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1. Introduction

l. Introduction

1. Alzheimer disease

Alzheimer disease (AD) is a neurodegenerative disorder characterized by a progressive
memory loss, cognitive decline, and, eventually, by death. AD is the most common cause
of dementia among older people. The main clinical features of this disease are cognitive
decline and mental deterioration, which are the consequence of a massive, progressive
loss of neurons. The disease process selectively damages regions and neural circuits
critical for cognition and memory, including neurons in the neocortex, hippocampus,
amygdala, basal forebrain cholinergic system, and brainstem monoaminergic nuclei. At
autopsy two characteristic lesions, plaques and tangles are seen in the brains of affected
patients (Figure 1). Neurofibrillary tangles consist of paired helical filaments, which
mainly composed of the hyperphosphorylated form of the microtubule-associated protein
tau. The major protein component of the core of senile plaques is amyloid [B-protein (Af),
a 39-43 amino acid-long peptide derived from the amyloid P-protein precursor (APP).
Besides AP, several proteoglycans with the ability to modulate amyloid fibril formation
accumulate in senile plaques, e.g. agrin, perlecan, glypican, syndecan and versican.
Plaques can be subdivided into classical and diffuse types. In the classical plaques, a
dense central core of AP is surrounded by diseased neurons that project neurites towards
and around the core. In the diffuse plaques the amyloid deposit is more amorphous and is
not associated with significant cell loss. Although these histopathological features were
described over 90 years ago by the German psychiatrist Alois Alzheimer (Alzheimer,
1907), they are still of central importance for the post-mortem diagnosis of AD. It is
presently unclear what the relationship is between the plaques and tangles or to which
degree the amount of plaque and tangle pathology is associated with disease state.

AD is a multifactor disorder, with both genetic and environmental factors implicated in its
pathogenesis. Mutations in three genes — the presenilin 1 gene on chromosome 14, the
presenilin 2 gene on chromosome 1, and the APP gene on chromosome 21 — all of them
are able to transmit AD via autosomal-dominant inheritance. This form of AD is referred
as familial Alzheimer disease (FAD) and is characterized by earlier onset of disorder. The
other genes that are considered to be risk factors of AD include apolipoprotein E (Apo E,
e4 allele) (Poirier et al., 1995), a2 macroglobulin (Blacker et al., 1998), the K-variant of
butyryl-cholinesterase (Lehmann et al., 1997), and several mitochondrial genes (Law et

1



1. Introduction

al., 2001). Epidemiological studies have demonstrated risk factors for AD that include

age, gender, previous head injury and cardiovascular disease (Law et al., 2001).

Figure 1: High-power photomicrograph of a section of the amygdala from a patient with Alzheimer
disease demonstrating the classical neuropathological lesions of this disorder

Silver stain reveals two senile (neuritic) plaques (indicated with arrowheads) consisting of compacted,
spherical deposits of extracellular amyloid surrounded by dystrophic neurites, which can include both
axonal terminals and dendrites. Some of the pyramidal neurons in this field contain neurofibrillary tangles,
darkly staining masses of abnormal filaments occupying much of the perinuclear cytoplasm (indicated with

arrows).

Two major hypotheses on the cause of AD have been proposed: the “neuronal cytoskeletal
degeneration hypothesis” (Braak and Braak, 1991), which states that cytoskeletal changes
are the triggering events, and the “amyloid cascade hypothesis”, which proposes that the
neurodegenerative process is a series of events triggered by the abnormal processing of

the APP (Hardy and Higgins, 1992).

1.1 Amyloid precursor protein

B-Amyloid precursor protein (APP) is a receptor-like transmembrane protein of
approximately 110 kDa consisting of an extracellular domain, a transmembrane domain,

and a short cytoplasmic domain (Selkoe, 1999) (Figure 2, top panel). It is widely
2



1. Introduction

expressed on the cell surface. APP belongs to the conserved APP family (APPs), which
includes amyloid precursor-like protein 1 and 2 (APLP1 and APLP2) in mammals,
APP747 in Xenopus, elAPP in electric ray, APL-1 in Caenorhabditis elegans, and APP-
like (APPL) in Drosophila (Coulson et al., 2000). The cytoplasmic domains of APPs are
more highly conserved than the other domains among a wide variety of species and are
important for intracellular metabolism (Perez et al., 1999; Tomita et al., 1998) and
physiological functions (Allinquant et al., 1995; Ando et al., 1999; Perez et al., 1997; Xu
et al., 1999). APP is expressed as several isoforms by alternative splicing. The three major
isoforms contain 695 (APP695), 751 (APP751), or 770 (APP770) amino acids (Selkoe,
1994b).

Membrane
Extracellular Space AR H Cytosol

I e ,’z}’/f,#////’/
NH et e b e et S el b S e L T e e 7 1 COOH
B-Secretase «-Secretase y -Secretase
40 4243
NH, =====

f o GQ'\ / \ x\

‘Swedish 'Flemish ‘Dutch 'Florida ‘London ‘Australian
double mutation’ mutation’ mutation’ mutation’ mutations’ mutation’
6701671 692 693 717 716 723

Figure 2: APP structure

Top panel: Cartoon of APP, showing location of AP, partially overlapping the transmembrane domain.
Bottom panel: Amino acid sequence of AP. The transmembrane domain is indicated by dashed box.
Secretase cleavage sites are indicated by vertical dotted lines. The sites and residue changes of pathogenetic

mutations are shown below the amino acid sequence.

Several proteins have been reported to interact with the cytoplasmic domain of APP,
including Fe65, X11 and Disabled (Borg et al., 1996; Guenette et al., 1996; Trommsdorff
et al., 1998), all of which share characteristics of adapter proteins that could potentially
link APP to intracellular signalling pathways. The search for ligands or receptors that
interact with the large ectodomain of APP has not been very successful, but several
functional subdomains have been identified — for example, the RERMS sequence that

appears to have growth-promoting properties (Ninomiya et al., 1993), and the two
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heparin-binding domains that are responsible for binding to the glycan moieties of
proteoglycans, such as glypican (Williamson et al., 1996). The large, promiscuous
lipoprotein receptor-related protein (LRP) is the only known receptor that binds to APPs
containing the Kunitz-type proteinase inhibitor sequence (Knauer et al., 1996; Kounnas et
al., 1995). Proteins that bind to other parts of the APP tail have also been identified. It has
been demonstrated that the GTP-binding protein Gy binds to the His657-Lys676 sequence
in the APP tail (Nishimoto et al., 1993). It has been also shown that PAT1 (protein
interacting with the APP tail 1) provides a potential link between APP and microtubules
(Zheng et al., 1998), and the binding of this novel protein requires Tyr653 in the APP tail.

APPs are expected to be functionally important because mice lacking all genes of the APP
family die in the early postnatal period (Heber et al., 2000). Its functional properties are
not clearly defined, but range from repair of vascular injury to mediation of growth and
adhesion of neural and nonneural cells (Selkoe, 1994a). APP has also been implied in pro-
and anti-apoptotic functions (Wolozin et al., 1996; Xu et al., 1999; Yamatsuji et al., 1996).
A recent report proposed that APP normally behaves in the brain as a cell surface
signalling molecule, and that an alteration of this function is one of the possible causes of
the neurodegeneration and consequently AD (Neve et al., 2000). It has been also
suggested that APP has a function in the regulation of nuclear transcription (Cao and
Sudhof, 2001).

As mentioned before, specific mutations in APP gene can lead to rare autosomal dominant
forms of familial Alzheimer disease (FAD) (Tanzi et al., 1992). The mutations cluster at
the three secretase sites (Figure 2, bottom section). The ‘London mutations’ at position
717 were described first (Goate et al., 1991). They lead to an increase in the ratio of Af3;.
42/AB14o (Suzuki et al., 1994), and an increase in total serum Af;.4, in asymptomatic
carriers (Kosaka et al., 1997). The recently described ‘Florida mutation’ at position 716
produces the same effect and it appears that the ‘Australian mutation’ at position 723 does
as well (Eckman et al., 1997). The ‘Swedish double mutation’ at positions 670/671
(Mullan et al., 1992) increases the total production of AP without affecting the ratio of
ABi42/AB140 (Cai et al., 1993). The ‘Dutch mutation’ at position 693 near the O-secretase
site results in hereditary cerebral haemorrhage with amyloidosis-Dutch type secondary to
vascular amyloid deposition (Levy et al., 1990). Another mutation near the O-secretase
site at position 692, known as ‘Flemish mutation’, produces a phenotype, which combines
features of Alzheimer disease with those of hereditary cerebral haemorrhage with

amyloidosis (Hendriks et al., 1992).
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1.2 Proteolytic processing of APP

APP is cleaved by three types of proteases, which are designated a-, - and y-secretases

(Figure 3).

O »3
y-secretase T ACh
PS?
Muscarinic *
sAPPQ C83 receptor Q
O-secretase
TACE
ADAM-10
~ PKC
APP activation
B-secretase
BACE
sAPP C99
l Y-secretase
PS?
AB

Figure 3: Proteolytic processing pathways of APP by a-, 3- and y-secretases

Cleavage by a-secretase (TACE or ADAM-10) produces sAPPa and C-terminal fragment C83. Both TACE
and ADAM-10 can be activated by protein kinase C (PKC), which is regulated by muscarinic acetylcholine
(Ach) receptor. C83 is cleaved by y-secretase to produce p3. Cleavage of APP by [-secretase (BACE)
produces sAPP[ and C99. y-Secretase cleaves C99 to release A.

1.2.1 a-Secretase

A major route of APP processing (90% of protein) is via O-secretase pathway, which
cleaves between Lys 16 and Leu 17 (residues 612 and 613 of APP), generating an 83-
residue C-terminal fragment (C83) (Esch et al., 1990). Subsequent cleavage by y-secretase

5



1. Introduction

releases a short peptide (p3) containing the C-terminal region of the AP peptide. As
cleavage of APP by a-secretase destroys the AP sequence, it is generally thought that the
O-secretase pathway mitigates amyloid formation. In addition, the C-terminally truncated
form of APP released by O-secretase may have trophic actions (Small, 1998), which could
antagonize the neurotoxic effects of aggregated AB (Mok et al., 2000). The exact
subcellular localisation of the O-secretase is unclear, although the trans-Golgi has been
proposed as one of the sites of a-cleavage (Kuentzel et al., 1993). More recently, a
membrane-bound endoprotease at the cell surface has been found to have a-secretase-like
activity (Lammich et al., 1999). Furthermore, O-secretase has both constitutive and
regulated components. Regulated a-secretase cleavage appears to be under the control of
protein kinase C (PKC), which is regulated by the muscarinic acetylcholine (ACh)
receptor (Sinha and Lieberburg, 1999). Phorbol esters also increase a-secretion of APP
above basal level, while PKC inhibitors leave a residual cleavage action (Hung et al.,
1993).

Two members of the ADAM (a disintegrin and metalloprotease) family, tumour necrosis
factor-a (TNFa)-converting enzyme (TACE or ADAM-17) and ADAM-10, are candidate
o-secretases. It has been shown that knockout of TACE decreases the release of the Q-
cleaved product sAPPa, however, cells deficient in TACE still have a residual a-secretase
activity that cannot be increased by phorbol esters (Buxbaum et al., 1998). ADAM-10
exists only in a proenzyme (inactive) form in the Golgi, but becomes activated in the
plasma membrane. Overexpression of ADAM-10 increased O-secretase cleavage of APP
in a phorbol ester-inducible manner (Lammich et al., 1999). Recently the prohormone
convertase PC7 has been shown to be involved in the constitutive a-secretase activity.
Overexpression of PC7 in HEK293 cells has been found to increase sAPPa secretion,
while overexpression of Oj-antitrypsin Portland (an inhibitor of precursor convertases)

was found to inhibit endogenous sAPPa production (Lopez-Perez et al., 1999).

1.2.2 B-Secretase

A [B-site APP cleaving enzyme (BACE or Asp2) has been identified by several groups
both by genetic screening and by direct enzyme purification and sequencing (Hussain et
al., 1999; Lin et al., 2000; Sinha et al., 1999; Vassar et al., 1999; Yan et al., 1999). BACE
is a type I integral membrane protein. It is a member of the pepsin family of aspartyl

proteases, which has an N-terminal catalytic domain, containing two important aspartate
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residues, linked to a 17-residue transmembrane domain and a short C-terminal
cytoplasmic tail. BACE contains four potential N-linked glycosylation sites and a
propeptide sequence at the N-terminus. Within the cell, BACE is expressed initially as a
proprotein, which is then efficiently processed to its mature form in the Golgi (Haniu et
al., 2000). BACE cleaves full-length APP at Aspl, releasing the N terminus of the A3
peptide, and also at Glul1, releasing a shorter form of the AP (Vassar et al., 1999). The
Swedish NL mutation, which is known to enhance [3-secretase cleavage, also promotes
cleavage of APP at Aspl by BACE (Forman et al., 1997; Vassar et al., 1999). BACE is
expressed coordinately with APP in many regions of the brain, particularly in neurones,
and has a subcellular distribution similar to that of [-secretase (Vassar et al., 1999). A
related transmembrane aspartyl protease (BACE2 or Aspl) shows similar substrate
specificity (Farzan et al., 2000) but is not highly expressed in the brain (Bennett et al.,
2000). In addition, BACE 2 also cleaves APP near the a-secretase site, in the middle of
the A3 domain between phenylalanines 19 and 20, resulting in reduced production of A3

species (Fluhrer et al., 2002).

1.2.3 y-Secretase

Since cleavage of the APP C99 fragment by y-secretase is the final step in the production
of AP, the exact position of cleavage by y-secretase is critical for the development of AD.
Production of the more amyloidogenic long A3 species by y-secretase adjacent to residues
42 or 43 is closely associated with disease pathogenesis (Scheuner et al., 1996; Small and
McLean, 1999). Although the y-secretase has not been identified, presenilin (PS) 1 and 2
are two candidates, which were initially identified through genetic linkage analysis of
families with autosomal dominant forms of Alzheimer disease. PSs are integral membrane
proteins with eight putative transmembrane domains, encoded by genes on chromosomes
14 and 1 (Nishimura et al., 1999). In the brain, both in sifu hybridization and
immunohistochemistry studies indicate that PS-1 and PS-2 are predominantly expressed in
neurons (Cook et al., 1996; Kovacs et al., 1996); however, expression in glia has also been
observed (Lah et al., 1997). Northern blot results indicate that PS-1 and PS-2 mRNAs are
present in a wide variety of peripheral tissues. The constitutive proteolytic cleavage site
occurs within the large cytoplasmic loop between the sixth and seventh transmembrane
domain of PS1 (Li and Greenwald, 1998; Podlisny et al., 1997). It has been shown that
presenilins undergo proteolytic processing in this region to form stable heterodimeric

complexes (Capell et al., 1998) (Figure 4).
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Figure 4: Topology and proteolytic processing of presenilins

Presenilins are cleaved within the hydrophobic region of the large cytosolic loop between TM6 and TM7,
resulting in the formation of a heterodimeric complex composed of the N-terminal fragment (NTF) and the
C-terminal fragment (CTF). Stars represent sites of mutation that cause FAD. The two conserved aspartates
required for presenilin endoproteolysis, and y-secretase processing of APP is predicted to be within TM6

and TM7.

The observation that knockout of both PS1 and PS2 completely inhibits all y-secretase
activity demonstrates that PSs are required for y-secretase activity (Herreman et al., 2000).
Furthermore, PSs are localised to subcellular compartments (i.e. ER-Golgi) known to be
the site of y-secretase processing. However, intracellular generation of A3 seemed unique
to neurons, since the nonneuronal cells were shown to produce significant amounts of A3
only at the cell surface (Hartmann et al., 1997). In addition, y-secretase inhibitors can
affinity-label PS subunits (Esler et al., 2000) and both PSs bind to APP (Weidemann et al.,
1997; Xia et al., 1997). Inhibitor studies show that y-secretase is likely to be an aspartyl
protease (Wolfe et al., 1999a). At the same time it has been found that mutation of two
aspartate residues (Asp257 and Asp385) in the transmembrane domain of PS1 inhibited y-
secretase activity (Wolfe et al., 1999b).

Subcellular and biochemical fractionation experiments have shown that PS and y-secretase
copurify as a high molecular weight complex around 400 kDa (Li et al., 2000). Recently,
an integral membrane protein nicastrin has been identified as a major binding partner for

the presenilins (Yu et al., 2000). It has been proposed that nicastrin may play a role in
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cellular trafficking of PS to the cell surface, or may be involved in the regulation of the
stability of the y-secretase complex. Furthermore, it has been demonstrated that PEN-2
(presenilin enhancer 2) in an integral component of the y-secretase complex required for
coordinated expression of presenilin and nicastrin (Steiner et al., 2002). It has been also
shown that the mammalian APH-1 protein physically associates with nicastrin and the
presenilin heterodimers in vivo, and is required for the processing of APP (Lee et al.,
2002). PSs have been shown to interact with a wide array of different proteins, and have
been implicated in IP3-mediated release of ER calcium (Leissring et al., 2001),
capacitative calcium entry (Leissring et al., 2000; Yoo et al., 2000), B-catenin signalling
(Kang et al., 1999; Yu et al., 1998; Zhang et al., 1998b) and protein trafficking (Naruse et
al., 1998). However, the identity of y-secretase has not yet been established and PS may
simply be a regulatory subunit of y-secretase or a protein that is involved in a step

necessary for transport or maturation of the y-secretase.

2. Cell adhesion molecules of immunoglobulin superfamily

An increasing number of data indicates that abnormalities in expression or functions of
cell adhesion molecules (CAMs) have been associated with a wide range of neurological
disorders, including hydrocephalus, schizophrenia and AD, providing new insights into
both clinical and basic research. CAMs comprise a large group of cell surface
macromolecules that provide recognition and adhesion between cells. CAMs are critical
for migration and recognition of appropriate cells to form functional assemblies of
neurons and for innervation of appropriate targets. They are involved in most of the major
developmental processes, including cell migration, neurite outgrowth, axon pathfinding,
axon fasciculation, synaptogenesis, synapse stabilization, and myelination (Cotman et al.,
1998). They perform these functions not only by regulating cell adhesion, but also by
activating signalling cascades that in turn control cytoskeletal dynamics, cell morphology,
and neurite outgrowth. The immunoglobulin superfamily is a group of calcium-
independent CAMs. These molecules share a similar extracellular structure, consisting of
several immunoglobulin (Ig) domains and often fibronectin (Fn) type III repeats (Figure
5). Various isoforms are known, and many are regulated by phosphorylation and

glycosylation.



1. Introduction

5/2 subfamily
6/5 subfamily
6/4 subfamily
n/o subfamily
enzymatic CD

N-CAM

,..
-
o
o
=2
]
2

C Ig-like domain D Fibronectin type lll repeat

= Cell membrane ~ Phosphatidylinositol linkage

l Cytoplasmic domain a Insert specific for N-CAM Id isoform
E= Tyrosine kinase domain @ Tyrosine phosphatase domain

Figure 5: Neural cell adhesion molecule subfamilies of the immunoglobulin superfamily

The majority of molecules of the immunoglobulin superfamily fall into classes depending on the number of
Ig-like domains and fibronectin repeats, which are denoted representative molecule. For example, the 5/2
family is exemplified by NCAM and contains five Ig domains and two fibronectin type III-like repeats. The
enzymatic cytoplasmic domain (CD) category exhibits protein tyrosine kinase or phosphatase activities in

their cytoplasmic domain.

2.1 The cell adhesion molecule L1

The L1 cell adhesion molecule is a 200-220 kDa transmembrane glycoprotein which
belongs to the immunoglobulin superfamily (Kadmon and Altevogt, 1997; Rathjen and
Schachner, 1984). The molecule consists of six Ig-like domains and five fibronectin-type
III repeats followed by a transmembrane region and a highly conserved cytoplasmic tail of

approximately 114 amino acids.
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Figure 6: Schematic representation of L1 and other members of the L1 subfamily

Ig-like domains are indicated by horse-shoe shapes and Fn III-like repeats by boxes. Horizontal bars and
dark grey areas indicate alternatively spliced small segments and domains, respectively. Thin vertical bars
indicate regions identified to be important for binding in extracellular regions. PAT,

proline/alanine/threonone-rich; PG, proline/glycine-rich.

In mammals, L1 is expressed throughout the nervous system on subsets of developing and
differentiated neurones as well as on Schwann cells of the peripheral nervous system. On
differentiated neurons L1 is found at regions of contact between neighbouring axons and
on the growth cones, the structures at the leading tip of axons that are responsible for
sensing extracellular growth and guidance cues. Although primarily expressed in the
nervous system, L1 is also found at other specialized sites including a subclass of
leukocytes, intestinal crypt cells and kidney tubule epithelia (Debiec et al., 1998; Kowitz
et al., 1992; Thor et al., 1987). Homologous molecules exist in several species including
mouse (L1) (Faissner et al., 1985), rat (NILE) (McGuire et al., 1978), chick (NgCAM)
(Burgoon et al., 1991), Drosophila (neuroglian) (Bieber et al., 1989) and human (L1)
(Kobayashi et al., 1995; Wolff et al., 1988) (Figure 6). L1 sequences from a number of
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vertebrates share sequence identities of 50-85% with that of human L1 (Hlavin and
Lemmon, 1991; Reid and Hemperly, 1992).

