrated the potential utility of
the proteomic approach to classify AD CSF as a distinct
group from normal CSF and other types of dementias,
using a panel of protein markers (96 proteins), defined
by the use of multivariate statistical methods [36]. The
combination of 2-DE and PCA measures the expres-
sion of a large number of CSF proteins, which could
permit the development of a multiple marker test.

8.2. LP-IEF in combination with 2-DE

In order to even more widen our proteomic search
for protein differences in the CSF of AD and FTD pa-
tients, the improved prefractionated 2-DE procedure
was applied to CSF from five AD patients, five FTD
patients and five control subjects [32,81]. We found
37 proteins spots, which were up- or down regulated
at least two times in AD patients compared to controls
and 13 of these protein spots, representing seven dif-
ferent proteins were identified as isoforms of α-1β gly-
coprotein, α-2HS glycoprotein, TTR, α-1 antitrypsin,
β-2-m, transferrin, and albumin.

In FTD patients, 26 protein spots were changed at
least two times and 13 of these protein spots, rep-
resenting seven different proteins, were identified as
Zn-α-2-glycoprotein (ZAG), proapoA1, β-2-m, TTR,
RBP, serum albumin and alloalbumin. Our previous
direct 2-DE study of the AD/FTD proteome showed
that six/seven proteins respectively were significantly
altered compared to controls. Some of the altered pro-
teins were consistent between these two studies for ex-
ample a reduced level of RBP in FTD. In contrast,
CSF analysis of AD showed increased levels of one
isoform of RBP, indicating a different role of RBP in
the pathology of AD and FTD. Interestingly, several
of the proteins found increased in the FTD study, in-
cluding TTR, β-2-m and apoA1, has the potential to
form amyloid fibrils [42]. To our knowledge, the TTR
levels of FTD has not previously been studied, but in
AD the CSF levels were shown to be decreased in an
immunological study, not differentiating between TTR
isoforms [66]. In contrast, the direct 2-DE study of the
AD proteome [24] also showed an increased level of
TTR, but that was the more acidic, low abundant iso-
form, compared to this study. This highlights again the
importance and the capacity of 2-DE to quantitative dif-
ferent isoforms, because different isoforms may have
different roles in the pathology of neurodegeneration.

However, direct and prefractionated 2-DE are two
different proteomic approaches and a somewhat dif-
ferent analytical window is expected. Direct and pre-
fractionated 2-D gels show different protein patterns,
for example, the apoE and apoJ isoforms seems to be
missing in the prefractionated 2-D gels, which may be
explained by the fact that lipoproteins tend to adhere
to plastics [50] and could be lost during LP-IEF or ad-
ditional sample transfer steps in the prefractionation
procedure.

Further studies of these protein changes have to be
validated on a larger patient material and referable also
with complementary methods in order to assess any of
the proteins potential as biomarkers for AD/FTD.
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8.3. SELDI analysis

CSF proteins have also been analysed by the SELDI
technique, instead of the 2-DE methodology in nine AD
patients compared to ten healthy controls [16]. Using
this approach, significant quantitative differences were
detected including four over expressed and one under
expressed polypeptides in AD patients compared to
controls. The proteins were identified as cystatin C,
two isoforms of β-2 m, and one as VGF polypeptide,
and one was unidentified. The combination of these
five polypeptides was recommended as tools for the
diagnosis of AD patients.

8.4. Preparative 2-DE

CSF proteins have been separated, purified and iden-
tified using the combination of LP-IEF, 1-D gels, gel
elution, and MS/MS analysis ([23], Davidsson and
Nilsson, unpublished results). We identified 55 pro-
teins in human CSF and 23 of these proteins have never
been identified in CSF for example brain expressed ring
finger protein, coat gamma cop protein, beta-fodrin,
undulin-1, dickkopf-3, brain secretory protein, Zn fin-
ger 4 protein and host cell factor. The possibility to
identify new proteins in human CSF is important for
the development of new neuronal markers for different
types of neurodegenerative diseases.

The combination of 2-D LC/LC and MS/MS has
been used for identification of proteins in ventricular
CSF from ten subjects [102]. They found 249 proteins
and 38 % of them were unique to individuals, whereas
only 6% of the identified proteins were found in all
subjects. These results show a large subject-to-subject
variability in the CSF samples.