L1 has been originally recognized as a neural adhesion molecule shown to be involved in
granule neuron migration in the developing mouse cerebellar cortex (Lindner et al., 1983),
the fasciculation of neurites (Fischer et al., 1986) and neurite outgrowth on other neurites
and Schwann cells (Chang et al., 1990; Seilheimer and Schachner, 1987). Recent studies
on Ll-knockout mice have confirmed that L1 is an important molecule for the
development of the nervous system (Cohen et al., 1998; Dahme et al., 1997). L1 is also
involved in synaptogenesis, myelination, neuronal cell survival (Chen et al., 1999) and
long-term potentiation (Fields and Itoh, 1996).

Studies in the nervous system have shown that L1 can mediate cell adhesion by several
mechanisms, such as homophilic binding involving L1-L1 interactions (Kadmon et al.,
1990a) and assisted homophilic binding between L1 and L1/NCAM complexes at the
surface of adjacent cells (Kadmon et al., 1990b). Furthermore, L1 mediated heterotypic
binding with the axon-associated CAM axonin-1 (Kuhn et al.,, 1991) and the GPI-
anchored molecule CD24 (Kadmon et al., 1995) are also well characterized. L1 was also
identified as a ligand for several RGD-binding integrins, i.e. a5B1, a,B1, a,B3 as well as
the platelet integrin o33 (Blaess et al., 1998; Ebeling et al., 1996; Felding-Habermann et
al., 1997; Montgomery et al., 1996; Ruppert et al., 1995). Integrin-mediated cell binding
and migration is supported by RGDs in the six Ig-like domain of L1 (Duczmal et al.,
1997; Ebeling et al., 1996; Felding-Habermann et al., 1997; Ruppert et al., 1995).
Furthermore, L1 ligand binding is linked to intracellular signalling pathways. For
instance, homophilic interaction of L1 promotes neurite outgrowth via activation of
FGFRs and related second messenger cascades in the stimulated cells (Doherty et al.,
1995). Components of the MAPK signalling pathway (Schaefer et al., 1999) and the
tyrosine kinase src have been also implicated in L1 mediated responses (Ignelzi, Jr. et al.,
1994; Schuch et al., 1989).

The cytoplasmic domain of L1 plays an important role in signal transduction and
internalisation of L1. It contains a binding region for ankyrin, a linker protein of the
spectrin cytoskeleton. The insertion of RSLE peptide into the cytoplasmic domain of L1
generates a tyrosine-based signal that results in the sorting of L1 protein to the growth
cone and induces the AP-2-mediated endocytosis of L1 via clathrin-coated pits

(Kamiguchi and Lemmon, 1998).
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L1 is a subject of glycosylation and phosphorylation, both of which may affect its
function. In addition to tyrosine phosphorylation of the ankyrin-binding domain, serine
phosphorylation by specific kinase occurs at several sites (Schuch et al., 1989; Wong et
al., 1996; Zisch et al., 1997). These sites are next to known binding domains for either
cytoskeletal components of the AP-2 complex, suggesting that serine phosphorylation
may influence cytoplasmic interactions, L1 mobility and internalization.

In addition to its function as a cell surface adhesion molecule L1 can be shed from the
membrane (Montgomery et al., 1996; Richter-Landsberg et al., 1984) and deposited in the
ECM (Martini and Schachner, 1986; Montgomery et al., 1996) suggesting a potential role
for L1 as a matrix constituent. Thus, all homologes of L1 have been shown to be sensitive
to cleavage within the third fibronectin-like domain (Burgoon et al., 1995; Faissner et al.,
1985; Kayyem et al., 1992; Nybroe et al., 1990; Sadoul et al., 1988; Wolff et al., 1988),
which results in an extracellular amino-terminal fragment of approximately 140 kDa (L1-
140) and a transmembrane fragment of approximately 80 kDa (L1-80). Recently a matrix
metalloprotease ADAM 10 and plasmin have been shown to release a 180 kDa L1 from
the cell surface through cleavage at specific sites (Beer et al., 1999; Nayeem et al., 1999).
Mutation of L1 in man and mouse results in developmental defects that are consistent with
a role for L1 in axonal pathfinding as well as cell migration. X-linked hydrocephalus,
MASA syndrome (mental retardation, aphasia, shuffling gait, adducted thumbs), spastic
paraplegia type 1 (SPGI), and X-linked agenesis of corpus callosum (ACC) are related
neurological syndromes with X-linked recessive mode of inheritance. All these syndromes
are due to mutations in the L1 gene and have therefore been summarised as L1 disease
(Finckh et al., 2000). They are also referred to as CRASH syndrome, for corpus callosum
hypoplasia, retardation, adducted thumbs, spastic paraplegia, and hydrocephalus (Fransen

et al., 1995a; Kenwrick et al., 2000).

2.2 The neural cell adhesion molecule (NCAM)

NCAM have been the first Ig-like CAM to be isolated and characterized in detail
(Brackenbury et al., 1977; Cunningham et al., 1987). The amino acid sequences of NCAM
are highly conserved among vertebrate species (Edelman, 1987; Williams and Barclay,
1988), and cross-species NCAM-mediated cell aggregation has been demonstrated
(Hoffman et al., 1984). All NCAM isoforms are composed of five Ig-domains followed by

two Fn III repeats (Cunningham et al., 1987). NCAM is expressed as three major isoforms
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via alternative splicing of a primary transcript from a single gene (Owens et al., 1987).
Two isoforms are transmembrane forms with approximate molecular weights of 140 kDa
and 180 kDa and the third isoform (120 kDa) is attached to the cell membrane via a GPI
linkage (Figure 7). Several other isoforms result from alternative splicing in the
extracellular domain, some of which are tissue or developmental stage specific
(Cunningham et al., 1987; Owens et al., 1987; Santoni et al., 1987; Santoni et al., 1989;
Small et al., 1988; Small and Akeson, 1990). In addition, soluble forms of NCAM can be
generated by truncation, proteolysis or shedding (Olsen et al., 1993).

Transmembrane Transmembrane GPI NCAM
NCAM-180 NCAM-140

;

Figure 7: Schematic diagram of the three main classes of NCAM protein

Ig-like domains are indicated by horse-shoe shapes and Fn IlI-like repeats by grey boxes. NCAM isoforms
can be either GPI-anchored or exist as transmembrane isoforms with a small or large cytoplasmic domain.

Exon 18-corresponding cytoplasmic domain of NCAM is represented by black box.

Both major cytoplasmic isoforms of NCAM are phosphorylated on serine and threonine
residues (Mackie et al., 1989; Sorkin et al., 1984) and are fatty acid acylated (Brackenbury
et al., 1987; Little et al., 1998). The prevalence of the NCAM isoforms differs during
neuronal development (Edelman, 1987). NCAM 180, for instance, is exclusively
expressed on neurons. It shows a reduction of lateral mobility in the cell membrane

(Pollerberg et al., 1986) and a tendency to concentrate at sites of cell contact (Pollerberg et
14
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al., 1985; Pollerberg et al., 1987) and at postsynaptic densities (Persohn et al., 1989).
However, the expression of NCAM is not restricted to neural tissue. It is expressed by
several cell types in many tissues. NCAM was found to be expressed in the proliferating
neuroepithelium in a position-dependent manner along the rostrocaudal axis. NCAM was
found not only on neurons, it is also expressed by astrocytes and Schwann cells
(Neugebauer et al., 1988; Seilheimer and Schachner, 1988). Furthermore, it is expressed
within targets such as skeletal muscle with a time course that correlates with the
innervation status (Moore and Walsh, 1986).

NCAM is a multivalent adhesion molecule that mediates homotypic and heterotypic cell-
cell adhesion through a homophilic-binding mechanism (Crossin and Krushel, 2000;
Cunningham, 1995; Rutishauser, 1993; Walsh and Doherty, 1997), and through
heterophilic interactions with L1 (Horstkorte et al., 1993), heparan sulphate proteoglycans
(Cole and Akeson, 1989) and collagens I-IV and IX (Probstmeier et al., 1989). It has been
shown that NCAM plays important role in the formation, maintenance, and regeneration
of the nervous system. NCAM mediates neurite outgrowth, fasciculation, and branching
(Bixby et al., 1987; Frei et al., 1992; Landmesser et al., 1988; Landmesser et al., 1990;
Rutishauser and Edelman, 1980) and is involved in retinal and tectal histogenesis and
formation of the neuromuscular junction (Buskirk et al., 1980; Covault and Sanes, 1986;
Fraser et al., 1984; Thanos et al., 1984). It has also been implicated in synaptic plasticity
(Luthl et al., 1994; Ronn et al., 1995; Scholey et al., 1993; Rutishauser and Jessell, 1998).
In addition to its role in cell adhesion, NCAM has been implicated in signal transduction.
NCAM has been shown to induce neurite outgrowth in neurons and PCI12 cells by
stimulating FGFRs. This results in the activation of various signalling cascades, including
the PLC-y pathway and the mitogen-activated protein kinase (p42/44 MAPK) pathway
(Corbit et al., 1999; Doherty and Walsh, 1994; Hall et al., 1996; Kolkova et al., 2000;
Saffell et al., 1997; Schmid et al., 1999; Williams et al., 1994). NCAM also associates
with other signal-transducing molecules, including focal adhesion kinase (FAK) and the
src-related tyrosine kinase p59 7" (Beggs et al., 1997). Recently, it has been demonstrated
that cosignaling of NCAM via lipid rafts and the FGR receptor is required for
neurogenesis (Niethammer et al., 2002).

NCAM is a substrate for extracellular proteolysis by the tissue-type plasminogen activator
(tPA), resulting in the release of 105-115 kDa fragments (Endo et al., 1998). Furthermore,
the members of ADAM family are seems to be involved in extracellular cleavage of

NCAM (Borman and Schachner, unpublished data).
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NCAM is unique among adhesion molecules since it can carry polymers of 02-8 linked
sialic acid PSA), varying in length from a few residues to possibly 200 residues (Hoffman
et al.,, 1982) (Figure 8 B). These chains of PSA create a large negatively charged
hydration sphere around NCAM. Polysialylation is regulated during the development of
the brain. Early in development, up to 30% of the mass of NCAM can carry PSA and this
is progressively reduced as the bran develops (Chuong and Edelman, 1984). NCAM’s Ig
domain 5 contains three potentially polysialylated asparagine (Asn) residues at positions
404, 430 and 459 (Figure 8 A). PSA has been shown to be associated with residues 430
and 459, which, according to molecular modelling, are in spatial vicinity. Although PSA
is located within Ig domain 5, the Ig domain 4, the first FN-III domain and membrane
attachment also play a role in polysialylation (Nelson et al., 1995). Addition of PSA to
NCAM takes place in the trans-Golgi compartment as a regular step in the biosynthetic
pathway of protein glycosylation in eukaryotes (Alcaraz and Goridis, 1991; Scheidegger
etal., 1994).
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Figure 8: Structure of PSA-NCAM

(A) Schematic diagram showing N-glycosylation sites of Ig domains. The fifth Ig-like domain of NCAM
contains three potentially polysialylated asparagines (Asp) residues at positions 404, 430 and 459.

(B) Structure of polysialic acid attached to NCAM via a typical N-linked core glycosylation. The unique
structure of the 02,8-linked polymer allows for its specific recognition by monoclonal antibodies and by
phage-derived endoneuraminidase (endo-N). Open triangles, sialic acid; open circles, galactose; closed

squares, glucosamine; closed circles, mannose.

16



1. Introduction

There are two major polysialyltransferases, STX and PST, which are responsible for
polysialylation (Ong et al., 1998). STX (ST8Siall) is predominately expressed during
development, whereas PST (ST8SialV) is the major polysialyltransferase expressed in the
adult central nervous system (Angata et al., 1997; Hildebrandt et al., 1998b; Kojima et al.,
1995; Kojima et al., 1996; Nakayama et al., 1995; Scheidegger et al., 1995; Tanaka et al.,
2000). Mouse PST exhibits 56% amino-acid sequence identity with mouse STX. PST is a
type II transmembrane protein containing a potential Golgi retention signal (Eckhardt et
al., 1995), and, in vitro tests have shown that autopolysialylation is a prerequisite for its
activity (Muhlenhoff et al., 1996). PST and STX are expressed distinctly in a tissue-and
cell-specific manner. Recently, a new polysialyltransferase ST8Sia III has been described,
however, it catalyze polysialylation of NCAM much less efficiently than ST8Siall and
ST8SialV (Angata et al., 2000).

In the adult brain polysialylation is restricted to only those regions of the central nervous
system that remain plastic and is involved in processes underlying memory formation
(Becker et al., 1996; Cremer et al., 1994; Fox et al., 1995; Fryer and Hockfield, 1996;
Muller et al., 1996). In addition to its normal occurrence, PSA-NCAM has been associated
with an increasing number of cancers, including the small cell lung carcinoma,
neuroblastomas, and Wilm’s tumor (Hildebrandt et al., 1998a; Tanaka et al., 2000), and its
expression is associated with metastasis and poor patient prognosis (Michalides et al.,
1994). Glycosylation of NCAM by PSA significantly reduces the ability of NCAM
molecules to interact and as the result enhances cell migration (Doherty et al., 1990; Hu et
al., 1996). Recent data also indicate that PSA may act as a global inhibitor of cell adhesion
and affect a broad spectrum of cell interactions (Acheson et al., 1991; Rutishauser et al.,
1988). PSA on NCAM was shown to play an important role in morphogenetic events such
as axonal growth (Doherty et al., 1990; Zhang et al., 1992), cell migration (Wang et al.,
1994) and muscle innervation (Landmesser et al., 1990). In recent studies, the highly
sialylated embryonic form of NCAM has been found to persist in central structures
capable of morphological plasticity (Aaron and Chesselet, 1989; Bonfanti et al., 1992;
Kiss et al., 1993; Miragall et al., 1988; Theodosis et al., 1991). Some of these, such as the
hypothalamo-neurohypophyseal system, the dentate gyrus of the hippocampal formation
and the olfactory bulb, are known to undergo activity-dependent morphological
remodelling in the adult (Theodosis and Poulain, 1993). A correlation of activity-

dependent plasticity and PSA expression was also demonstrated in the neuromuscular
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junction where the activity-dependent intramuscular nerve branching was blocked by

removal of PSA (Landmesser, 1992).

2.3 Implication of CAMs in neurological disorders

As mentioned before, CAMs have been proposed to be involved in different neurological
disorders. For instance, abnormal levels of different isoforms of NCAM have been
reported in some psychiatric disorders. People suffering from bipolar mood disorder type
1, recurrent unipolar major depression (Poltorak et al., 1996a) and schizophrenia (Poltorak
et al., 1995a) show elevated levels of the 120-kDa isoform of NCAM in their cerebral
spinal fluid (CSF). In addition, an increased expression of NCAM 105-115 kDa was found
in the hippocampus of patients with schizophrenia (Vawter et al., 1998) as well as NCAM
VASE (variable alternative spliced exon) isoforms in CSF of these patients (Vawter et al.,
2000). In contrast, the decreased level of L1 140 kDa isoform was observed in the CSF of
patients with schizophrenia (Poltorak et al., 1995a). As mentioned before, a number of
severe neurological disorders, known as CRASH syndrome, are caused by mutations in
L1 gene. Moreover, the role of various cell adhesion molecules in brain plasticity in the
adult nervous system support the idea that they can contribute to the development of age-
related pathology, particularly in AD. Thus, PSA-NCAM has been implicated in long-
term potentiation and learning and memory (Becker et al., 1996; Muller et al., 1996). An
increased number of PSA-NCAM staining positive cells has been reported in some
regions of the hippocampus of individuals with AD (Mikkonen et al., 1999). In addition to
AD, cell adhesion molecules may contribute to myelin and oligodendrocyte degeneration
in multiple sclerosis. The null mutant mouse deficient for MAG (myelin-associated
glycoprotein) and the double knock out mutants derived from crossbreeds between MAG-
and NCAM-knockout mutants show degenerative changes of myelin and myelinating cells
of the peripheral and CNS, related to multiple sclerosis (Carenini et al., 1997; Fruttiger et
al., 1995; Lassmann et al., 1997; Montag et al., 1994).
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3. Introduction to the theory of complementary hydropathy

The theory of complementary hydropathy is based on the observation that there is a
significant inverse correlation throughout the entire triplet code between the hydropathic
coefficients of amino acids encoded by complementary DNA strands. Amino acids with
medium hydrophobicity are generally complemented by similar ones, strongly
hydrophobic amino acids by strongly hydrophilic ones and vice versa (Brentani, 1988).
Transcription of complementary DNA strands in the same reading frame leads to peptides
which are predicted to form amphipathic structures and thus bind one other because highly
hydrophilic amino acids will be complemented by hydrophobic ones (Figure 9). These
sense-antisense peptide pairs interact because hydrophilic residues turn towards the
aqueous phase, leaving a space in the peptide’s carbon backbone that can accommodate

the hydrophobic residue from the opposing chain.

9 - GCT CTT - 3!
NH2 A L COOH
COOH S K NH2

3' - CGA GAA - 5

Figure 9: Complementary hydropathy

Complementary DNA strands encode amino acids with inversely correlated hydropathic coefficients.

Amphiphilic peptides with a length of 15 amino acids together with their corresponding
antisense peptides separated by approximately 50 amino acid residues, termed an
antisense homology box, are found in proteins which encode biologically active peptides
(Baranyi et al., 1995). It has been suggested that exons coding for interacting peptides
were juxtaposed and co-evolved together if both DNA strands from the same exon
displayed coding capacity; it is therefore possible that functional domains of interacting
proteins may have co-evolved this way (Brentani, 1988).

Complementary hydropathy has been successfully used to identify several receptor-ligand
pairs, including a cellular prion protein receptor, a collagen binding site in collagenase,
and an integrin receptor for fibronectin (Brentani et al., 1988; de Souza and Brentani,

1992; Martins et al., 1997).
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II. Aims of the study

Il. Aims of the study

(Study 1)

APP has important functions in neuronal cell migration and synaptic transmission and is
believed to play a critical role in the pathophysiology of Alzheimer disease (AD). Several
studies deal with the search for ligands or receptors that interact with APP (Borg et al.,
1996; Guenette et al., 1996; Trommsdorff et al., 1998; Ninomiya et al., 1993; Williamson
et al., 1996) in order to better understand physiological roles of APP. Furthermore, the
mechanisms of APP proteolysis contributing to AD remain to be elucidated. Finally, the
identification of binding partners of APP might help to understand better the mechanisms
of APP cleavage and to identify potential targets for drugs to treat the AD.

The aim of this study was to isolate and characterize binding partners of APP, which
might be involved in the molecular processes controlling APP proteolysis, or which might
be the proteases cleaving APP themselves. For this purpose, polyclonal rabbit antisera
were raised against the antisense peptides of the B- and y- cleavage sites of APP.
Following the theory of complementary hydropathy the proteins recognized by these
antisera are the putative binding partners of APP. For isolation, different brain
subfractions were prepared from the brain homogenate of adult mice and subjected to
affinity chromatography using the antisense antibodies of the - and y- cleavage sites.
After identification of the putative APP binding proteins, the interaction should be

confirmed using alternative binding assays.

(Study 2)

A definite diagnosis of AD still relies on the presence of neuritic plaques and
neurofibrillary tangles, which is mostly done in autopsied tissue. Thus, improving
diagnostic accuracy or making diagnosis more specific and earlier in the course of AD
becomes very important. Pathological changes in several neuropsychiatric and
neurodegenerative disorders are reflected in abnormalities of the cerebral spinal fluid
(CSF). Therefore, great efforts have been devoted to search for biochemical markers in the
CSF, which can be used for the diagnosis of AD (Andreasen et al., 2001; Galasko, 1999;
Garlind et al., 1999; Growdon, 1999; Hampel et al., 2001; Hock et al., 2000). However,
the role of cell adhesion molecules as potential candidate markers for early diagnosis of
AD has not been investigated. Cell adhesion molecules were shown to play a critical role

in activity-dependent synaptic plasticity (Fields and Itoh, 1996; Miller et al., 1993; Murase
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and Schuman, 1999; Schachner, 1997; Wheal et al., 1998) and can contribute to the
development of age-related pathology, particularly in AD. Therefore, this study was
focused on L1, NCAM and PSA-NCAM molecules, which have been reported to
participate in the synaptic changes underlying learning and memory processes and show
abnormal levels of expression in patients with different neurological and psychiatric
disorders (Mikkonen et al., 1999).

The aim of the present study was to compare the levels of L1, NCAM and PSA-NCAM
adhesion molecules in the CSF in healthy subjects and in patients suffering from AD and
other neurological disorders. For this purpose, a sensitive, specific capture ELISA was
developed. CSF from patients and healthy controls were collected, and concentrations of

adhesion molecules were quantified followed by statistical analysis of the data.
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IIl. Materials

1. Chemicals

All chemicals were obtained from the following companies in p.a. quality: GibcoBRL
(Life technologies, Karlsruhe, Germany), Macherey-Nagel (Diiren, Germany), Merck
(Darmstadt, Germany), Serva (Heidelberg, Germany) and Sigma-Aldrich (Deisenhofen,
Germany).

Restriction enzymes were obtained from New England biolabs (Frankfurt am Main,
Germany) and MBI Fermentas (St. Leon-Rot, Germany), molecular weight standards were
obtained from Gibco. DNA Purification kits were purchased from Life Technologies
(Karlsruhe, Germany), Pharmacia Biotech (Freiburg, Germany), Macherey & Nagel and
Qiagen (Hilden, Germany). Plasmids and molecular cloning reagents were obtained from
Clontech, Invitrogen, Pharmacia Biotech, Promega, Qiagen and Stratagene. Biotinylated
peptides were ordered from Schafer-N (Denmark). Cell culture material was ordered from
Nunc (Roskilde, Denmark) or Life Technologies and PAA Laboratories GmbH (Golbe,

Germany).

2. Solutions and buffers

(in alphabetical order)

BCA-Reagent A 1 % (W/v) Bicincholinacid
(BCA kit) disodium salt

1.7 % (W/V) Na,COsx H,O

0.16 % (W/v) Natriumtartrat

0.4 % (W/V) NaOH

0.95 % (W/v) NaHCO; pH 11.25
BCA-Reagent B 4 % (W/v) CuSO4 x 5 H,O
(BCA kit)
Blocking buffer 2 % (W/v) BSA in PBS
(Immunocytochemistry)
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Blocking buffer
(Western Blot, ELISA)

Blotting buffer

(Western Blot)

Buffer 1
(Binding assay, ELISA)

Coupling buffer

(Affinity Purification)
Developing solution

(Silver Staining)

Developing solution

(ELISA)

DNA-sample buffer (5x)

(DNA-gels)

Elution buffer

(Affinity Chromatography)

Elution buffer

(Serum purification)

Ethidiumbromide

5

25
192
10

0.05

0.1

0.05

0.04

4.75

0.25

3.5

0,025

0.1

0.1

10

% (W/V)

%

% (W/v)

mM
mM
% (V/v)

%
% (W/v)
% (V/v)

ml

ml

pl

% (W/V)
% (W/v)

M

pg/ml
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instant milk powder

in TBS/PBS

Tris
Glycine
Methanol

BSA in TBS
CaCl,
MnCl,
MgCl,
Tween 20

Sodium Phosphate, pH
7.0

Sodium Azide

Sodium Carbonate

Formaldehyde
NaAc pH 5.0
ABTS 2% (w/v)

H>0; 30% (v/v)

glycerol in TAE buffer

orange G

Glycine pH 2.7

Citric Acid pH 3.0

ethidiumbromide in

IXTAE
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staining solution

(DNA-gels)

Fixation solution

(Silver Staining)

Fixing solution

(Coomassie Staining)

Homogenisation buffer

(Subfraction preparation)

Ligation buffer (10x)

Neutralization buffer

(Affinity chromatography)

Oxidizing reagent

(Affinity chromatography)

Phosphate buffered saline
(PBS)

Phosphate buffered saline
Tween (PBS-T)

Roti-Blue staining

solution

50

45

20
79

0.32

200
100
100

150
20

150
20
0.05
20

% (V/v)
% (V/V)
% (v/v)

ml
ml
ml
M
mM
mM

mM

mM

mM

mg

mM

mM
mM
% (V/v)

ml
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Methanol
Acetic Acid
H,O

Methanol

H,O

o-Phosphoric acid 85%
Sucrose

CaCl,

MgCl,

Tris-HCI, pH 7.4

Tris-HCI, pH 7,9
MgCl,
Dithiothreitol (DTT)
ATP

Tris, pH 9.5

Sodium Meta-periodate

NaCl
N33PO4 pH 7.4

NaCl

Naz;PO4 pH 7.4
Tween 20
Methanol
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(Coomassie Staining)

Running Gel 10%
(Protein gels)

Sample buffer (5x)
(Protein-gels)

Sample buffer
(Isolation of IgG fractions)

SDS running buffer (10x)
(Protein-gels)

Silvering buffer
(Silver Staining)

Stabilizing solution

(Coomassie Staining)

Stacking Gel 5%
(Protein gels)

20
60
3.92
5.26
0.14
4.70

70.0
7.00

0.312
10

50
0.13

0.02
0.028
0.02

0.25

1.92

0.1

20

3.77
0.32
0.05
0.83

ml
ml
ml
ml
ml

ml

pl
pl

M

% (W/v)
% (W/V)
% (V/Vv)
% (W/V)

M
M
% (V/v)

<

% (W/v)

ml
ml
ml

ml
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Roti-Blue 5 x concentrate
H,O

deionized water

IM Tris pH 8.8

10% SDS
30%Acrylamide—Bis
29:1

10% APS

TEMED

Tris-HCI pH 6.8
SDS
[B-Mercaptoethanol
Glycerol

Bromphenol blue

Tris-HCI, pH 8.0
NaCl
NaN3

Tris-HCI, pH 8.3
glycine
SDS

AgNO;

Ammonium sulphate

up to 100 ml H,O

deionized water

1 M Tris pH 6.8

10% SDS
30%Acrylamide —
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Bis29:1

25.0 i 10% APS

7.00 ul TEMED
Stopping solution 5 % (v/v) Acetic acid
(Silver staining)
Stopping solution 1.25 % (W/v) Sodium fluorid
(ELISA)
Sentitising solution 0.02 % (W/v) Sodium thiosulfate
(Silver Staining)
Storage solution 1 % (v/v) Acetic acid
(Silver Staining)
Stripping buffer 0.5 M NaCl
(Western blots) 0.5 M acetic acid
Stock solution 1 10 % (W/v) n-octylf3-D-

glucopyranoside

(Membrane solubilization)
Stock solution 2 10 % (W/v) DTT
(Membrane solubilization)
Stock solution 3 10 % (W/V) SDS
(Membrane solubilization)
Sucrose stock solution 80 % (W/v) Sucrose
(Subfraction preparation)
TAE (50x) 2 M Tris-Acetat, pH 8,0
(DNA-gels) 100 mM EDTA
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TE (10x) 0,1 M Tris-HCI, pH 7,5
Tris plus buffer 1.25 ml Tris-HCL, pH 7.4
(Subfraction preparation) 0.25 ml IM CaCl,

0.25 ml 1 MMgCl,
Tris Buffered Saline 10 mM Tris-HCI, pH 8.0
(TBS)
Washing buffer 25 ml Methanol 99.8%
(Coomassie Staining) 75 ml H,O
Washing buffer 0.1 M Acetic acid pH 3.0
(Isolation of IgG 1.4 M NaCl
fractions)

3. Bacterial media

(Media were autoclaved and antibiotics were supplemented prior to use)

LB-medium pH 7,4 10 g/l Bacto-tryptone

10 g/l NacCl

5 g/l yeast extract
LB/Amp-medium 100 mg/l ampicilin in LB-Medium
LB/Amp-plates 20 g/l agar in LB-Medium

100 mg/l ampicillin
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4. Bacterial strains and cell lines

CHO-K1 Chinese Hamster Ovary

Dehydrofolatereductase deficient hamster cell line

Escherichia coli DH5Q Clonotech
deoR,endA1,gyrA96,hsdR 17 (rimy’ ), recAl, relAl,
supE44,thi-1,A(lacZY A-argFV169),
D80lacZAM15, F

5. Cell culture media

Media were prepared from a 10X stock solution purchased from Gibco GBL

CHO-cell Medium Glasgow MEM (GMEM) (with nucleotides, L-
Glutamine) supplemented with
10 % (v/v) fetal calf serum (FCS)
50 U/ml Penicilline/Streptomycine
4 mM L-Glutamine

Versene Gibco GBL

HBSS Gibco GBL

6. Molecular weight standards

1kb DNA ladder 14 bands within the range from 200-10000 bp
(Gibco)
BenchMark™ 6 Wl of the BenchMark Prestained Protein Ladder

(Invitrogen) were loaded on the SDS-PAGE gel
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7. Plasmids

pcDNA3

NCAM-Fc PIG

Band apparent molecular weight
No. (kDa)
1 176.5
2 113.7
3 80.9
4 63.8*
5 49.5
6 37.4
7 26.0
8 19.6
9 14.9
10 8.4
*QOrientation band (pink in color)

mammalian expression vector for transfection of

eukaryotic cells. Amp-resistance (Invitrogen)

mammalian expression vector for transfection of
eukaryotic cells. Amp-resistance (gift of Dr. Jane L.
Saffell, Department of Biochemistry, Imperial College,
London, England)
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8. Antibodies

8.1 Primary antibodies

anti-APP

anti-APP

anti-APP

anti-calreticulin

anti-calreticulin

anti-calreticulin

anti-creatine kinase B

mouse monoclonal antibody, recognized amino
acids 66-8 N-terminus on the APP molecule,
clone 22C11 (Chemicon)

IB: 1:5000 (5% milk in TBS)

mouse monoclonal antibody, recognized amino
acids 1-16 on the AP of APP molecule, clone
WO02 (A beta)

IP: 1:100

rabbit polyclonal antibody against ICD of APP

Immunocytochemistry: 1:100

affinity-purified goat polyclonal antibody
(Santa Cruz, clone sc-7431), raised against a
peptide mapping at the amino terminus of
calreticulin of mouse origin
IB: 1:100 (5% milk in TBS)

Immunocytochemistry: 1:10

affinity purified rabbit generated against peptide
QAKDEL on the C-terminus of calreticulin
IP: 1:15

goat polyclonal antibody made against rabbit
skeletal muscle celraticulin

Immunocytochemistry: 1:50

affinity-purified goat polyclonal antibody

(Santa Cruz, clone sc-15160), raised against a
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anti-L1

anti-L 1

anti-NCAM

anti-NCAM

anti-PSA

anti-versican

peptide mapping at the carboxy terminus of
creatine kinase B of human origin

IB: 1:100 (5% milk in TBS)
Immunocytochemistry: 1:10

IP: 1:10

mouse monoclonal antibody clone 4.1.1.3.3
raised against human L1 (BD Technologies)
ELISA: 1:1000 in PBS

IB: 1:1000 (5% milk in TBS)

rabbit polyclonal antibody raised against human
L1 (Lab As Ltd, Tartu, Estonia)

ELISA: 1:4000 in PBS

IB: 1:4000 (5% milk in TBS)

monoclonal antibody clone 14.2 raised against
human NCAM (BD Technologies)

ELISA: 1:1000 in PBS

IB: 1:1000 (5% milk in TBS)

rabbit polyclonal antibody produced against
human NCAM (BD Technologies)

ELISA: 1:1000 in PBS

IB: 1:1000 (5% milk in TBS)

monoclonal antibody clone 735 produced
against PSA
ELISA: 1:700 in PBS

rabbit polyclonal antibody raised against human
recombinant versican (isoform V1, produced in
the lab of Richard G. LeBaron)

IB: 1:100 (5% milk in TBS)

Immunocytochemistry: 1:100
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IP: 1:30
anti-B-secretase cleavage site of rabbit antibody raised against the synthetic
APP antisense peptide C (generated by Frank Ploger)

IB: 1:1000 (5%Milk in TBS)

anti-y-secretase cleavage site of rabbit antibody raised against the synthetic
APP antisense peptide D (generated by Frank Ploger)
IB: 1:1000 (5%Milk in TBS)

8.2 Secondary antibodies

All horseradish-coupled secondary antibodies were purchased from Dianova and used in a
dilution of 1:7.000.
For immunocytochemistry, Cy2, Cy3 and CyS5, secondary antibodies were obtained from

Dianova and used in a dilution of 1:100.

9. Peptides

9.1 Antisense peptides

Peptide C (B-cleavage site of APP) sequence:
NH; - Val - Met - Ser — Glu — Leu — Cys — Ile — His — Leu — His — Phe — Arg — Asp —
Leu — Leu - COOH

Peptide D (y-cleavage site of APP) sequence:

NH; - GIn — Gly — Asp — Asp — Asp — His — Cys — Arg — Tyr — Asp — Asn — Thr — Ala
— His — His - COOH
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9.2 Biotinylated peptides

Peptide APP1 (y-cleavage site of APP) sequence:
Biotin-SNKGAIIGLMVGGVVIATVIVITLVMLKKKC-OH

Peptide APP2 (B-cleavage site of APP) sequence:
Biotin-TNIKTEEISEVKMDAEFGHDSGFEVRHQKC-OH
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1. Protein-biochemical methods

1.1 SDS-polyacrylamide gel electrophoresis

Separation of proteins was performed by means of the discontinuous SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) using the Mini-Protean III system (BioRad). The size of

the running and stacking gel were as follows:

Running gel: height 4.5 cm, thickness 0.75 mm

8 % or 10 % acrylamide solution

Stacking gel: height 0.8 cm, thickness 0.75 mm
5% (v/v) acrylamide solution

10 or 15-well combs

After complete polymerization of the gel, the chamber was assembled as described by the
manufactures protocol. Up to 25 ul sample were loaded in the pockets and the gel was run
at constant voltage at 80 V for 15 min and then for the rest at 120V. The gel run was
stopped when the bromphenolblue line had reached the end of the gel. Gels were then

either stained or subjected to Western Blotting.

1.2 Western Blot-analysis
1.2.1 Electrophoretic transfer

Proteins were transferred from the SDS-gel on a Nitrocellulose membrane (Protran
Nitrocellulose BA 85, 0,45 pm, Schleicher & Schiill) using a MINI TRANSBLOT-
apparatus (BioRad). After equilibration of the SDS-PAGE in blot buffer for 5 min, the
blotting sandwich was assembled as described in the manufactures protocol. Proteins were
transferred electrophoretically at 4°C in blot buffer at constant voltage (90 V for 120 min
or 35 V overnight). The prestained marker BenchMark™ (Gibco BRL) was used as a

molecular weight marker and to monitor electrophoretic transfer.
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1.2.2 Immunological detection of proteins on Nitrocellulose membranes

After electrophoretic transfer, the membranes were removed from the sandwiches and
placed protein-binding side up in glass vessels. Membranes were washed once in TBS and
incubated in 10 ml blocking buffer for 1 h at room temperature. Afterwards, the primary
antibody was added in the appropriate dilution either for 2 h at RT or overnight at 4°C.
The primary antibody was removed by washing the membrane 5 x 5 min with TBS. The
appropriate secondary antibody was applied for 1 h at RT. The membrane was washed
again 5 x 5 min with TBS and immunoreactive bands were visualized using the enhanced

chemiluminescence detection system (ECL).

1.2.3 Immunological detection using enhanced chemiluminescence

The antibody bound to the membrane was detected wusing the enhanced
chemiluminescence detection system (Pierce). The membrane was soaked for 1 min in
detection solution (1:1 mixture of solutions I and II). The solution was removed and the
blot was placed between to saran warp foils. The membrane was exposed to X-ray film

(Biomax-MR, Kodak) for several time periods, starting with a 5 min exposure.

1.3 Coomassie staining of polyacrylamide gels

The colloidal Coomassie staining of polyacrylamide gels were performed with Roti-Blue
kit (Carl Roth GmbH + Co). After SDS-PAGE, the gels were fixed in fixing solution for
60 min and subsequently incubated with Roti-Blue staining solution for 2-15 h with
constant agitation. The gels were then incubated in destaining solution until the

background of the gel appeared nearly transparent.

1.4 Silver staining of polyacrylamide gels

After SDS-PAGE, gels were fixed with acetic acid/methanol solution for 30 min,
intensively washed and quickly rinsed with freshly prepared thiosulfate solution.

Afterwards, gels were silvered for 30 min at 4°C, washed and developed with
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formaldehyde/sodium carbonate solution. When a sufficient degree of staining has been

obtained, reaction was stopped with 5% acetic acid.

1.5 Determination of protein concentration (BCA)

The protein concentration assay was determined using the BCA kit (Pierce). Solution A
and B were mixed in a ratio of 1:50 to give the BCA solution. 10 pul of the sample were
mixed with 200 ul BCA solution in microtiter plates and incubated for 30 min at 37°C. A
BCA standard curve was co-incubated ranging from 0.1 mg/ml to 2 mg/ml. The extinction

of the samples was determined at 560 nm in a microtiter plate reader.

1.6 Enzyme-linked immunosorbent assay (ELISA), binding assay

Several antigens were immobilized on polyvinylchloride surface in 96-well microtiter
plate in concentration 5-10 pg/ml for overnight at 4°C. Non-absorbed proteins were
removed, the wells were washed five times for 5 min with TBS-T and blocked for one
hour at RT with 2% BSA in TBS. After washing, the wells were subsequently incubated
with the putative binding proteins diluted in a wide range (70 ng/ml to 20 pg/ml) in TBS-
T containing 1%BSA, ImM CaCl,, ImM MgCl, and ImM MnCl, for a further hour at
RT. Non-bound proteins were removed and the wells were washed five times for 5 min at
RT to remove unspecifically bound proteins. Specifically bound proteins were detected
with streptavidin coupled to horseradish peroxidase or with certain primary antibodies and
the appropriate HRP-linked secondary antibodies. Protein binding was visualized by the
detection reaction of HRP with ABTS reagent that resulted into a coloured product that

was quantified using ELISA reader at 405 nm.

1.7 Capture ELISA

Monoclonal capture antibody in appropriate concentration was pipetted into each well of
96-well microplates and incubated overnight at 4°C. The plate was washed five times with
PBS-T and blocked with a 5% solution of nonfat dry milk in PBS for 1.5h at 37°C. Protein

standards in appropriate concentration were prepared freshly for each test from a frozen
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stock solution in serial two-fold dilutions. Each well was loaded with standard or CSF test
sample and incubated for 1.5 h at RT. The detector antibodies in concentration 1.5pg/ml
were loaded into each well and incubated for 20 h at RT. After washing, peroxidase-
labeled goat anti-rabbit IgG antibody (0.16plg/ml) was loaded into each well and
incubated for 1.5 h at RT. ABTS was added for colometric detection. The enzymatic
reaction was stopped with 1.25% sodium fluoride and absorbance values were measured

an ELISA reader at 405 nm.

1.8 Preparation of membrane subfractions

Brains were prepared from adult mice of different ages. Mice were decapitated, brains
were removed from skulls and immediately transferred into a Dounce homogenizer
(Wealton, Teflon pestle, 0.1pm). All following steps were carried out at 4°C. Brains were
homogenized in 3 ml of homogenisation buffer applying 12 up-and-down. The
homogenate was centrifuged (1.400 x g, 10 min, 4°C) and supernatant was further
centrifuged at 17.500 x g for 15 min. The resulting pellet was resuspended in
homogenisation buffer and was applied on the top of a sucrose step gradient (1.2 M, 1.0
M, 0.85 M, 0.65 M), whereas supernatant (soluble fraction) was collected and stored at -
20°C until the further analysis was performed. The 1.400 x g-pellet was resuspended in
homogenisation buffer and the sucrose concentration was adjusted to 1 M using 2.34 M
sucrose stock solution. This solution was laid on 1.2 M sucrose and was overlaid with
homogenisation buffer. The sucrose gradients were ultracentrifuged at 25.000 rpm for 1 h
using SW 28 rotor. The bands at the 1.0/1.2 M interfaces which contained synaptosomes
(Syn 1) and synaptosomes from Mossy Fibers (Syn 2) respectively were collected, diluted
at least two times with homogenisation buffer and subsequently centrifuged at 25.000 rpm
for 30 min. The pellets were resuspended in Tris plus buffer and incubated for 30 min on
ice in order to osmotically shock the synaptosomes. Membranes were isolated by
centrifugation at 25.000 rpm for 20 min, resuspended in SmM Tris pH 7.4, applied to a
sucrose step gradient (1.2 M, 1.0 M, 0.85 M, 0.65 M) and centrifuged at 25.000 rpm for 1
h. The bands at the 1.0/1.2 M interfaces which contained synaptosomal membranes were
collected, diluted at least two times with SmM Tris pH 7.4 and centrifuged at 25.000 rpm
for 30 min. The membranes were resuspended in Tris plus and incubated for 30 min on ice
in presence of 0.6 M NaHCO;3, pH 10 and 5mM EDTA. Treated membranes were applied
to a sucrose step gradient containing 150 mM NaHCO; pH 10 and 5SmM EDTA, and
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centrifuged at 25.000 rpm for 1 h. The bands at the 1.0/1.2 M interfaces which contained
synaptosomal membranes were collected, diluted at least two times with SmM Tris pH 7.4
and centrifuged at 25.000 rpm for 30 min. The resulting pellet was resuspended in 3 ml of
5 mM Tris pH 7.4 and used for further analysis.