9. Conclusion

Advances in biochemistry (including neurochem-
istry, proteomics, genomics) have increased our under-
standing of the central nervous system at the molecu-
lar level and applied us to screen for new biomarkers
specific for neurodegenerative processes. In this study,
we have summarized biomarker studies of CSF from
patients with AD, FTD, or PD patients. CSF biomark-
ers for neurodegenerative diseases are of great value
as diagnostic aids, especially early in the course of the
disease, when the clinical symptoms are vague and di-
agnosis are difficult, but when therapeutic compounds
have the greatest potential of being effective. Reliable

CSF biomarkers will be even more necessary when new
therapeutic compounds reach the clinical phase. Much
effort has focused on finding one single neurochemical
biomarker for AD, one for FTD etc. First, this may be
elusive unless the biomarker is related to a pathogenic
step that is unique for AD or FTD etc. For example
neurodegeneration or synaptic pathology is not only
found in AD, or in FTD. Biomarkers for neurodegen-
erative disorders should reflect all the pathogenic pro-
cesses of that disease. Proteomic technology provide
to analyse several biomarkers in a single CSF sample,
which might discover new better instruments for clin-
ical diagnosis of neurodegenerative diseases. By us-
ing a protein pattern, like in 2-D gels, or from SELDI
analysis or from multi-parametric immunoassays, we
are not limited by the sensitivity and specificity of any
single biomarker.

Today, discrimination of AD from controls and from
other neurological diseases has been improved by si-
multaneous analysis of both Aβ(1-42), total-tau, and
phosphorylated tau, where a combination of low lev-
els of CSF-Aβ1-42 and high levels of CSF-tau and
CSF-phospho-tau is associated with an AD diagnosis.
Detection of new biomarkers will further strengthen
diagnosis and provide useful information in drug tri-
als. The combination of immunoassays and proteomic
methods show that AD, FTD, and PD patients express
differential proteins patterns, which reflect divergent
underlying pathophysiological mechanisms and neu-
ropathological changes in these diseases. However, all
these new potential markers confirm the need to imple-
ment new approaches for biomarker analysis i.e. new
complementary multiparametric assays for simultane-
ous quantification of a set of peptides/proteins for diag-
nostic purposes and also for studying treatment effects
in neurodegenerative diseases.
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P. Davidsson and M. Sjögren / The use of proteomics in biomarker discovery in neurodegenerative diseases 91

after acute ischemic stroke, J Alzheimers Dis 3 (2001), 435–
442.

[63] R.W. Mahley, Apolipoprotein E: cholesterol transport protein
with expanding role in cell biology, Science 240 (1988), 622–
630.

[64] C.L. Masters, G. Simms, N.A. Weinman, G. Multhaup, B.L.
McDonald and K. Beyreuther, Amyloid plaque core protein
in Alzheimer disease and Down syndrome, Proc Natl Acad
Sci USA 82 (1985), 4245–4249.

[65] W.H. McDonald and J.R. Yates, Shotgun proteomics and
biomarker discovery, Dis. Markers 18 (2002), 99–105.

[66] A. Merched, J.M. Serot, S. Visvikis, D. Aguillon, G. Faure
and G. Sies, Apolipoprotein E, transthyretin and actin in the
CSF of Alzheimer’s patients: relation with the senile plaques
and cytoskeleton biochemistry, FEBS Lett 425 (1998), 225–
228.

[67] A. Merched, Y. Xia, S. Visvikis, J.M. Serot and G. Siest,
Decreased high-density lipoprotein cholesterol and serum
apolipoprotein AI concentrations are highly correlated with
the severity of Alzheimer’s disease, Neurobiol Aging 1
(2000), 7–30.

[68] C.R. Merril and M.G. Harrington, “Ultrasensitive” silver
stains: their use exemplified in the study of normal human
cerebrospinal fluid proteins separated by two-dimensional
electrophoresis, Clin Chem 30 (1984), 1938–1942.

[69] L. Molina, J. Touchon, M. Herpe, D. Lefranc, L. Duplan, J.P.
Cristol, R. Sabatier, P. Vermersch, B. Pau and C. Mourton-
Gilles, Tau and apo E in CSF: potential aid for discriminating
Alzheimer’s disease from other dementias, Neuroreport 10
(1999), 3491–3495.