1.9 Solubilisation of membrane fractions

Syn 1 and Syn 2 Triton-insoluble membrane fractions were diluted in two times with 5
mM Tris pH 7.4 and incubated on ice for 1 h in presence of 1% n-octyl (-D-
glucopyranoside. Afterwards fractions were centrifuged (15000 x g, 30 min, 4°C) and
supernatant was collected. The pellet was resuspended in 5 mM Tris pH 7.4 and
incubatated on ice for 1 h in presence of 2% of n-octyl 3-D-glucopyranoside. Fractions
were centrifuged as described and supernatant was collected. The pellet was resuspended
in 5 mM Tris pH 7.4 and incubatated on ice for 1 h in presence of 5% of n-octyl 3-D-
glucopyranoside. After centrifugation supernatant was collected, pellet was resuspended
in 5 mM Tris pH 7.4 and incubatated at 95°C for 5 min in presence of 1%SDS and
1%DTT. Fractions were then cooled down, centrifuged (15000 x g, 15 min, 40C), and
supernatant was collected. The pellet was resuspended in 5 mM Tris pH 7.4 and treated as
above in presence of 5%SDS and 2%DTT. After centrifugation supernatant was collected
and pellet was resuspended in 5 mM Tris pH 7.4. All fractions were stored for further

analysis.

1.10 Isolation of IgG fractions

For isolation of IgG fractions the DEAE Affi-Gel Blue Gel kit (Bio-Rad) was used
according to the instruction manual. In brief, a column of DEAE Affi-Gel Blue gel with a
total bed volume of 7 ml gel per milliliter of the serum to be processed was prepared. Gel
was prewashed with at least 5 bed volumes of 0.1 M acetic acid, pH 3.0, containing 1.4 M
NaCl and 40% (v/v) isopropanol and equilibrated with at least 12 bed volumes of sample
buffer (0.02 M Tris-HCI, pH 8.0, 0.028 M NaCl, 0.02%NaNj3). Rabbit serum, dialysed
against appropriate buffer (0.02 M Tris-HCI, pH 8.0, 0.028 M NacCl, 0.02%NaN3), was
applied to the column and unbound material was eluted with 3 bed volumes of buffer. The

eluted fractions containing the purified IgG protein, as determined photometrically by
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their absorption at 280 nm, were then pooled and their protein concentration was

determined using BCA Protein Assay Kit (Pierce).

1.11 Affinity chromatography

Coupling of purified IgG fractions to CarboLink columns and subsequent affinity
purification of soluble or membrane fractions of mouse brain homogenate were performed
as described in the CarboLink Kit (Pierce) instruction manual. Briefly, 4-8 mg of purified
IgG (derived from rabbit antiserum against antisense peptide C and D) was applied to the
Desalting Column in order to perform a buffer exchange. The eluted fractions containing
IgG protein in coupling buffer were concentrated until 2 ml and applied to the CarboLink
columns. The coupling reaction was done overnight at 4°C.

For affinity purification 1 ml of sample was loaded into the CarboLink columns with
immobilized purified IgG. The columns were then incubated for 60 min at RT, washed
with appropriate sample buffer in order to remove unbound material and eluted with 0.1
M glycine pH 2.5. Fractions of 1 ml were collected and neutralized by addition of 50 pl of
IM Tris-HCI, pH 9.5. The eluted fractions containing the purified protein, as determined
photometrically by their absorption at 280 nm, were then pooled, dialysed against the PBS
buffer containing 0.1% of n-octyl -D-glucopyranoside, concentrated until 200 pl and
stored at -20°C.

1.12 Sample preparation for protein sequencing

Protein samples were subjected to SDS gel electrophoresis followed by Coomassie
staining, but in order to avoid accidental contamination, all reagents and solutions were
freshly prepared using autoclaved pipette tips, and each step requiring direct handling was
performed with a new pair of disposable gloves and in closed containers, when possible.
Following SDS gel electrophoresis, the gel was placed under an acrylic glass cover to
allow safe handling, each stained band to be sequenced was cut out from the gel with a
sterile scalpel, placed into the 1.5 ml centrifuge tube and covered with storage solution.

Afterwards, the samples were sent for sequencing.
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1.13 Purification of rabbit IgG using protein A

Freeze-dried Protein A sepharose was rewollen and prepared as described in the
manufacture protocol. The protein A column was equilibrated with PBS (flow rate 10 to
20 ml/h). Serum diluted in PBS 1:2 was applied and passed through the protein A column.
After washing with PBS bound IgGs were eluted with 0.1 M citric buffer pH 3.0 and
neutralized with 1 M Tris pH 8.0. Buffer was exchanged against PBS using centricon 50

columns and protein concentration was determined using the BCA kit (Pierce).

1.14 Immunoprecipitation

For immunoprecipitations protein A/G agarose beads were used. The crude homogenate
or synaptosomes were incubated for 40 min at 4°C in the presence of 1% n-octyl B-D-
glucopyranoside. After centrifugation at 1000 x g the supernatant was collected and
incubated with appropriate amounts of respective antibodies on a rocking platform for at
least 3 hours at 4°C. Afterwards 50 pl of the homogeneous protein A/G-suspension were
added to the mixture and incubated overnight at 4°C on a rocking platform. Beads were
pelleted at 1000 x g, supernatant was carefully removed and the beads were subsequently
washed three times with ice-cold PBS containing 1% n-octyl -D-glucopyranoside for 10
min, and one time with PBS. 40 ul of gel-loading buffer was added to the beads, and the
proteins were denaturated by heating at 95 °C for 5 min. The beads were pelleted by
centrifugation and the supernatant was collected and applied to SDS-PAGE.

2. Molecular biology

2.1 Bacterial strains

2.1.1 Maintenance of bacterial strains

Strains were stored as glycerol stocks (LB-medium, 25% (v/v) glycerol) at —70°C.
An aliquot of the stock was streaked on an LB-plate containing the appropriate antibiotics

and incubated overnight at 37°C. Plates were stored up to 6 weeks at 4°C.
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2.1.2 Production of competent bacteria

DH5a bacteria were streaked on LB-plates and grown overnight at 37°C. 50 ml of LB-
medium was inoculated with 5 colonies and grown at 37°C until the culture had reached

an optical density (ODgg) of 0.3-0.5.

2.1.3 Transformation of bacteria

To 100 pl of competent DH5a either 50-100 ng of plasmid DNA or 20 pl of ligation
mixture were added and incubated for 30 min on ice. After a heat shock (2 min, 42°C) and
successive incubation on ice (3 min), 800 ul of LB-medium were added to the bacteria
and incubated at 37°C for 30 min. Cells were then centrifuged (10000 x g, 1 min, RT) and
the supernatant removed. Cells were resuspended 100 pul LB medium and plated on LB

plates containing the appropriate antibiotics. Plates were incubated at 37°C overnight.

2.2 Plasmid isolation of E. coli

2.2.1 Plasmid isolation from 3 ml cultures (Minipreps)

(see Amersham Pharmacia Mini preparation kit)

3 ml LB/Amp-Medium (100 pg/ml ampicillin) were inoculated with a single colony and
incubated over night at 37°C with constant agitation. Cultures were transferred into 2 ml
Eppendorf tubes and cells were pelleted by centrifugation (12,000 rpm, Imin, RT).
Plasmids were isolated from the bacteria according to the manufactures protocol. The
DNA was eluted from the columns by addition of 50 pl Tris-HCI (10 mM, pH 8.0) with
subsequent centrifugation (12,000 rpm, 2 min, RT).

2.2.2 Plasmid isolation from 15 ml-cultures

To obtain rapidly higher amounts of DNA, the Macherey-Nagel Nucleospin kit was used.
15 ml LB/Amp-Medium (100 pg/ml ampicillin) were inoculated with a single colony and

incubated over night at 37°C with constant agitation. Cultures were transferred into 15 ml
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Falcon tubes and cells were pelleted by centrifugation (12,000 rpm, 1min, RT) in an
eppendorf centrifuge. Plasmids were isolated from the bacteria according to the
manufactures protocol with the exception that twice the suggested amount of buffers were
used. DNA was eluted from the columns by adding twice 50 pl of prewarmed (70°C)
TrisHCI (10 mM, pH 8.0) with subsequent centrifugation (12,000 rpm, 2 min, RT).

Finally, the concentration was determined.

2.2.3 Plasmid isolation from 500 ml-cultures (Maxipreps)

(See Qiagen Maxiprep kit)

For preparation of large quantities of DNA, the Qiagen Maxiprep kit was used. A single
colony was inoculated in 2 ml LB/amp (100 pg/ml ampicillin) medium and grown at 37°C
for 8 h with constant agitation. Afterwards, this culture was added to 500ml LB/amp
medium (100 pg/ml ampicillin) and the culture was incubated at 37°C with constant
agitation overnight. Cells were pelleted in a Beckmann centrifuge (6,000g, 15 min, 4°C)
and DNA was isolated as described in the manufactures protocol. Finally, the DNA pellet
was resuspended in 600 pl of prewarmed (70°C) Tris-HCI (10 mM, pH 8.0) and the DNA

concentration was determined.

2.3 Enzymatic modification of DNA

2.3.1 Digestion of DNA

For restriction, the DNA was incubated with twice the recommended amount of
appropriate enzymes in the recommended buffer for 2 h. Restriction was terminated by
addition of sample buffer and applied on agarose gel. If two enzymes were incompatible
with each other, the DNA was digested successively with the enzymes. The DNA was

purified between the two digestions using the rapid purification kit (Life technologies).
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2.3.2 Dephosphorylation of Plasmid-DNA

After restriction the plasmid DNA was purified and SAP buffer (Boehringer Ingelheim)
and 1 U SAP (scrimps alkine phosphatase) per 100 ng plasmid DNA were added. The
reaction was incubated at 37°C for 2 h and terminated by incubation at 70°C for 10 min.

The plasmid DNA was used for ligation without further purification.

2.3.3 Ligation of DNA-fragments

Ligation of DNA fragments was performed by mixing 50 ng vector DNA with the fivefold
molar excess of insert DNA. 1 pl of T4-Ligase and 2 pl of ligation buffer (both
Boehringer Ingelheim) were added and the reaction mix was brought to a final volume of
20 ul. The reaction was incubated either for 2 h at room temperature or overnight at 16°C.

The reaction mixture was used directly for transformation without any further purification.

2.4 DNA Gel-electrophoresis

DNA fragments were separated by horizontal electrophoresis cambers (BioRad) using
agarose gels. Agarose gels were prepared by heating 1-2 % (w/v) agarose (Gibco) in
IXTAE buffer, depending on the size of DNA fragments. The gel was covered with
IXxTAE buffer and the DNA samples were pipetted in the sample pockets. DNA sample
buffer was added to the probes and the gel was run at constant voltage (10V/cm gel
length) until the orange G dye had reached the end of the gel. Afterwards, the gel was
stained in an ethidiumbromide staining solution for 20 min. Finally gels were documented

using a UV-light imaging system.

2.5 Extraction of DNA fragments from agarose gels

(Rapid gel extraction kit, Life technologies)

For isolation and purification of DNA fragments from agarose gels, ethidiumbromide-
stained gels were illuminated with UV-light and the appropriate DNA band was excised

from the gel with a clean scalpel and transferred into an Eppendorf tube. The fragment
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was isolated following the manufactures protocol. The fragment was eluted from the
column by addition of 50 ul prewarmed (70°C) Tris-HCI1 (10 mM, pH 8.0). The DNA-

concentration was determined using the undiluted eluate.

2.6 Purification of DNA fragments
(Rapid PCR Purification kit, Life technologies)

For purification of DNA fragments the Rapid PCR Purification kit was used according to
the manufactures protocol. The DNA was eluted from the column by addition of 50 ul
prewarmed (70°C) Tris-HCI (10 mM, pH 8.0). The DNA-concentration was determined

using the undiluted eluate.

2.7 Determination of DNA concentrations

DNA concentrations were determined spectroscopically using an Amersham-Pharmacia
spectrometer. The absolute volume necessary for measurement was 50 pl. For
determining the concentration of DNA preparations (III 1.2), the eluate was diluted 1:50
with water and the solution was pipetted into a 50 ul cuvette. Concentration was
determined by measuring the absorbance at 260 nm, 280 nm and 320 nm. Absorbance at
260 nm had to be higher than 0.1 but less than 0.6 for reliable determinations. A ratio of

Ase0/Azgo between 1,8 and 2 monitored a sufficient purity of the DNA preparation.

2.8 DNA-Sequencing
(Step-by-Step protocols for DNA-sequencing with Sequenase-Version 2.0, 5™ ed., USB,
1990)

DNA sequencing was performed by the sequencing facility of the ZMNH. For

preparation, 1 pg of DNA was diluted in 7ul ddH,0 and 1 pl of the appropriate sequencing
primer (10 pM) was added.
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3. Cell culture

3.1 CHO cell culture

CHO cells were cultured in GMEM with 10 % FCS (fetal calf serum) and 2%
Penicillin/Streptomycin (P/S) 37°C, 5 % CO, and 90 % relative humidity in 75 cm® flasks
(Nunc) with 15 ml medium or in six-well plates (d = 35 mm; area = 9,69 cm?) with 2 ml
medium. Cells were passaged when they were confluent (usually after 3-4 days). Medium
was removed and cells were detached by incubation with 4 ml versene for 5 min at 37°C.
Cells were centrifuged (200xg, 5 min, RT) and the pellet was resuspended in 10 ml fresh
medium. Cells were split 1:10 for maintenance or seeded in six-well plates for transfection

(300 pl per well).

3.2 Stable transfection of CHO-cells

(Lipofectamine Plus manual, Life technologies)

For transfection of CHO cells, the Lipofectamine Plus kit (Life Technologies) was used.
One day before transfection, 2 x 10’ cells were seeded per 35 mm dish. When cell density
had reached 60-70% (usually after 18-24 h) the cells were washed with GMEM @ FCS
and antibiotics and transfected with 2 pg total DNA (pcDNA3 expressing vector,
containing NCAM gene encoding the human NCAM-Fc was used) per 35 mm well.
Transfection was performed as described in the manufactures protocol. Transfection was
terminated after 3 h by addition of an equal volume of GMEM, 10 % FCS and 2% PS. 24
h after transfection, cells were detached with 500 ul versene per well and seeded in bigger
dish. Next day the medium was exchanged against selection medium containing
gentamycin (f.c. 0.8 mg/ml). The cells grow during 2-3 weeks in selection medium, which
was changed every 2-3 days, until the single clones appeared. Single clones were then
picked and placed into the 96-wells plate. Clones were cultured as described above, frozen

and stored at -80°C.
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3.3 Cell culture of stable transfected CHO cells

CHO cells were cultured in GMEM with 10% FGS (fetal calf serum) and 2%
Penicillin/Streptomycin (P/S) 37°C, 5 % CO, and 90 % relative humidity in 75 cm” flasks
(Nunc) with 15 ml medium. Cells were passaged when they were confluent as described
above. For production of NCAM-Fc, cells were seeded in 175 cm” flasks and medium was
exchanged against GMEM containing 2% ultra low IgG FCS with gentamycin (f.c. 0.015
mg/ml) and L-glutamine (f'c. 2mM).

3.4 Preparation of dissociated hippocampal cultures

For preparation of dissociated hippocampal cultures, mice of postnatal day 1 — 4 were
used. Hippocampi were prepared by Galina Dityateva. Preparations were performed as
described (Brewer et al., 1993; Lochter et al., 1991)

In brief, the procedure was performed as followed:

1) Dissection

Mice were decapitated and brains removed from skull. Brains were cut out alone the
midline, hippocampi were prepared and split into 1mm thick pieces.

2) Digestion

Hippocampi were washed twice with dissection solution and treated with trypsin and
DNAsel for 5 min at RT. Digestion solution was removed, hippocampi were washed twice
and the reaction was stopped by adding trypsin inhibitor.

3) Dissociation

Hippocampi were resolved in dissection solution containing DNAsel. Titration with
Pasteur pipettes having successively smaller diameters dissociated hippocampi to
homogeneous suspensions.

4) Removal of cell debris and plating of cells

By subsequent centrifugation (80 x g, 15 min, 4°C) and resuspension in dissection buffer,
cell debris was removed. Cells were counted in a Neubauer cell chamber and plated to

provide a density of 1.000 cells/mm”.
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4. Immunocytochemistry

4.1 Fixation of hippocampal neurons

The medium was removed from the coverslips and cells were fixed with 1 ml of warmed
4% para-formaldehyde in PBS for 10 min at RT. Cells were washed twice with PBS and
stored in PBS at 4°C.

4.2 Immunocytochemistry of fixed hippocampal neurons

Coverslips were placed on Parafilm in a humid chamber and incubated with 100 pl
blocking buffer for 1 h at RT. The blocking buffer was removed by aspiration and the
coverslips were covered with 100ul antibody solution containing the appropriate primary
antibody and incubated overnight at 4°C in a humid chamber. Coverslips were washed
three times with PBS and incubated with 100ul antibody solution containing the
fluorescent dye-labeled secondary antibody (Cy2, Cy3, Cy5) for 1 h at room temperature
in the dark. Finally, cells were washed three times with PBS and mounted on objectives
with Aqua Poly-Mount medium (Polysciences Inc). Coverslips were stored in the dark at

4°C.

4.3 Co-capping on hippocampal neurons

The coverslips with leaving neurons were washed briefly with medium and incubated for
20 min at 37°C with 100ul solution containing the appropriate primary antibody.
Afterwards the coverslips were washed for three times with medium and one time with
PBS and incubated with appropriate secondary antibodies for 15 min at 37°C. After
washing the neurons were fixed with 1 ml of warmed 4% para-formaldehyde and

subjected for immunocytochemistry as described above.
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4.4 Confocal laser-scanning microscopy

All images of hippocampal neurons were obtained with a Zeiss LSM510 argon-crypton
confocal laser-scanning microscope equipped with a 60x oil-immersion objective lens.
Images were scanned with a resolution of 512x512. Detector gain and pinhole were

adjusted to give an optimal signal to noise ratio.

5. Clinical methods

5.1 Patients and collection of cerebrospinal fluid

CSF were collected by Dr. Buhmann, Dr. Eggers and Dr. Miiller-Thomsen (Department of
Neurology and Psichiatry, University Hospital Hamburg). 218 patients with different
neurological diseases, including Alzheimer disease (AD), vascular dementia (VD),
dementia of mixed type (MT), diffuse Lewy body dementia (DLBD), multiple system
atrophy (MSA), Parkinson’s disease (PD), major and minor depression, multiple sclerosis
(MS), epilepsy, amyotrophic lateral sclerosis (ALS), polyneuropathy (PNP), progressive
supranuclear palsy PSP, Pick’s disease, hydrocephalus, schizophrenia, paranoia, epidural
hematoma, cervical osteochondrosis, herpes zoster infection, spinal muscular atrophy,
paraneoplastic encephalopathy were examined in this study. In addition, normal controls
without any confirmed neurological or neuropsychiatric diseases were studied.

Clinical diagnoses were made according to published criteria: Alzheimer disease and
dementia of mixed type (McKhann et al., 1984), vascular dementia (Roman et al., 1993),
multiple sclerosis (McDonald et al., 2001), multiple system atrophy (Gilman et al., 1999),
Parkinson’s disease (UK Parkinson’s Disease Society Brain Bank criteria (Gibb and Lees,
1988), diffuse Lewy bodies dementia (McKeith, 2002) or to general neurological practice,
e.g. epilepsy, amyotrophic lateral sclerosis or polyneuropathy.

Dementia was diagnosed by standard clinical procedures and the degree defined by the
score in the Mini Mental State Examine (MMSE) (Folstein et al., 1975). A score of 30 to
27 points was classified as non-demented, 26 to 20 as mildly demented, 19 to 10 points as
moderately demented, and 9 to 0 points as severely demented.

Normal controls underwent lumbar puncture to collect cerebrospinal fluid (CSF) for
diagnostic purpose, for instance to exclude subarachnoid hemorrhage, and revealed no

signs for any disease of the central or peripheral nervous systems and were inconspicuous
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for protein levels, albumin quotient, cell count, oligoclonal bands, immunoglobulins,
glucose, lactate, lysozyme, neuron-specific enolase and copper.

Cerebrospinal fluids (CSF) were collected by lumbar puncture between L4 and LS.
Patients were in supine position for two hours before puncture. CSF were taken in 1 ml
fractions in polypropylene tubes immediately frozen and stored at —80°C until biochemical
analyses were performed. Informed consent according to the declaration of Helsinki was
obtained before lumbar puncture and the study was approved by the Ethical Committee of

the City of Hamburg.

6. Computer analysis

6.1 Sequence analysis

Computer based sequence analysis and alignments of DNA sequences and protein
sequences was performed using the Lasergene-programe (DNASTAR, Inc.,
www.dnastar.com). The following databases were used: Medline-, BLASTN- and
BLASTP-Server of NCBI (National Center for Biotechnology Information,

www.ncbi.nlm.nih.gov).

6.2 Statistical analysis

Comparisons between different patients groups were performed using the non-parametric
Kruskal-Wallis test. The level of statistical significance was set at 0.05. Normal
distribution of CSF parameters for dementia/non-dementia and neurodegeneraton/non-
neurodegeneration groups was confirmed using the Kolmogorov-Smirnov test. Between-
group differences in discontinuous variables were analyzed by Student’s t-test for
independent groups. Correlations were analyzed by Pearson Product Moment
Correlations. ANOVA with age as co-variant was used to explore the extent to which
values were specifically influenced by age. Post hoc analysis was done with the Scheffé-
test. Additionally we estimated the influence of presence of dementia, neurodegeneration,
gender and age on L1, NCAM and polysialic acid by multiple regression analysis
including measurement of partial correlation of independent variables. Results are

expressed as mean * standard error.
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V. Results

V. Results

Study 1: Identification and characterization of putative binding partners of
Amyloid Precursor Protein (APP)

1. Identifying proteins involved in APP proteolysis

In order to exploit the concept of complementary hydropathy to identify proteins
potentially involved in the cleavage of APP, antisense peptides (Figure 1) which
complement the amyloid precursor protein’s amino acid structure at the - and y- cleavage

sites have been constructed. This has been done with 15mers by Dr. Frank Ploger.

A

APP sequence

N|/E |E (I |S |[E |V |[K M |D |A |E |F |[R |H |D |C

5’ | gag | gag | atc | tct | gaa | gtg | aag | atg | gat | gca | gaa | ttc | cga | cat | gac | 3’

3 | ctc |ctc |tag|aga|ctt |cac|ttc |tac |cta |cgt |ctt |aag|gct | gta|ctg |5
ClL L D |[R |F H |L H |1 C |L E S M |V |N

Complementary sequence
B

APP sequence

N|M|Vv |G |G|V |V T (A |T |V |T |V |I |T |L |C

5’ | atg | gtg | ggc | ggt | gtt | gte | ata | geg | aca | gtg | atc | gtc | atc | acc | ttg | 3’

3’ |tac | cac | ccg | cca | caa | cag | tat | cgc | tgt | cac | tag | cag | tag | tgg | aac | S’

C|H|H |A |T [N |D |Y |R |C |H|D|D D |G |Q [N

Complementary sequence

Figure 1: Antisense peptides constructed according to the principle of complementary hydropathy to
complement the amyloid precursor protein’s amino acid structure at the - and y- cleavage sites
Antisense peptide C complement the 3- cleavage site of the APP.

Antisense peptide D complement the y- cleavage site of the APP.

Amino acids correspondent to cleavage sites are highlighted in boldface type.
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According to the theory of complementary hydropathy, these antisense peptides
complement the APP “receptor” and should therefore mimic its binding partners and/or
functionally interacting proteins. Antibodies raised against these peptides are expected to

recognize ligands and binding partners of amyloid precursor protein.

2. Characterization of the antibodies

IgG fractions of the two rabbit antisera raised against antisense peptides were isolated by
removing albumin and other serum proteins using Bio-Rad DEAE Affi-Gel Blue Gel. The
purified antibodies were tested then by Western blot using mouse brain homogenate and
the brain subfractions prepared by ultracentrifugation in sucrose gradient. In order to
prepare subfractions, brain homogenate was centrifuged at 1.400 x g and supernatant was
further centrifuged at 17.500 x g. The resulting pellet was resuspended and applied on the
top of a sucrose step gradient (1.2 M, 1.0 M, 0.85 M, 0.65 M), whereas the 1.400 x g
pellet was resuspended and the sucrose concentration was adjusted to 1 M. This solution
was laid on 1.2 M sucrose and was overlaid with homogenisation buffer. After
ultracentrifugation of sucrose gradients at 25.000 rpm the bands at the 1.0/1.2 M
interfaces which contained synaptosomes, as well as the light fraction contained myelin,
were collected. Thus, the following brain subfractions were used for Western blot analysis
with purified antibodies: myelin, synaptosomal subfractions Syn 1 (prepared by applying
of pellet from centrifugation at 17500g in sucrose gradient) and Syn 2 (prepared by
applying of pellet from centrifugation at 1400g in sucrose gradient). The last one possibly
contains synaptosomes from mossy fibers. The Western blot analysis of the whole brain
homogenate using purified antisense antibody of the Yy-cleavage site of APP revealed
several bands (Figure 2A), whereas three bands of molecular weight around 60 kDa were
specifically recognized in brain subfractions by this antibody (Figure 2B). The purified
antisense antibody of the [-cleavage site of APP showed more specific reactivity and

recognized the single band of approximately 40 kDa in brain subfractions (Figure 2C).
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Figure 2: Specificity of the antisense antibodies of y-and B-cleavage sites of APP after purification
using Bio-Rad DEAE Affi-Gel Blue Gel

(A) Western blot of mouse brain homogenate (Smg per line) using the antisense antibody of the y-cleavage
site. (B) Western blot analysis showing the specificity of antisense antibody of the y-cleavage site in
synaptosomal and myelin fractions from brain homogenate of adult mice. (C) Western blot analysis showing
the specificity of antisense antibody of the [3-cleavage site in synaptosomal and myelin fractions from mouse

brain homogenate. Molecular weights are indicated on the left.

3. Organ specificity of identified proteins

In order to determine the expression of the identified proteins in organs other than brain,
different organs of a wild type adult mouse were homogenized and analysed by Western
blot analysis. The 60 kDa protein, recognized in brain subfractions by antisense antibody
of the y-cleavage site, is expressed uniformly in all tissues (investigated data not shown).
Furthermore, there was no significant difference in expression level of this protein (data
not shown). Whereas the 40 kDa protein, recognized in brain subfractions by antisense
antibody of the B-cleavage site, was detected exclusively in brain and to a lower degree in

kidney, and traces of this protein were seen in skeletal muscle (Figure 3).
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igure 3: Organ specificity of antisense antibody of the [3-

leavage site

ifferent organs of a wild type adult mouse were homogenized
and subjected to SDS-PAGE (5 mg/ml). After transfer to
nitrocellulose membrane, fractions were analysed using the
antisense antibody of the B-cleavage site. Molecular weights

are indicated on the right.

Synl Syn2 My

110 kDa—p . . v

Figure 4: Distribution of APP in
different membrane fractions

Western blot analysis of synaptosomal
and myelin fractions from mouse brain
homogenate using monoclonal anti-APP

antibody 22C11.

4. Fraction co-localization of identified proteins and APP

As shown in the figures 2B and 2C, synaptosomal membranes were more enriched with

the identified proteins in comparison to myelin fraction. In order to check the distribution

of APP protein in different brain subfractions, Western blot analysis of investigated

fractions using 22C11 anti-APP antibody was performed. The band of approximately 110

kDa, corresponding to the molecular weight of APP (Figure 4) was observed in all

investigated fractions, however, the intensity of staining was higher in synaptosomal

membranes than in myelin. This data suggest the synaptosomal co-localization of

identified proteins and APP. Therefore, for the next experiments it was decided to use

Synl and Syn 2 subfractions.
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5. Solubilization of synaptosomal membranes with Triton X-100

Non-ionic detergent Triton X-100 (1%) was used for solubilization of membranes.
Afterwards Triton soluble and Triton insoluble fractions were analysed on immunoblots
using the antisense antibody of the y-cleavage site (Figure SA). The Triton X-100 appears
to be not very effective in solubilizing of these synaptosomal membranes, since the
amount of protein present in soluble and insoluble fractions was approximately equal. In
addition, some physical properties of Triton X-100 (for instance tendency to increase
viscosity at low temperature) would make the following affinity purification more

complicated.

6. Optimisation of solubilization process

In order to optimize efficiency of membranes solubilization, three different detergents
were tested: the non-ionic detergents n-octyl B-D-glucopyranoside and deoxycholate as
well as the zwitterionic detergent CHAPS. After treatment of the membranes with these
detergents (1%) the amount of protein in soluble and insoluble fractions was analysed by
Western blots (Figure 5B). In result, n-octyl B-D-glucopyranoside was found the best
solubilizing agent among all detergents were tested. Lower efficiency was achieved when
deoxycholate was used, whereas CHAPS was almost ineffective. Therefore, n-octyl 3-D-
glucopyranoside was preferred for further solubilization of synaptosomal membranes, and
also was used as the appropriate detergent in the sample buffer for the following affinity
chromatography. The solubilization of membranes was performed with subsequent
increase in detergent concentration from 1% up to 5 %. The efficiency of solubilization
with different amounts of detergent has been controlled by Western blot analysis using the

antisense antibodies of the y-and 3 cleavage site (Figure 5C, D).
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Figure S: Solubilization of synaptosomal membranes

(A) Solubilization of synaptosomal membranes with Triton X-100 (1%). As a control for solubilization
efficiency, Western blot analysis of Triton soluble and Triton insoluble fractions using the antisense
antibody of the y-cleavage site was performed. (B) Solubilization of synaptosomal membranes with different
detergents. After treatment with (1%) of n-octyl B-D-glucopyranoside, deoxycholate or CHAPS, the
efficiency of solubilization has been checked by Western blot using the antisense antibody of the y-cleavage
site. (C and D) Western blot analysis of synaptosomal membranes after treatment with 1%, 2% or 5% of -

D-glucopyranoside using antisense antibodies of the y- or 3-cleavage site respectively.

7. Affinity chromatography

In order to isolate the identified proteins, affinity columns with the respective antibodies

were prepared and loaded with detergent soluble membrane fractions of mouse brain
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homogenate. In addition soluble membrane fraction S3 was also used for affinity
purification in the column with antisense antibody of the [-cleavage site. After extensive
washing, the binding proteins were eluted from the column with acetate buffer at pH 2.5
and neutralized. After buffer exchange and concentration until the small volume, eluted
fractions were subjected to SDS-PAGE and silver/Coomassie staining was performed

after separation (Figure 6).

A B C

Synl Syn2 M Syn 1 Syn 2 M
' —176,5 —
—113,7 | —

— 80,9
’_— — — 63’8
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— 374 L

Figure 6: Affinity chromatography of detergent soluble membrane fractions from mouse brain
homogenate using immobilized antisense antibodies of the y- and B-cleavage site

Detergent soluble brain membranes were prepared for the isolation of putative APP binding proteins. (A)
Fractions were applied to the column with immobilized antisense antibody of the y-cleavage site. After
extensive washing, bound proteins were eluted and concentrated until the small volumes. The eluates were
subjected to SDS-PAGE and silver staining was performed after separation. (B) The eluates were separated
on SDS gel and the proteins were visualized by Coomassie staining. The proteins corresponding to the
bands specifically recognized by antisense antibody of the y-cleavage site (indicated by arrows) were cut out
from the gel and sent for sequence analysis. (C) Fractions were applied to the column with immobilized
antisense antibody of the [B-cleavage site. After extensive washing, bound proteins were eluted and
concentrated until the small volumes. The eluates were subjected to SDS-PAGE and Coomassie staining
was performed after separation. The proteins corresponding to the bands specifically recognized by
antisense antibodies of the P-cleavage site (indicated by arrows) were cut out from the gel and sent for

sequencing. The molecular weights are indicated on the right.

8. Protein sequencing

The Coomassie stained proteins corresponding to the bands recognized by antisense

antibodies of the y- and [B-cleavage site respectively were cut out from the SDS gel (Figure
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6) and sequenced using the matrix-assisted laser desoption/ionisation — mass spectroscopy
(MALDI-MS) (Jensen et al., 1997; Mortz et al., 1994). The protein sequencing was
performed by Dr. Buck from the Institute fiir Zellbiochemie und Klinische Neurobiologie,
UKE, Hamburg. Sequence analysis of bands recognized by antisense antibody of the y-
cleavage site revealed two proteins. One of them was calreticulin, an acedic protein of 55-
60 kDa on SDS-polyacrylamide gel. Another one was identified as versican (V3 splice
variant), a protein with molecular mass of 60-70 kDa. Whereas the sequence of band
recognized by antisense antibody of the B-cleavage site revealed creatine kinase B (brain

specific form), a protein of approximately 45 kDa.

9. Confirmation of the presence of identified proteins in fractions purified by

affinity chromatography

To verify that the fractions purified by affinity chromatography (eluates) contain the
proteins identified by sequence analysis, the eluates were subjected for SDS-PAGE and
analysed by Western blot analysis using the respective antibodies. The fraction purified
using the antisense antibody of the y-cleavage site was analysed by Western blot using the
antibodies against calreticulin and versican (Figure 7A, B), which indeed revealed the
bands corresponding to the calreticulin and versican respectively. As positive controls, a
recombinant rabbit calreticulin or purified bovine versican (a mixture with VO and V1
isoforms) respectively were used. Additionally this fraction was analysed using the
antisense antibody of the y-cleavage site, which obviously recognized both calreticulin
and versican (Figure 7A). To be sure that the signal was not due to the unspecific staining
of secondary antibody, the fraction was analysed using peroxidase-labeled goat anti-rabbit
IgG antibody alone, which did not reveal some bands (Figure 7A). In parallel the fraction
purified using the antisense antibody of the [3-cleavage site was analysed using the
antibody against creatine kinase B. As a positive control, recombinant human creatine
kinase B was applied on the gel. The Western blot analysis revealed a band of
approximately 45 kDa, corresponding to creatine kinase B, confirming the presence of this

protein in purified fraction (Figure 7 C).
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Figure 7: Confirmation of the presence of identified proteins in fractions purified by affinity
chromatography

Fractions purified by affinity chromatography (eluates) were analysed by Western blot. (A) Syn 2 purified
using the antisense antibody of the y-cleavage site and recombinant calreticulin were subjected to SDS-
PAGE, followed by transfer to nitrocellulose membrane and staining using either the antibody against
calreticulin or the antisense antibody of the y-cleavage site, or stained using peroxidase-labeled goat anti-
rabbit IgG antibody. (B) Syn 2 purified using the antisense antibody of the y-cleavage site and purified
versican were subjected to SDS-PAGE, transferred to nitrocellulose membrane and stained using the
antibody against versican. (C). Syn 2 purified using the antisense antibody of the [-cleavage site or
recombinant creatine kinase B were subjected to SDS-PAGE, followed by transfer to nitrocellulose

membrane and staining using the antibody against creatine kinase B.

10. Distribution of calreticulin, versican and creatine kinase B in brain

subfractions

To investigate the localization of identified proteins in brain subfractions, synaptosomal
and myelin fractions were analysed by Western blot analysis using the antibodies against
calreticulin, versican and creatine kinase B respectively. Calreticulin, versican and
creatine kinase B were detected in all investigated fractions (Figure 8). However, the
amount of these proteins in synaptosomes was higher in comparison to the myelin

fraction. This suggests predominantely synaptosomal localization of investigated proteins.
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Figure 8: Distribution of calreticulin, versican and creatine kinase B in brain subfractions
Western blot analysis of synaptosomal and myelin fractions from mouse brain homogenate. All fractions
were subjected to SDS-PAGE. After transfer to nitrocellulose membrane, fractions were analysed using the

antibody against calreticulin (A), versican (B) or creatine kinase B (C).

11. Binding study of identified proteins and APP using an ELISA approach

To prove a direct binding of calreticulin or versican and APP, synthetic biotinylated
peptides APP1 and APP2 mimicking the y-and (3-cleavage sites of APP respectively were
used. Recombinant rabbit calreticulin, basically identical to human and mouse protein, or
purified bovine versican (a mixture with VO and V1 isoforms) were coated on absorbent
plastic surfaces and incubated with APP1, or as a negative control, with APP2. Detection
of the potential interaction partner was carried out using the streptavidin coupled with
HRP. The interaction of calreticulin and APP as well as versican and APP were confirmed
in the ELISA assay. Binding of the calreticulin was observed in the dose dependent
manner in the range of 80 ng/ml — 5 pg/ml, while dose dependent interaction of versican
and APP was detected in the range of 40 ng/ml — 1.5 pg/ml (Figure 9A). Vice versa,
binding of soluble calreticulin or versican to immobilized APP1 was detected using the
antibodies against calreticulin or versican respectively. The interaction of calreticulin and
APP was detectible in this assay, showing near-linear quantitative binding in the range of
30 ng/ml — 5 pg/ml, however when APP1 was coated and incubated with soluble versican,

no interaction was observed (Figure 9B).
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Figure 9: ELISA binding assay for evaluation of calreticulin — APP and versican — APP interactions

(A) Immobilized calreticulin (10 pg/ml) or versican (10 pg/ml) were incubated with APP1 (78 ng/ml — 10
pg/ml) or with APP2 (78 ng/ml — 10 pg/ml). Detection of bound proteins was carried out using the
streptavidin coupled with HRP. (B) Immobilized APP1 (5ug/ml) or APP2 (5 ug/ml) were incubated with
calreticulin (78 ng/ml — 10 pg/ml) or with versican (78 ng/ml — 10 pg/ml). The binding proteins were

detected with a polyclonal antibody against calreticulin or with a polyclonal antibody against versican
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To prove a direct binding of creatine kinase B and APP, recombinant human creatine
kinase B was immobilized to a plastic surface and incubated with APP2 diluted in a wide
range (78 ng/ml — 20 pg/ml). Detection of the potential interaction partner was carried out
using the streptavidin coupled with HRP. However, the interaction of creatine kinase B
and APP could not be confirmed in the ELISA assay since binding of soluble APP2 to
immobilized creatine kinase B was not observed. Vice versa, binding of soluble creatine
kinase B to immobilized APP2 followed by incubation with antibody against creatine

kinase B was also not detectable.

12. Verification of the interaction of identified proteins and APP by co-

immunoprecipitation

For co-immunoprecipitation the detergent extract of a brain homogenate was incubated
with antibody against calreticulin, versican or creatine kinase B respectively. As a positive
control, the antibody against APP (mouse monoclonal antibody WO2) was applied for
precipitation. Immunocomplexes were isolated using agarose protein A/G beads. As a
negative control, the detergent extract was incubated with beads alone. Bound proteins
were eluted by boiling at 95 °C in sample buffer and analysed for co-precipitation of APP.
The analysis of the immunoprecipitates revealed that after precipitation of creatine kinase
B a co-precipitation of APP occurred, while a co-precipitation of APP was not detectable
after precipitation of calreticulin or versican (Figure 10 A). However, when the detergent
extract of synaptosomes (prepared as described above) was used instead of the whole
brain homogenate, APP was detected after precipitation of calreticulin or versican, while
after precipitation with creatine kinase B no co-precipitation of APP occurred (Figure 10

B).
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Figure 10: Analysis of co-immunoprecipitation of APP and identified proteins

(A) A detergent extract of brain homogenate was incubated with anti calreticulin, anti versican or anti
creatine kinase B antibodies, or as positive control, with monoclonal antibody WO2 against APP.
Immunocomplexes were isolated using agarose protein A/G beads. As a negative control, a detergent extract
was incubated with beads alone. The eluates from the agarose beads were subjected for SDS-PAGE,
transferred to nitrocellulose membrane and stained using the monoclonal antibody 22C11against APP. (B) A
detergent extract of synaptosomes was incubated with antibodies against calreticulin, versican or creatine
kinase B, or as positive control, with monoclonal antibody WO2 against APP. Immunocomplexes were
isolated using agarose protein A/G beads. As a negative control, a detergent extract was incubated with
beads alone. The eluates from the agarose beads were subjected for SDS-PAGE, transferred to nitrocellulose

membrane and stained using the monoclonal antibody 22C11against APP.

13. Co-localization and co-capping of identified proteins and APP in primary

hippocampal cultures

Since a co-localization of proteins is a prerequisite for functional interaction in vivo, the
localization of calreticulin, versican, creatine kinase B and APP in primary cell cultures
was analysed. Hippocampal neurons of 3-day-old mice were dissociated and cultured for
one week. Afterwards, cells were fixed and co-immunostained with antibody to APP and
one of its putative binding partners. The co-immunostaining with polyclonal goat antibody
against calreticulin and with polyclonal antibody against APP showed a strong overlap,
suggesting a co-localization of calreticulin and APP (Figure 11 A, yellow areas). In
parallel, cultures were stained with a polyclonal antibody against versican and the

monoclonal antibody 22C11 against APP. However, no apparent co-localization of
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versican and APP could be observed (data not shown). To investigate a co-localization of
creatine kinase B and APP cells were stained with the polyclonal antibody against creatine
kinase B and the polyclonal antibody against APP. Although a widespread expression of
creatine kinase B all over the cell was observed, only small amounts of immunoreactive

creatine kinase B overlapped with the immunostaining for APP (Figure 11 B).