[70] C.L. Nilsson, M. Puchades, A. Westman, K. Blennow and P.
Davidsson, Identification of proteins in a human pleural ex-
udate using two-dimensional preparative liquid-phase elec-
trophoresis and matrix-assisted laser desorption/ionization
mass spectrometry, Electrophoresis 20 (1999), 860–865.

[71] A. Olsson, K. Hoglund, M. Sjogren, N. Andreasen, L.
Minthon, L. Lannfelt, K. Buerger, H.J. Moller, H. Hampel, P.
Davidsson and K. Blennow, Measurement of alpha- and beta-
secretase cleaved amyloid precursor protein in cerebrospinal
fluid from Alzheimer patients, Exp Neurol 183 (2003), 74–
80.

[72] M.R. Palmert, 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 40
(1990), 1028–1034.

[73] J.M. Pasternack, M.R. Palmert, M. Usiak, R. Wang, H.
Zurcher-Neely, P.A. Gonzalez-De Whitt, M.B. Fairbanks, T.
Cheung, D. Blades and R.L. Heinrikson, Alzheimer’s disease
and control brain contain soluble derivatives of the amyloid
protein precursor that end within the beta amyloid protein
regio, Biochemistry 10 (1992), 10936–10940.

[74] C.P. Paweletz, B. Trock, M. Pennanen, T. Tsangaris, C. Mag-
nant L.A. Liotta and E.F. Petricoin, Proteomic patterns of
nipple aspirate fluids obtained by SELDI-TOF: potential for
new biomarkers to aid in the diagnosis of breast cancer, Dis
Markers 17 (2001), 301–307.

[75] E.F. Petricoin, A.M. Ardekani, B.A. Hitt, P.J. Levine, V.A.
Fusaro, S.M. Steinberg, G.B. Mills, C. Simone, D.A. Fish-
man, E.C. Kohn and L.A. Liotta, Use of proteomic patterns
in serum to identify ovarian cancer, Lancet 359 (2002), 572–
577.

[76] R. Pieper, C.L. Gatlin, A.J. Makusky, P.S. Russo, C.R.
Schatz, S.S. Miller, Q. Su, A.M. McGrath, M.A. Estock,

P.P. Parmar, M. Zhao, S.T. Huang, J. Zhou, F. Wang, R.
Esquer-Blasco, N.L. Anderson, J. Taylor and S. Steiner, The
human serum proteome: display of nearly 3700 chromato-
graphically separated protein spots on two-dimensional elec-
trophoresis gels and identification of 325 distinct proteins,
Proteomics 3 (2003), 1345–1364.

[77] T. Pirttila, K.S. Kim, P.D. Mehta, H. Frey and H.M. Wis-
niewski, Soluble amyloid beta-protein in the cerebrospinal
fluid from patients with Alzheimer’s disease, vascular de-
mentia and controls, J Neurol Sci 127 (1994), 90–95.

[78] T. Pirttila, P.D. Mehta, H. Soininen, K.S. Kim, O. Heinonen,
L. Paljarvi, O. Kosunen, P.S.R. Riekkinen and H.M. Wis-
niewski, Cerebrospinal fluid concentrations of soluble amy-
loid beta-protein and apolipoprotein E in patients with
Alzheimer’s disease: correlations with amyloid load in the
brain, Arch Neurol 53 (1996), 189–193.

[79] R.E. Pitas, J.K. Boyles, S.H. Lee, D. Foss and R.W.
Mahley, Astrocytes synthesize apolipoprotein E and metab-
olize apolipoprotein E-containing lipoproteins, Biochim Bio-
phys Acta 917 (1987), 148–161.

[80] R. Prior, 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 pro-
tein in Alzheimer cerebrospinal fluid, Neurosci Lett 124
(1991), 69–73.

[81] M. Puchades, S.F. Hansson, C.L. Nilsson, N. Andreasen, K.
Blennow and P. Davidsson, Proteomic studies of potential
cerebrospinal fluid protein markers for Alzheimer’s disease,
Brain Res Mol Brain Res 118 (2003), 140–146.

[82] M. Puchades, Development of proteomic methods for study-
ing cerebrospinal fluid proteins in Alzheimer’s disease, 2003,
thesis, University of Göteborg.
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