Calreticulin phase contrast
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Figure 11:Co-localization of APP and its putative binding partners in primary hippocampal cultures

(A) Hippocampal cultures prepared from 3-day-old mice and maintained for one week in vitro were fixed
and co-immunostained with anti-calreticulin antibody (red) and anti-APP antibody (green). Superposition of
immunostainings is shown in an overlay image, in which yellow areas indicate co-localization of calreticulin
and APP. Phase contrast shows the cellular structures. Scale bar, 20 um. (B) As in (A) but cultures were co-
immunostained with antibody against creatine kinase B (red), or with antibody against APP (green). Scale

bar, 20 um.

Furthermore, the interaction between APP and its putative binding partners was tested
using a co-capping assay. In this method, clustering of a protein is induced by application
of antibodies to live cultures and co-clustering (co-capping) of its binding partners is
expected to be observed. For co-capping of calreticulin and APP, the cells were pre-
incubated with polyclonal rabbit antibody against APP. Primary antibodies were clustered
with the secondary anti-rabbit antibody and afterwards cells were fixed and stained with
polyclonal goat anti-calreticulin antibody. Clustering of APP appeared to induce
accumulations of calreticulin on the cell surface. Co-localization of clusters indicating a
co-redistribution of calreticulin and APP was nicely observed in cell soma, axons and
dendrites (Figure 12 A, yellow areas). For co-capping of creatine kinase B and APP, the
cells were pre-incubated with polyclonal rabbit antibody against APP and clustered with
the secondary anti-rabbit antibody. Afterwards, cells were fixed and stained with
polyclonal goat antibody against creatine kinase B. Apparently, only small amounts of
overlapped clusters, indicated by yellow staining, could be observed in this case (Figure

12 B).
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Figure 12:Co-capping of APP and its putative binding partners in primary hippocampal cultures
(A) Hippocampal cultures prepared from 3-day-old mice and maintained for one week in vitro were pre-

incubated with polyclonal rabbit anti-APP antibody that was clustered with a secondary anti-rabbit antibody
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(green). Afterwards, cells were immunostained with anti-calreticulin antibody (red). Co-localization of
calreticulin and APP is indicated by yellow staining (arrows). Phase contrast shows the cellular structures.
Scale bar, 20 um. (B) As in (A) but after clustering of APP hippocampal cultures were immunostained with
antibody against creatine kinase B (red). Yellow staining indicates co-localization of creatine kinase B and

APP (arrows). Scale bar, 20 pm.
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Study 2: Cell adhesion molecules as biochemical markers for Alzheimer

disease

1. Introduction in “Capture” ELISA

The primary advantage of the antigen-capture ELISA is the ability of this test to detect
antigen in the course of the disease. The mean component of the capture ELISA (Figure 1)
is a specific monoclonal antibody. Antigens from the test sample are first captured by
monoclonal antibody, supported on a solid phase, and a polyclonal detection antibody,
which can be recognized then by secondary enzyme-labelled antibody, detects their
presence. The desired characteristics of the capture antibody are strong binding to the
antigen and the ability to attach to an ELISA plate without loss of reactivity. In addition,
detection polyclonal antibody recognizes other epitopes than that recognized by the
capture monoclonal antibody. Therefore, it is generally thought, that this test provides

high specificity.
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e
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Figure 1: Principle of the antigen-capture ELISA
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2. Establishment of a capture ELISA for quantification of L1 level in the CSF

2.1 Checking of the specificity and working titre of the detection polyclonal

anti-human L1 antibodies

Determination of the working dilution of the detection polyclonal antibodies was
performed using the standard direct antigen ELISA on the solid phase. Two-fold serial
dilutions of the standard (purified human L1-Fc; 2 — 256 ng/ml) were absorbed on the
microwell plate and incubated with different concentrations of polyclonal anti-human L1
antibodies, followed by incubation with HRP conjugated antibody and substrate reaction.
As a negative control, some wells were coated with other antigens, such as human
NCAM-Fc and mouse PSA. Uncoated wells were used as a blank control. The HRP
conjugated antibody has been used in dilution of 1:5000 (followed by manufacture’s
protocol). The dilution curves (Figure 2A) represent increasing of the O.D. with
increasing amounts of antigens and the other parameters being constant. The optimal
working dilution of the polyclonal anti-human L1 antibodies was accepted as 1:4000. It
provides a wide working diapason (linear part), which allows detecting the antigen in
range 8 — 60 ng/ml, and gives low background. When the lower concentration of the
polyclonal antibodies was used the linear part of the curve was set in the field of lower
O.D. allowing to detect antigen in range 12-48 ng/ml. Whereas the higher antibodies
concentration leads to higher background, and, in addition, it is not economically
advantageous. The testing antibody was highly specific for L1 and did not show the

crossreactivity with other antigens.

2.2 Establishment of the optimal coating concentration of the capture

monoclonal anti-human L1 antibody (Neuro 4.1.1.3.3)

The optimal working dilution of the capture monoclonal antibody was determined from
the titration against homologous antigen. The dilution curve (Figure 2 B) reflects decrease
of the O.D. with increasing of antibody dilution when the other parameters, established in
the previous test, were constant. Namely, detection polyclonal antibodies diluted 1:4000

and antigen (L1-Fc protein) in concentration of 20 ng/ml were used for this test. The
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working dilution of the capture antibody 1:1000 appear to be appropriate, as it gives the
O.D. around 1.0 and set in the middle of the saturation field (upper plateau) of the curve,
suggesting that the maximal coating of the wells with the primary antibody should abolish
non-specific antigens binding with a surface of microwell plate and therefore, has not

influence on the test results.
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Figure 2: Establishment of the L1 antibodies working concentrations

(A) Dilutions curves of the detection polyclonal anti-human L1 antibody. Two-fold serial dilutions of the
purified human L1-Fc (2 — 256 ng/ml) were absorbed on the microwell plate and incubated with different
concentrations of polyclonal anti-human L1 antibodies (1/2000, 1/4000 or 1/8000 dilution were tested),
followed by incubation with HRP conjugated antibody and substrate reaction. (B) Titration of the capture
monoclonal anti-human L1 antibody 4.3.3.1.1. Two-fold serial dilutions of the monoclonal antibody (1/500
— 1/32000) were used whereas the other parameters (antigen concentration 20 ng/ml and detection antibody

dilution 1/4000) have been constant.
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2.3 Standard antigen-binding curve

Under the optimized conditions, described above, a standard antigen-binding curve was
prepared (Figure 3). The assay shows near-linear quantitative binding of antigen in the
range 2 — 50 ng/ml. Greatest accuracy in determining test samples is achieved in readings
falling between O.D. 0.2 and 1.2. Test samples can be quantitated for antigen against this

curve.
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Figure 3: Standard antigen (L1-Fc) binding curve
The purified human L1-Fc protein was titrated on ELISA plate in two-fold serial dilutions (2 — 256 ng/ml)
when the other parameters (capture monoclonal antibody dilution 1/1000 and detection polyclonal antibody

dilution 1/4000) were constant.

2.4 Determination of the optimal test sample (CSF) dilution

Optimal CSF dilutions were determined by titration of three different CSF, containing
presumably low, middle or high amount of L1 protein (as was detected by Western blot
analysis) in order to except the possibility being out of the working range for the testing
CSF with very low or very high L1 concentration. The CSF were titrated in two-fold serial

dilutions and analysed under the appropriate conditions, chosen previously, which are: the
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dilution of the capture monoclonal antibody 1:1000, dilution of the detection polyclonal
antibody 1:4000. The dilution curves (Figure 4) show that the undiluted CSF set in the
optimal working range, described above, whereas already 1:2 CSF dilution leads to

significant O.D. decrease in case of all tested CSF.
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Figure 4: CSF dilution curves in L1-Fc ELISA
Three different CSF with low, middle or high amount of L1 protein were titrated in two-fold serial dilutions
when the other parameters (capture monoclonal antibody dilution 1/1000 and detection polyclonal antibody

dilution 1/4000) were constant.

2.5 Optimizing the ELISA

Optimisation of ELISA to fit a high specificity involved the manipulation of temperature,
incubation time and blocking agents. To provide maximum specificity, a comparison was
made between three different blocking agents commonly used in ELISA: 5% dried skim
milk, 2% gelatin and 2% BSA. No large variations were observed in the absorbance with
the blocking agents used, although the background level was lower with 5% dried skim
milk, which finally was used in quantitative ELISA. In addition, the different incubation
times and temperatures for all steps were investigated. Finally, the following optimal
conditions were determined: coating step was performed at 4°C overnight, blocking at
37°C for 2 h, the incubation with detection antibody was optimal at RT for 20 h, and
incubation with HRP conjugated antibody was performed at RT for 1.5 h.
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2.6 Sensitivity of the L1-Fc ELISA test

Sensitivity, or Minimum Detectable Concentration (MDC), was confirmed by assaying of
20 replicates of the zero standard in a single assay. The concentration extrapolated from
the standard curve of the average O.D. for the standard O replicates + 2 SD is the MDC.
Sensitivity calculated for this test was 1.5 ng/ml, which represents the lowest value read

from the standard curve that can be statistically differentiated from zero.

3. Establishment of a capture ELISA for quantification of NCAM and PSA-
NCAM levels in the CSF

3.1 Checking of the specificity and working titre of the detection polyclonal
anti-human NCAM antibodies (3731)

Determination of the working dilution of the detection polyclonal antibodies was
performed using the standard direct antigen ELISA on the solid phase, as described above
(see 2.1). Purified human NCAM-Fc and mouse PSA-NCAM proteins were used as
standards to establish NCAM and PSA-NCAM ELISA. To check the antibody specificity,
some wells were coated with other antigens, like human L1-Fc or CHL1-Fc. Uncoated
wells were used as a blank. The dilution curves are represented on the Figure 5A and
Figure 5B, respectively for NCAM and PSA-NCAM ELISA. In both cases the optimal
dilution of the detection antibody was 1:1000, providing the wide working diapason
(linear part) and low background. The analysed antibodies were highly specific for
NCAM and did not show the crossreactivity with other antigens.
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Figure S: Establishment of the polyclonal anti-human NCAM antibodies 3731 working concentrations
(A) Dilutions curves of the detection polyclonal anti-human NCAM antibodies in NCAM-ELISA test. Two-
fold serial dilutions of the purified human NCAM-Fc¢ protein (4.68 — 600 ng/ml) were absorbed on the
microwell plate and incubated with different concentrations of polyclonal anti-human NCAM antibodies
(1/500, 1/1000 or 1/2000 dilution were used), followed by incubation with HRP conjugated antibody and
substrate reaction. (B) Dilutions curves of the detection polyclonal anti-human NCAM antibodies in PSA-
NCAM-ELISA test. Two-fold serial dilutions of the purified mouse PSA-NCAM-Fc¢ protein (1.62—-100
ng/ml) were absorbed on the microwell plate and incubated with different concentrations of polyclonal anti-
human NCAM antibodies (1/500, 1/1000 or 1/2000 dilution were used), followed by incubation with HRP

conjugated antibody and substrate reaction.
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3.2 Establishment of the optimal coating concentrations of the capture
monoclonal anti-human NCAM antibody (14.2) and monoclonal anti-PSA
antibody (735)

The optimal working dilutions of the capture monoclonal antibodies were determined
from the titration against homologous antigens. The dilution curves (Figure 6A and 6B
respectively for NCAM and PSA antibodies) are represented. Based on the same
principle, as in case with monoclonal anti-L1 antibody (see 2.2), the working dilution of
the monoclonal anti-human NCAM antibody 1:1000 has been chosen, whereas for anti-

PSA antibody the working dilution 1:700 was accepted.
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Figure 6: Determination of the coating concentrations of the capture monoclonal anti-human NCAM
antibody (14.2) and monoclonal anti-PSA antibody (735)

(A) Titration of the capture monoclonal anti-human NCAM antibody 14.2. Two-fold serial dilutions of the
monoclonal antibody (1/500 — 1/32000) were used when the other parameters (antigen concentration 50
ng/ml and detection antibody dilution 1/1000) have been constant. (B) Titration of the capture monoclonal
anti-PSA antibody 735 in two-fold serial dilutions (1/500 — 1/32000) under the other parameters (antigen

concentration 13 ng/ml and detection antibody dilution 1/1000) being constant.

3.3 Standard antigen binding curves

Under the optimized conditions, described above, a standard antigen binding curves were
generated (Figure 7A and 7B respectively for NCAM and PSA-NCAM ELISA). The
NCAM assay shows near-linear quantitative binding of antigen in the range of 9.37 — 150
ng/ml with greatest accuracy in determining test samples between O.D. 0.3 and 1.1.
Whereas for PSA-NCAM assay the linear binding range of 3.12 — 25 ng/ml was observed,
providing the maximum accuracy in determining test samples between O.D. 0.25 and 1.0.

Test samples can be quantitated for antigens against these curves.
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Figure 7: Standard antigen (NCAM-Fc¢ and PSA-NCAM-Fc) binding curves

(A) The purified human NCAM-Fc protein was titrated on ELISA plate in two-fold serial dilutions (4.68—
600 ng/ml) when the other parameters (capture monoclonal antibody dilution 1/1000 and detection
polyclonal antibody dilution 1/1000) were constant. (B) Titration of the purified mouse PSA-NCAM protein
on ELISA plate (1.62 — 100 ng/ml) under the other constant parameters (capture monoclonal antibody

dilution 1/700 and detection polyclonal antibody dilution 1/1000).

3.4 Determination of the optimal test sample (CSF) dilutions

Optimal CSF dilutions were determined by titration of three different CSF, containing
presumably low, middle or high amount of NCAM or PSA-NCAM protein (as was
detected by Western blot analysis) in order to except the possibility being out of the
working range for the testing CSF with very low or very high analysed protein
concentration. The CSF were titrated in two-fold serial dilutions and analysed under the
appropriate conditions, described previously, respectively for NCAM and PSA-NCAM
ELISA (see 3.1 and 3.2). The optimal CSF dilution 1:15 was accepted for NCAM assay
(Figure 8 A) which set in the middle of the linear part of the curves. This dilution provides
a good signal and in addition, allows to work in a big diapason and therefore, to analyze
the CSF with different concentrations. In case of PSA-NCAM ELISA the optimal CSF
dilution 1:8 has been chosen (Figure 8B).
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Figure 8: CSF dilution curves in NCAM-Fc and PSA-NCAM-Fc ELISA

(A) Three different CSF with low, middle or high amount of NCAM protein were titrated in two-fold serial
dilutions when the other parameters: capture monoclonal antibody dilution 1/1000, detection polyclonal
antibody dilution 1/1000 were constant. (B) Three different CSF with low, middle or high amount of PSA-
NCAM protein were titrated in two-fold serial dilutions when the other parameters: capture monoclonal

antibody dilution 1/700 and detection polyclonal antibody dilution 1/1000 were constant.
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3.5 Optimizing the ELISA

The optimisation of NCAM and PSA-NCAM ELISA was performed as described
previously (see 2.5).

3.6 Sensitivity of the NCAM-Fc and PSA-NCAM-Fc ELISA tests

Sensitivity of the NCAM-Fc and PSA-NCAM-Fc tests was determined as described above
(see 2.6). MDC calculated for NCAM-Fc ELISA test was 5.5 ng/ml, whereas this value
for PSA-NCAM-Fc ELISA test was 2.5 ng/ml.

4. Levels of L1, NCAM and PSA-NCAM in the cerebrospinal fluids of

different patient groups

There was an increase (p<0.0001) in mean levels of L1 in the cerebrospinal fluid CSF of
Alzheimer disease (AD) patients (18.2 + 0.7 ng/ml, n=76) when compared to normal
controls (12.2 + 0.6 ng/ml, n=46) (Figure 9). There was also an increase (p<0.01 and
p<0.05 respectively) in L1 levels in patients with vascular dementia (19.6 + 2.7 ng/ml,
n=9) and dementia of mixed type (17.8 * 1.8 ng/ml, n=8) in comparison to normal
controls. Elevated L1 levels in the CSF of these groups were observed irrespective of age
and gender. Other groups: multiple system atrophy (n=4), Parkinson’s disease (n=6),
diffuse Lewy body dementia (n=4), epilepsy (n=15), amyotrophic lateral sclerosis (n=7),
polyneuropathy (n=10), multiple sclerosis (n=9), did not show any difference in

comparison to the normal control group.
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Figure 9: L1 concentrations in the CSF of different patients groups

(A) Individual values (circles) represent L1 concentration in the cerebrospinal fluid (CSF) of patients with
Alzheimer disease (AD), vascular dementia (VD), dementia of mixed type (MT), multiple system atrophy
(MSA), Parkinson’s disease (PD), diffuse Lewy body dementia (DLBD), epilepsy, amyotrophic lateral
sclerosis (ALS), polyneuropathy (PNP), multiple sclerosis (MS) and normal controls (NC). Each horizontal
line represents the mean value of L1 concentration. (B) Mean values of L1 concentration *+ standard error.
Statistical analysis (with age correlation) showed increased (***p<0.0001) levels in the CSF of Alzheimer
disease patients in comparison to normal controls. The concentrations of L1 were also increased (**p<0.01
and *p<0.05 respectively) in the CSF of patients with vascular dementia and dementia of mixed type in

comparison to normal controls.
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Levels of NCAM were increased (p<0.0001) in the CSF of Alzheimer disease patients
(845.4 + 39.7 ng/ml, n=76), when compared to normal controls (551.3 = 33.3 ng/ml,
n=46). Furthermore, levels of NCAM were higher (p<0.05) in patients with vascular
dementia (852.1 + 146.2, n=9) and dementia of mixed type (937.5 = 177.4, n=8) in
comparison to normal controls (Figure 10). NCAM concentration was independent of
gender, but correlated with age. When corrected for age as co-variable, the association of
higher NCAM concentrations in the patients with Alzheimer disease remained significant
(p<0.05). However, when patients with vascular dementia and dementia of mixed type
were compared to the normal controls with correction for age, the difference was not
anymore significant. NCAM level was decreased (p<0.05) in the CSF from patients with
multiple sclerosis (342.2 + 16.7 ng/ml, n=9) in comparison to normal controls, and the

difference remained significant after correction for age.
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V. Results

Figure 10: NCAM concentrations in the CSF of different patients groups

(A) Individual levels (circles) represent NCAM concentration in the cerebrospinal fluid (CSF) of patients
with Alzheimer disease (AD), vascular dementia (VD), dementia of mixed type (MT), multiple system
atrophy (MSA), Parkinson’s disease (PD), diffuse Lewy body dementia (DLBD), epilepsy, amyotrophic
lateral sclerosis (ALS), polyneuropathy (PNP), multiple sclerosis (MS) and normal controls (NC). Each
horizontal line represents the mean value of NCAM concentration. (B) Mean values of NCAM
concentration * standard error. Statistical analysis (with age correlation) showed higher (*p<0.05) levels in
the CSF of Alzheimer disease patients when compared to normal controls. The level of NCAM was

decreased (*p<0.05) in the CSF of patients with multiple sclerosis (MS).

Levels of PSA-NCAM in the CSF did not differ among the groups (Figure 11). The mean

concentration of PSA-NCAM in normal control group was 56.9 * 2.8 ng/ml (n=46).
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Figure 11: PSA-NCAM concentrations in the CSF of different patients groups

(A) Individual levels (circles) represent PSA-NCAM concentration in the cerebrospinal fluid (CSF) of
patients with Alzheimer disease (AD), vascular dementia (VD), dementia of mixed type (MT), multiple
system atrophy (MSA), Parkinson’s disease (PD), diffuse Lewy body dementia (DLBD), epilepsy,
amyotrophic lateral sclerosis (ALS), polyneuropathy (PNP), multiple sclerosis (MS) and normal controls
(NC). Each horizontal line represents the mean value of PSA-NCAM concentration. (B) Mean values of
PSA-NCAM concentration + standard error. Statistical analysis did not show any significant difference in

PSA-NCAM levels between the groups.

5. L1, NCAM and PSA-NCAM levels in cerebrospinal fluid of dementia and

non-dementia groups

To investigate whether the levels of adhesion molecules are associated with all forms of
dementia, the concentrations of L1, NCAM and PSA-NCAM were further analysed in
patients after their assignment to dementia and non-dementia groups. There was an
increase (p<0.000001) in mean of L1 levels in the CSF of patients with dementia (17.2 £
0.6 ng/ml, n=117) in comparison to the non-dementia group (13.2 £ 0.5 ng/ml, n=101)
(Figure 12A). The L1 concentration in these groups was independent of gender but
correlated with age (r=0.28; p<0.05). However, the association of higher L1
concentrations in patients with all forms of dementia remained when corrected for age as
co-variable (p<0.00001).

When corrected for age within the group of demented patients, the severity of dementia as
defined by the Mini Mental State Examine (MMSE) as a discontinuous variable (stepwise
regression), or the assignment of patients to groups of mildly (n=68), moderately (n=42)
and severely (n=7) demented patients did not correlate with the L1 concentration.

NCAM concentration was higher (p<0.00001) in the CSF of patients with dementia (830.3
+ 33.3 ng/ml, n=117) when compared to the non-dementia group (603.5 = 26.0 ng/ml,
n=101) (Figure 12B). NCAM concentrations were independent of gender but correlated
with age (r=0.37; p<0.05). The association of higher NCAM concentrations with dementia
remained when corrected for age as co-variable (p<0.05).

When corrected for age within the group of demented patients, the degree of dementia as
defined by the MMSE as a discontinuous variable (stepwise regression) or the assignment
of patients to groups of mildly (n=71), moderate (n=42) and severely (n=7) demented did

not correlate with the NCAM concentration.
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Figure 12: L1, NCAM and PSA-NCAM concentrations in the CSF of demented and non-demented
patients

(A) Mean values of Llconcentrations * standard error in dementia and non-dementia groups. Statistical
analysis (with correction for age) revealed increased (***p<0.00001) levels of L1 in the CSF of patients
with dementia in comparison to the non-dementia group. (B) Mean values of NCAM concentrations *

standard error in dementia and non-dementia groups. Statistical analysis (with correction for age) showed
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that NCAM concentration was higher (*p<0.05) in the CSF of patients with dementia when compared to the
non-dementia group. (C) Mean values of PSA-NCAM concentrations + standard error in dementia and non-
dementia groups. Statistical analysis did not reveal any difference in PSA-NCAM levels between the

dementia and non-dementia groups.

The mean concentration of PSA-NCAM in patients without dementia was 57.3 + 1.9
ng/ml (n=102), while the mean concentration of PSA-NCAM in patients with dementia
was 55.7 £ 1.4 ng/ml (n=116). Statistical analysis did not reveal any difference in the
concentration of PSA-NCAM in the CSF of demented and of non-demented patients
(Figure 12C). Concentrations of PSA-NCAM were independent of gender and did not

correlate with age.

6. Levels of L1, NCAM and PSA-NCAM in the CSF of patients with

neurodegenerative disorders and non-degenerative diseases

Because in most patients the condition causing dementia is associated with
neurodegeneration, it was decided to explore whether neurodegenerative processes in the
central nervous system are associated with elevated L1 and NCAM concentrations.
Indeed, the group of patients with neurodegenerative diseases (Alzheimer disease; n=76,
dementia of mixed type; n=8, Parkinson’s disease; n=6, diffuse Lewy body dementia;
n=4, multiple system atrophy; n=4, amyotrophic lateral sclerosis; n=7, progressive
supranuclear palsy; n=1 and Pick’s disease; n=2) had significantly higher (p<0.000001)
concentrations of L1 in the CSF (17.3 = 0.5 ng/ml, n=108) compared to the group of
patients with non-degenerative diseases (vascular dementia; n=9, multiple sclerosis; n=9,
epilepsy; n=15, polyneuropathy; n=10, normal pressure hydrocephalus; n=2, psychosis;
n=3, alcoholism; n=3, major depression; n=6, paraneoplastic encephalopathy; n=1,
rheumatoid arthrosis; n=1, epidural hematoma; n=2, varicella zoster neuritis; n=2, spinal
muscle atrophy, n=1), including normal controls (n=46), (13.5 £ 0.5 ng/ml, n=110)
(Figure 13A). This difference remained significant with correction for age (p<0.001).
However, when only those patients with neurodegenerative diseases were compared to the
group of patients with non-degenerative diseases without dementia the difference was not

anymore significant.
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The levels of NCAM were higher (p<0.000001) in the CSF of patients with
neurodegenerative disorders (837.8 * 33.1 ng/ml, n=108) compared to the group of
patients with non-degenerative diseases, including normal controls (606.9 *+ 26.2 ng/ml,
n=106) (Figure 13B). This difference remained significant (p<0.05) with correction for
age. As shown for L1, NCAM values were not different between non-demented patients
with neurodegenerative diseases and non-demented patients with non-degenerative
diseases.

The concentrations of PSA-NCAM in the group of patients with neurodegenerative
diseases (57.3 = 1.3 ng/ml) were not different from the group of patients with non-

degenerative diseases, including controls (55.8 + 1.9 ng/ml) (Figure 13C).
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Figure 13: L1, NCAM and PSA-NCAM concentrations in the CSF of patients with degenerative and
non-degenerative disorders

(A) Mean values of Llconcentrations *+ standard error in the patients with neurodegenerative and non-
degenerative disorders. Statistical analysis (with correction for age) showed increased (**p<0.001) levels of
L1 in the CSF of patients with neurodegenerative disorders in comparison to the non-degenerative disorders
group. (B) Mean values of NCAM concentrations + standard error in the patients with neurodegenerative
and non-degenerative disorders. Statistical analysis (with correction for age) revealed that NCAM
concentration was higher (*p<0.05) in the CSF of patients with neurodegenerative disorder group when
compared to the patients without neurodegeneration. (C) Mean values of PSA-NCAM concentrations *
standard error in the patients with or without neurodegeneration. Statistical analysis did not show any

difference in PSA-NCAM levels between the patients in neurodegenerative and non-degenerative groups.

7. Stepwise multiple regression analysis with L1, NCAM or PSA-NCAM as
dependent and age, gender, presence of dementia and neurodegenerative

etiology as independent variables

Additionally a stepwise multiple regression analysis with L1 as dependent and age,
gender, dementia and neurodegenerative etiology as independent variables was performed.

This confirmed the significant influence of dementia (beta 0.175, correlation 0.30) and
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neurodegeneration (beta 0.165, correlation 0.29) but not of age (beta 0.085, correlation
0.26) and gender (beta —0.01, correlation 0.05) on levels of L1. Partial correlation
indicates that L1 was almost equally influenced by dementia (beta 0.14, p=0.049) and
neurodegeneration (beta 0.14, p=0.047) without influence by age (beta 0.07, p=0.34) and
gender (beta —0.01, correlation 0.05, p=0.9).

The stepwise multiple regression analysis for NCAM confirmed a significant influence of
age (beta 0.23, correlation 0.35) and neurodegeneration (beta 0.18, correlation 0.33) but
with this statistical tool no influence of dementia (beta 0.112, correlation 0.30) and gender
(beta —0.07, correlation 0.01) on NCAM values was obtained. Partial correlation indicates
that NCAM was influenced more by age (beta 0.21, p=0.004) and neurodegeneration (beta
0.17, p=0.02) than by the presence of dementia (beta 0.10, p=0.18) and gender (beta —
0.07, p=0.32).

For PSA-NCAM, stepwise multiple regression analysis did not reveal any influence of

age, gender, dementia or neurodegeneration on levels of this molecule in the CSF.
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VI. Discussion

Study 1

In the present study, the identification and characterization of putative binding partners of
APP were carried out. For this purpose, polyclonal rabbit antisera were raised against the
antisense peptides of the (- and y-cleavage sites of APP. Following the theory of
complementary hydropathy the proteins recognized by these antisera are the putative
binding partners of APP. For isolation, different brain subfractions were prepared from the
brain homogenate of adult mice and subjected to affinity chromatography using the
antibodies against antisense of the [3- and y-cleavage sites of APP. The isolation of the
proteins recognized by Y-cleavage site antibody from the Coomassie gel and the
subsequent analysis of the protein sequence by MALDI-MS identified one of the proteins
as calreticulin, a protein of 55-60 kDa. Another one was identified as V3 (the splice
variant of versican), a protein with molecular mass of 60-70 kDa. Whereas the sequence
of protein recognized by [-cleavage site antibody revealed creatine kinase B (brain

specific form), a protein of approximately 45 kDa.

1. Characterization of the APP - calreticulin interaction

Calreticulin (CRT) is an acidic protein of 55-60 kDa on SDS-polyacrylamide gel
electrophoresis (Sontheimer et al., 1995). Although CRT was initially identified as a Ca*"
- binding protein residing in the ER lumen, its presence in a number of additional cellular
compartments has been reported. In some cells CRT is perinuclear, intranuclear, cytosolic
or at the cell surface (Matsuoka et al., 1994; Michalak et al., 1992; Opas et al., 1991;
Sontheimer et al., 1995). The CRT structure has been highly conserved during evolution,
indicating that it has an important role in cellular function. Analysis of the primary
sequence of the protein showed that it consists of three domains. The N-terminal part of
the molecule is predicted to form a globular B-sheet structure. The N-domain interacts
with the DNA-binding domain of the glucocorticoid receptor in vitro, d-integrin, protein
disulphide-isomerase (PDI) and with ER protein 57 (ERp57) and other ER proteins
(Baksh et al., 1995; Burns et al., 1994; Corbett et al., 1999; Rojiani et al., 1991). The P-

domain is rich in proline and contains two sets of repeated amino acid sequences unique to
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CRT and its molecular homologues calnexin and calmegin (Watanabe et al., 1994). The P-
domain binds Ca®" and acts as the high-affinity Ca*"-binding site of CRT (Baksh and
Michalak, 1991). The C-terminal region of the protein (C-domain) is highly acidic and
terminates with KDEL ER retrieval sequence (Fliegel et al., 1989; Smith and Koch, 1989).
It binds to Ca*" with low affinity but high capacity and plays a regulatory role in the
control of CRT interaction with PDI, ERp57 and perhaps other chaperons (Baksh and
Michalak, 1991; Corbett et al., 1999; Fliegel et al., 1989).

CRT implicates several functional features providing a variety of interesting opportunities
with regard to the function of the APP-CRT interaction. Thus, various functions have been
described for CRT, including the action of CRT as a heat shock protein (Fliegel et al.,
1989; Jethmalani and Henle, 1998), a lectin chaperon (Hebert et al., 1996; Nauseef et al.,
1995; Pipe et al., 1998), a steroid hormone receptor (Burns et al., 1994). It has also been
suggested that CRT may influence cell adhesion or cell spreading (Coppolino et al., 1997;
Wada et al., 1997). Furthermore, it plays a role in intracellular Ca®" - homeostasis (Bass et
al.,, 1998; Camacho and Lechleiter, 1995), in the normal immune response and in
autoimmunity (McCauliffe et al., 1990; Yokoi et al., 1993). It is not surprising therefore,
that any changes in CRT expression and function have profound effects on many cellular
functions.

Regarding the functional features of the calreticulin, presented above, its putative
interaction with APP becomes likely and interesting since CRT has been shown to
function as an ER chaperon, especially for glycoproteins, which include APP. In the
present study the interaction between CRT and APP was confirmed using the ELISA
binding assay. Since AP protein has a tendency to aggregate and form insoluble
complexes due to its hydrophobic properties, the interaction between CRT and APP was
revealed in this approach using synthetic biotinylated peptide APP1 mimicking the Y-
cleavage site of APP. However, when another peptide APP2 mimicking the (-cleavage
site of APP was used, no interaction was observed. These results demonstrate that CRT
binds exclusively to y-cleavage site within the APP, suggesting the high specificity of this
interaction.

Furthermore, it was possible to show that APP can be co-immunoprecipitated using the
antibody against CRT from mouse brain extract. Interestingly, that co-
immunoprecipitation of CRT and APP was exclusively observed in synaptosomal
membranes, but not in crude homogenate fractions. That is in consistence with results of

distribution analysis of CRT and APP in brain subfractions, which showed an overlapping
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distribution pattern in synaptosomes. In addition to this, recent data revealed that APP can
be co-immunoprecipitated with the antibody against CRT from HEK 293 cells
overexpressing APPgos after their lysis in a mild detergent (Johnson et al., 2001). This
study could demonstrate that CRT and APP form a transient, detergent-stable complex
that appears to require divalent cations and neutral pH and N-linked glycosylation-
dependent.

Finally, the immunocytochemical analysis of localization of CRT and APP in the primary
hippocampal cultures was performed. Thus, the co-immunostaining with antibody against
CRT and the antibody against APP showed the strong overlap, suggesting the co-
localization of CRT and APP. Moreover, the interaction between these proteins was
demonstrated in co-capping assay. Clustering of APP induced accumulations of
calreticulin on the cell surface and co-localization of clusters indicated a co-redistribution
of calreticulin and APP that was nicely observed in cell soma, axons and dendrites.
Although the association of CRT and APP is quite obvious, the precise nature of this
interaction is not clear. The one possibility is lectin-mediated interaction of CRT, which is
specific for monoglycosylated, high mannose containing proteins (Peterson et al., 1995;
Spiro et al., 1996; Tatu and Helenius, 1997). But there are also documented examples of
CRT binding via protein-protein interaction (Andrin et al., 1998; Kinoshita et al., 1998;
Oliver et al., 1996). The previous study (Johnson et al., 2001) did not reveal Ca®" -
dependency on the APP/CRT interaction suggesting that APP and CRT may not interact
through lectin-like mechanism (since lectin interactions are Ca>" - dependent). Therefore,
it is more likely that a protein-protein interaction is involved, although N-linked
glycosylation is necessary for binding. In addition to this, it has been shown that
APP/CRT complex is a part of a larger protein complex that may include other molecular
chaperons as well as CRT. It is also possible that CRT may be a component of the y-
secretase complex. As mentioned before, presenilins are the major components of y-
secretase complex. Recent data indicate that this complex contains nicastrin, PEN-2,
APH-1 and additional so far unidentified components.

The association of APP and CRT may have significant implications with respect to the
pathogenesis of Alzheimer disease. Indeed, recently a decrease in CRT expression in
neurons from AD brain has been found (Taguchi et al., 2000). Because AP 1-42 generated
primarily in the ER, one might speculate that CRT binds to APP and facilitates correct
folding of nascent APP. If so, impaired maturation of APP due to decreased CRT

expression may affect amyloidogenic AP 1-42 production in the ER. Another possible
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way in which decreased CRT levels may influence AD pathology is by damage to Ca*" -
homeostasis. In has been proposed that an early increase in intracellular free Ca®"
exacerbates oxidative stress, damages mitochondria, activates Ca®" - dependent
degradative enzymes, and disrupts the cytoskeleton, which play a central role in oxidant-
induced cell death (Liu et al., 1998).

Thus, in the present study the in vitro interaction between CRT and APP was verified by
several biochemical methods, such as direct binding ELISA assay and co-
immunoprecipitation, and by immunocytochemical analysis. The physiological interaction
between CRT and APP seems to be interesting with regard to Alzheimer disease
pathology. The further functional analysis of this interaction would provide insights into
better understanding the mechanisms involved in APP cleavage, and therefore, in

development of AD.

2. Characterization of the APP - versican interaction

Versican is an extracellular matrix proteoglycan, which belongs to the chondroitin sulfate
proteoglycan (CSPG) group. Versican is synthesized as multiple splice variants. In
mammals, four different isoforms of versican have been identified. Three of these variants
(VO, VI and V2) include one or both (a and ) of the glycosaminoglycan (GAG)
attachment domains and thus differ in the length of the central domain and in number of
CS chains attached (Ito et al., 1995; Zimmermann et al., 1994). A fourth variant, V3,
consists only of the amino — and carboxy-terminal domains and is therefore predicted to
be a small glycoprotein, lacking CS chains (Zako et al., 1995). The V2, V1 and VO splice
variants of versican are very large molecules, with molecular masses between 6 x 10° and
1.5 x 10° Da (Dours-Zimmermann and Zimmermann, 1994; Schmalfeldt et al., 1998).
Like all proteoglycans they are heterogeneous in size due to the variability of their
glycosaminoglycan side chains. After chondroitinase ABC digestion, versicans V0, V1
and V2 migrate on SDS-polyacrylamide gels at about 550, 500 and 400 kDa, respectively.
The discrepancy from the core protein sizes predicted from the amino acid sequences
(370, 362 and 180 kDa, respectively) may partly result from the presence of N- and O-
linked oligosaccharides. The smallest form of versican V3 is a protein of approximately

60-70 kDa by SDS-PAGE.
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Immunohistochemical studies have revealed a relatively wide distribution of versican VO
and V1 in adult human tissues in the central and peripheral nervous system (Bode-
Lesniewska et al., 1996). Thus, versican V0/ V1 is present in the loose connective tissues
of various organs, in most smooth muscle tissues, in fibrous and elastic cartilage, as well
as in blood vessels. RT-PCR experiments show a similarly wide expression pattern for the
shortest splice variant V3. In contrast, versican V2 seems to be restricted to the CNS
(Paulus et al., 1996; Schmalfeldt et al., 1998).

The amino-terminal domain of versican is responsible for the binding of versican to the
glycosaminoglycan hyaluronan (HA) (LeBaron et al., 1992). The carboxy-terminal
domain consists of EGF-like, lectin-like and complement regulatory protein-like domains
(Zimmermann and Ruoslahti, 1989). The EGF-like domain has been shown to be pro-
proliferative and lectin-like domain binds to tenascin-R and fibulin-1 (Aspberg et al.,
1995; Aspberg et al., 1999; Zhang et al., 1998a). The CS chains are highly negatively
charged and contribute anti-adhesive properties to the molecule. However, a recent study
showed that the V3 isoform in contrast to larger forms increases adhesion and inhibits
migration and proliferation (Lemire et al., 2002). It is conceivable, that the selective
expression of a particular versican splice variant regulates cojointly with hyaluronan, link
protein, and CD44, the hydration properties of hyaluronan-rich pericellular matrices and
thereby modulates cell-cell and cell-matrix interactions during migration and proliferation
processes.

In the present study the interaction between versican and APP was confirmed by ELISA.
As described above for calreticulin, synthetic biotinylated peptide APP1 mimicking the y-
cleavage site of APP was used to prove the possible interaction. Since the commercial
versican V3 is not available currently, the mixture of VO and V1 isoforms was used for
this assay. Although a relatively small amount of V3 isoform is present in larger versican
isoforms, strong binding of versican and APP was observed. The specificity of the
versican — APP binding was checked using the APP2 peptide, mimicking the [3-cleavage
site of APP, as a negative control.

Moreover, the interaction between versican and APP was verified in an alternative binding
approach by a co-immunoprecipitation of these proteins from mouse brain extract. The co-
immunoprecipitation of versican and APP was detected only in synaptosomal membranes,
whereas the co-immunoprecipitation was not observed when crude homogenate was used.
This is in principle in accordance with the results showing the co-distribution of versican

and APP in synaptosomes.
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However, the immunocytochemical analysis of localization of versican and APP, failed to
show the co-localization and co-capping of these proteins. But taking into account that the
antibody against V1 isoform of versican was used in this assay, one could suggest that it
was not possible to detect V3 isoform of versican (present in minor amount), using this
antibody. The V1 isoform of versican, detectable by this antibody, is apparently not co-
localized with APP.

The specific binding of APP to ECM molecules was described previously. It has been
demonstrated, that APP interacts mainly with heparan sulfate proteoglycans (HSPG), but
also has binding sites for laminin and collagen (Beher et al., 1996; Caceres and Brandan,
1997; Small et al., 1993). It has been proposed that this interaction may be important for
the function of APP. Substratum-bound APP was found to dramatically increase neurite
outgrowth and survival of chick sympathetic neurons in vitro (Small et al., 1993). This
effect was dependent upon the presence of substratum-bound HSPG. Theses results
suggest that normally, when bound to the ECM, APP functions to promote neurite
outgrowth and cell survival, whereas the loss of this normal trophic function might occur
in AD, when APP is proteolytically processed via the amyloidogenic pathway. Moreover,
it has been shown that laminin, collagen and heparin influence the level of an
amyloidogenic AP in Neuro 2A neuronal cells, without a significant change in the
neuronal marker acetylcholinesterase (Bronfman et al., 1996). These observations provide
evidence that ECM molecules influence APP biogenesis, including the generation of Ap.
Taking into account these observations, the interaction between APP and versican seems
to be interesting and reasonable. In the present study it was possible to prove the binding
of versican and APP by ELISA assay and by co-immunoprecipitation. However, the

functional role of this interaction should be investigated further.

3. Characterization of the APP - creatine kinase B interaction

Creatine kinase (CK) B is a member of the CK gene family and is a predominant cytosolic
isoform in the brain. CKs are the family of enzymes that catalyze the reversible transfer of
a phosphoryl group between ATP and creatine (Bessman and Carpenter, 1985) playing an
important role in maintenance of energy homeostasis in the brain. It has been shown that
B-CK is expressed on both neural and glial cell types across the CNS (Jost et al., 2002).

The enzyme has a rather broad expression distribution in all vertebrates and is found not
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only in brain, but also in kidney and smooth muscle-containing organs (Wallimann et al.,
1992).

Since altered energy metabolism and oxidative stress implicated in the pathogenesis of
AD (Beal, 1995; Smith et al., 1991), one can suggest a possible role of B-CK in this
disorder. Indeed, recent study revealed reduced level of this enzyme in brain regions
affected by neurodegeneration in AD (Aksenov et al., 2000). Interestingly, this reduction
was not a result of decreased mRNA levels, demonstrating that posttranslational
modification of B-CK plays a role in the decrease of enzyme activity in AD brain.
Accumulating evidence supports increased oxidative modification of proteins in AD,
which may disturb neuronal functions by decreasing activities of key metabolic enzymes,
such as B-CK, and affecting cellular signalling system (Malorni et al., 1994). Therefore, a
decrease in B-CK activity might be one of the biochemical markers of the CNS cell
damage in age-related neurodegenerative disorders, including AD (Aksenov et al., 1997;
Hensley et al., 1995). In addition, the studies of B-CK knock-out mice have demonstrated
that animals lacking B-CK display diminished open-field habituation and slower spatial
learning acquisition, which persisted upon ageing (Jost et al., 2002).

In the present study, the interaction between APP and its putative binding partner B-CK
has been investigated. Immunocytochemical analysis in primary cultures revealed only
small amounts of immunoreactive B-CK overlapping with immunostaining for APP,
although widespread expression of B-CK all over the cell was observed. As well as co-
capping experiments showed only small amounts of overlapped clusters on the cell
surface.

The ELISA binding assay that was carried out in the present study failed to confirm
interaction between APP and B-CK. The binding was not observed neither when B-CK
was immobilized on a plastic surface and soluble APP was added, nor after
immobilization of APP and incubation with soluble B-CK, although the antibody against
B-CK worked well. However, it has been shown, that binding of some proteins might be
observed exclusively in the presence of some co-factors, for instance, ADP or ATP.
Therefore, one can propose that the putative interaction between APP and B-CK is
required some substrates that can mediate this binding. However, the attempts to perform
the ELISA in the presence of ADP or ATP failed to demonstrate the binding between APP
and B-CK.

It was possible to co-immunoprecipitate APP with the antibody against B-CK from mouse

brain extract. The co-immunoprecipitation was remarkably pronounced only in the crude

94



VI. Discussion

brain homogenate, but not in synaptosomal membranes. Although the co-
immunoprecipitation does not prove the direct binding of the proteins, it speaks for a
possible interaction. Taking these results together, one can suggest that, if there is
interaction between B-CK and APP it is rather indirect, and probably requires some

assisting proteins. However, this should be identified in further analysis.

Study 2

To assess a possible correlation between the levels of the immunoglobulin superfamily
adhesion molecules L1 and NCAM and its associated polysialic acid, with Alzheimer
disease and other forms of dementia, a capture ELISA with high specificity and sensitivity
not previously attained in other studies has been developed. The choice to measure the
levels of these molecules in the cerebrospinal fluids (CSF) and not in serum of the patients
has been made in order for the analysis to be as close as possible to the site of action of
the disease in patients that could be followed over longer periods of time. The results were
evaluated in terms of concentration of the molecules measured as a function of Alzheimer
disease, and also as a function of other forms of dementia, neurodegenerative etiology,
age and gender, to allow for the analysis of several variables that may influence the levels
of the molecules on the study. L1, NCAM and the polysialated form of NCAM, (PSA-
NCAM) were chosen, because these molecules play important roles during ontogenetic
development, regeneration and synaptic plasticity in the adult, as evidenced by
observations on constitutively and conditionally deficient L1 and NCAM mutant mice and
mice that become deficient in synthesis of PSA at weaning age (Cremer et al., 1998;
Eckhardt et al., 2000; Kamiguchi et al., 1998; Runker et al., 2003; Thelin et al., 2003).
Furthermore, mutations in the human L1 gene attests the importance of L1 in pathological
conditions, such as X-linked hydrocephalus, X-linked spastic paraplegia, agenesis of
corpus callosum and MASA syndrome (Fransen et al., 1995b; Jouet et al., 1994;
Rosenthal et al., 1992). Observations on the conditionally L1 and NCAM deficient
animals show that the two molecules and the NCAM associated polysialic acid play
important roles in synaptic plasticity in the adult, thus demonstrating a positive direct or
indirect role of these molecules in the appropriate function of the adult nervous system in

learning and memory.
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Previous studies have shown abnormal levels of NCAM and L1 in association with some
psychiatric disorders. People suffering from bipolar mood disorder type I, recurrent
unipolar major depression (Poltorak et al., 1996), schizophrenia (Poltorak et al., 1995) and
autism (Purcell et al., 2001) show different levels of particular isoforms of NCAM in the
CSF or in post-mortem brain tissue. Patients with bipolar mood disorder type I show
normal levels of NCAM in the CSF. Interestingly, medication does not affect the
concentrations of NCAM in the CSF of patients with abnormal levels of NCAM.
Furthermore, it has been found a significant decrease in L1 concentration in the CSF of
schizophrenic patients (Poltorak et al., 1995). Post-mortem examination of the
hippocampal region of schizophrenic patients showed a significant reduction in the
number of polysialic acid immunoreactive cells (Barbeau et al., 1995). Abnormalities of
NCAM and L1 suggest that pathogenesis may be related to neurodevelopmental defects.
However, correlation with age or gender and neurodegenerative versus non-
neurodegenerative diseases have previously not be attempted. In such analysis it remains
an open question, however, whether abnormal levels of recognition molecules are the
cause rather the consequence of the pathological etiology.

The neural cell adhesion molecule L1 shows a prominent correlation with Alzheimer and
non-Alzheimer forms of dementia. It is elevated in patients with Alzheimer disease,
vascular dementia and dementia of the mixed type. A correlation with diffuse Lewy body
disease was not possible because of the low number of samples. Interestingly, L1 does not
correlate with a neurodegenerative etiology in general in the sense that only in demented
patients that invariably have neurodegenerative processes occurring as a cause or as a
result of the disease levels of L1 are increased. L1 is not elevated in patients with
neurodegenerative diseases, such as Parkinson and Pick’s disease and others without
dementia. Importantly also, neither age nor gender are associated with abnormal levels of
L1.

Different results were obtained for the protein backbone of NCAM. This is noteworthy,
since NCAM and L1 have been shown to cooperate with each other functionally and share
many functions in common, such as mediating neurite outgrowth and fasciculation,
migration of neurons and involvement in synaptic plasticity. NCAM levels in the CSF are
elevated in patients with Alzheimer disease and other forms of dementia. However,
NCAM levels increased generally with age and correlate positively with

neurodegenerative etiology. Thus, elevated levels of NCAM are rather related to
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increasing age and neurodegeneration than with dementia as such. As for L1, no
association was found relating to gender.

Strikingly, no difference in the levels of the PSA-containing isoforms of NCAM was seen
under any pathological conditions, nor any correlation with age and gender. Since levels
of NCAM protein are elevated under certain conditions and PSA remained constant, it
must be assumed that non-polysialylated NCAM isoforms are preferentially released into
the CSF when compared to polysialylated isoforms. This observation is interesting with
regard to involvement of PSA in development and in synaptic plasticity and regeneration.
It should be noted in this context that PSA does not protect NCAM from proteolysis (1.
Kalus, R. Kleene and M. Schachner, unpublished observations).

Since the mechanisms underlying the occurrence of abnormal levels of L1 do not correlate
with those of NCAM, the question remains as to the underlying mechanisms of this
phenomenon. L1 is released on the cell surface by a disintegrin and metalloproteinase 10
(ADAM 10), (Kalus et al., 2003) while NCAM is released on the cell surface by ADAM
17, also called TACE (I. Kalus, R. Kleene and M. Schachner, unpublished observations).
This interesting in this respect that the O-secretase activity associated with proteolytic
processing of the amyloid precursor protein (APP) has been associated with ADAM 10
(Lammich et al., 1999). Thus, both L1 and APP may response similarly to the regulation
of ADAM 10 activity. Since ADAM 10 has been discussed as abnormally regulated in AD
patients, it is possible that .1 and APP are susceptible to similar mechanisms of
proteolysis, different from those of NCAM. Since elevated levels of NCAM do not
correspond to the etiology of dementia, but L1 and APP do, it is possible that L1 and APP
may share a common mechanism of processing in dementia. Functional consequences of
proteolysis with regard to neurite outgrowth have been investigated for L1 in that
proteolysis, particularly in association with lipid rafts in conjunction with endocytosis as a
prerequisite for neurite outgrowth. How this phenomenon may be related to L1 and APP
and Alzheimer disease remains to be investigated. Finally, the relationship between

reduced levels of NCAM and multiple sclerosis deserves further attention.
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VII. Summary

(Study 1)

In the present study, putative binding partners of APP (amyloid precursor protein) were
identified and further characterized. Since APP is believed to play a critical role in the
pathophysiology of Alzheimer disease (AD), the identification of binding partners of APP
would provide novel insights into understanding the mechanisms involved in APP
cleavage and, therefore, help to identify potential targets for drugs to treat the AD.

For this purpose, polyclonal rabbit antisera were raised against peptides whose amino acid
sequence was derived from the reverse complement nucleotide sequence corresponding to
the - and y- cleavage sites within APP. Following the theory of complementary
hydropathy the proteins recognized by these antisera are the putative binding partners of
APP. Different brain subfractions were prepared from brain homogenate of adult mice and
subjected to affinity chromatography using the antisense antibodies to the - and Y-
cleavage sites. Proteins eluted from the column containing the antisense antibody of the y-
cleavage site were isolated from the Coomassie gel and subsequently analyzed by
MALDI-MS. By this method, the amino acid sequence of two proteins was identified,
namely calreticulin, a protein of 55-60 kDa and V3 (a splice variant of versican), a protein
with the molecular mass of 60-70 kDa. In parallel, the protein eluted from the column
containing the antisense antibody of the [3-cleavage site was identified as creatine kinase B
(brain specific form), a protein of approximately 45 kDa.

The interaction between calreticulin and APP was verified by ELISA binding assay using
a synthetic biotinylated peptide that resembles the y-cleavage site within APP.
Furthermore, APP co-immunoprecipitated with the antibody against calreticulin from
mouse brain extract. Co-immunoprecipitation of calreticulin and APP was exclusively
observed in synaptosomal membranes, but not in crude homogenate fractions. In addition,
immunocytochemical analysis revealed the co-localization of calreticulin and APP in
primary hippocampal cultures. Finally, the interaction between these proteins was
demonstrated in a co-capping assay. Clustering of APP induced accumulations of
calreticulin on the cell surface and co-localization of clusters indicated a co-redistribution
of calreticulin and APP that was observed in cell soma, axons and dendrites.

Thus, in the present study the in vivo interaction between calreticulin and APP was
verified by several biochemical and immunocytochemical methods.
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Moreover, the interaction between versican and APP was also confirmed by ELISA
binding assay using the same biotinylated peptide as for calreticulin. Furthermore, the
interaction between versican and APP was verified in an alternative binding approach by a
co-immunoprecipitation of these proteins from extracts of synaptosomal membranes of
mouse brain. The immunocytochemical analysis of localization of versican and APP
failed to show the co-localization and co-capping of these proteins, which might be due to
the different splice variants of versican.

The same methods were used to prove the interaction between APP and creatine kinase B.
However, the ELISA binding assay that was carried out in the present study failed to
confirm an interaction between these proteins. Immunocytochemical analysis in primary
cultures revealed only small amounts of immunoreactive creatine kinase B overlapping
with immunostaining for APP. In accordance, co-capping experiments showed only small
amounts of APP clusters overlapping with creatine kinase B clusters on the cell surface.
However, it was possible to co-immunoprecipitate APP from mouse brain extract using
the antibody against creatine kinase B. These results suggest that if there is any interaction
between APP and creatine kinase B, it is probably not a direct interaction but requires

some assisting proteins or co-factors.

(Study 2)

In this study a total of 218 cerebrospinal fluid (CSF) samples from patients with different
neurological diseases including Alzheimer disease, non-Alzheimer forms of dementia,
other neurodegenerative diseases and normal controls were surveyed to quantitate the
concentrations of the immunoglobulin superfamily adhesion molecules L1, NCAM and its
associated polysialic acid. For this purpose, a sensitive, specific capture ELISA was
developed and concentrations of adhesion molecules in the CSF were quantified followed
by statistical analysis of the data.

L1 concentration was significantly elevated in the CSF of Alzheimer disease patients in
comparison to the normal controls. L1 levels were also higher in the CSF of patients with
vascular dementia and dementia of mixed type when compared to normal controls.
Elevated L1 levels in the CSF in these groups were observed irrespective of age and
gender. However, no significant differences in L1 concentration were seen in the CSF
from patients with diffuse Lewy body dementia, multiple system atrophy, Parkinson’s
disease, multiple sclerosis, epilepsy, amyotrophic lateral sclerosis and polyneuropathy in

comparison to normal controls. NCAM level was elevated in the CSF of Alzheimer
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disease patients in comparison to normal controls. NCAM concentration was independent
of gender, but correlated with age. NCAM level was significantly decreased in the CSF
from patients with multiple sclerosis in comparison to normal controls, while the
concentration of NCAM in the CSF from the patients with diffuse Lewy body dementia,
multiple system atrophy, Parkinson’s disease, epilepsy, amyotrophic lateral sclerosis and
polyneuropathy did not significantly differ when compared to normal controls. There was
no significant difference in PSA-NCAM levels in the CSF between the different groups.
In order to investigate whether the level of adhesion molecules is associated with
dementia, the concentration of L1, NCAM and PSA-NCAM was analyzed further in
patients after their assignment to dementia and non-dementia groups. The presence of
dementia was explored by standard clinical procedures and the degree defined by the
score in the Mini Mental State examine (MMSE). The L1 and NCAM concentrations were
higher in the CSF of patients with dementia in comparison to non-dementia group, while
there was no significant difference in PSA-NCAM levels in the CSF in demented and
non-demented subjects. The association of higher L1 levels in patients with dementia was
independent of severity of dementia and gender, but correlated with age.

Because in most patients the condition causing dementia is associated with
neurodegeneration, it was further explored whether neurodegenerative processes in the
central nervous system are associated with elevated L1 and NCAM concentrations. In
fact, the group of patients with neurodegenerative diseases had significantly higher L1 and
NCAM concentrations in the CSF compared to the group of patients with non-
degenerative diseases and normal subjects.

Additionally stepwise multiple regression analysis with L1, NCAM or PSA-NCAM as
dependent and age, sex, presence of dementia and neurodegenerative etiology as
independent variables was performed. This confirmed a significant influence of dementia
and neurodegeneration, but not of age on L1 concentrations in the CSF. Whereas a
significant influence of age and neurodegeneration, but no influence of dementia on
NCAM values was observed. For PSA-NCAM, stepwise multiple regression analysis did
not reveal any significant influence of age, gender, presence of dementia or

neurodegeneration on the level of this molecule in the CSF.
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VIl. Zusammenfassung

(Erster Teil)

Im Rahmen dieser Arbeit wurden potentielle extrazellulire Interaktionspartner des
Amyloid Precursor Proteins (APP) identifiziert und die Interaktion néher charakterisiert.
APP spielt eine wichtige Rolle in der Pathophysiologie der Alzheimer Krankheit (AD).
Daher konnte die Characterisierung von APP-Interaktionspartnern wichtige Einblicke in
die zugrundeliegenden molekularen Mechanismen der Krankheit liefern und weiterhin
potentielle Angriffspunkte fiir neue Medikamente aufzeigen.

Um solche Interaktionspartner zu isolieren, wurden polyklonale Antikorper hergestellt, die
eine Immunoreaktivitit flir jene Peptidsequenzen =zeigen, die von der revers
complementiren Nucleotidsequenz der - und y-Schnittstelle innerhalb des APP codiert
werden. Der Theorie der complementiren Hydropathie folgend miissen die Proteine,
welche von diesen polyclonalen Antikdrpern erkannt werden, putative Interaktionspartner
des APPs sein.

Gehirnhomogenate von adulten Miusen wurden subfraktioniert und die Fraktionen iiber
Affinititssdulen gegeben, an die zuvor jeweils die weiter oben beschriebenen
polyklonalen Antikorper gekoppelt worden waren. Die Proteine, welche spezifisch an die
Antikodrper gebunden hatten, wurden von den Sdulen eluiert, aus Coomassie-gefarbten
Gelen isoliert und mittels MALDI-MS analysiert. Zwei der Proteine, die von den
polyclonalen Antikorpern gegen die complementire Sequenz der APP y-Schnittstelle
erkannt wurden, konnten als Calreticulin (~55-60 kDa) und als eine SpleiBisoform des
Versicans, genannt V3 (~60-70 kDa) identifiziert werden. Parallel dazu konnte ein
Protein, das von den polyclonalen Antikérpern gegen die complementidre Sequenz der
APP [B-Schnittstelle erkannt wurde, als Kreatin kinase B (gehirnspezifische Isoform)
identifiziert werden.

Die Interaktion zwischen APP und Calreticulin konnte mittels ELISA bestétigt werden, in
dem ein biotinyliertes Peptid mit der gleichen Aminosdureseuquenz wie die y-Schnittstelle
verwendet wurde. Ausserdem konnte APP mit Calreticulin aus Fraktionen von Maus
Gehirnhomogenaten co-immunoprazipitiert werden. APP co-prézipitierte mit Calreticulin
nur aus der Synaptosomen-Fraktion, wihrend keine Coprézipitation in crudem
Gehirnhomogenat auftrat. Ferner konnte eine Colokalisation und ein Cocapping von APP

und Calreticulin an kultivierten primiren hippocampalen Neuronen gezeigt werden. Ein
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Clustern von APP mittels anti-APP Antikorpern auf der Zelloberflache fiihrte zu einer
Redistribution von Calreticulin auf der Zelloberfliche und einer Akkumulation von
Calreticulin in den APP Clustern im Zellsoma, den Dendriten und Axonen. Die in vivo
gefundene Interaktion von APP und Calreticulin konnte daher mittels biochemischer und
immunocytochemischer Methoden verifiziert werden.

Die Interaktion von Versican und APP konnte ebenfalls im ELISA-Assay bestitigt
werden. Zusétzlich konnte Versican mit APP aus der synatosomalen Fraktion von Maus
Gehirnhomogenat coprézipitiert werden. Immuncytochemisch konnte allerdings weder
eine Colokalisation noch ein Cocapping der beiden Proteine auf priméren hippocampalen
Neuronen nachgewiesen werden. Ein Grund dafiir konnte die Abwesenheit der V3
Spleissform des Versicans auf hippocampalen Neuronen sein.

Die Interaktion zwischen APP und der Kreatin kinase B wurde ebenfalls mit den oben
genannten Methoden untersucht. Allerdings konnte die Interaktion von APP und Kreatin
kinase B im ELISA nicht bestitigt werden. Ubereinstimmend damit zeigten die beiden
Molekiile in der Immuncytochemie nur eine schwache Colokalisation auf priméren
hippocampalen Neuronen. Im Cocapping Assay zeigten die beiden Molekiile ebenfalls nur
eine schwache Uberlappung. Erstaunlicherweise konnte APP mit der Kreatin kinase B aus
Maus Gehirnhomogenat coprézipitiert werden. Diese Ergebnisse konnten darauf
hindeuten, dass APP und Kreatin kinase B nicht direkt miteinander interagieren, sondern

dass weitere Proteine oder andere cofaktoren die Interaktion vermitteln.

(Zweiter Teil)

Im zweiten Teil dieser Arbeit wurden die Konzentrationen der Zelladhdsionsmolekiile aus
der Immunglobulin-Superfamilie wie L1, NCAM und PSA-NCAM in der
cerebrospinalen Fliissigkeit (CSF) von Patienten mit verschiedenen neurodegenerativen
Erkrankungen wie z. B. Alzheimer und nicht-Alzheimer Formen der Demenz bestimmt.
Dafiir wurde ein sensitiver ,,capture* ELISA-Assay entwickelt und die Konzentrationen
der Zelladhdsionsmolekule wurden im Vergleich zur Normalgruppe quantifiziert.

Die L1 Konzentrationen waren signifikant erhéht in den CSF von Patienten mit
Alzheimer, vaskuldrer Demenz und Demenz von Mischtyp im Vergleich zur
Kontrollgruppe. Dabei waren die erhohten L1 Level unabhéngig von Alter und Geschlecht
der Patienten. Im Gegensatz dazu zeigten Patienten mit diffuser Lewy Korper Demenz,

multipler System Atrophie, Parkinson Krankeit, Multipler Skleroses, Epilepsie,
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amyotropher lateraler Skleroses und Polyneuropathie keine Unterschiede in LI
Konzentrationen im Vergleich zur Kontrollgruppe.

Die Konzentration von NCAM war in der CSF von Patienten mit Alzheimer Krankheit im
Vergleich zur Kontrollgruppe erhoht. Im Gegensatz dazu war die Konzentration von
NCAM in Patienten mit Multipler Scleroses im Vergleich zur Kontrollgruppe reduziert.
Die NCAM Konzentration zeigte in der CSF von Patienten mit diffuser Lewy Korper
Demenz, multipler System Atrophie, Parkinson Krankeit, Multipler Skleroses, Epilepsie,
amyotropher lateraler Skleroses und Polyneuropathie keine Abweichung zur
Kontrollgruppe.

Um die Frage ndher zu erortern, ob die Konzentrationen der Zelladhdsionsmolekiile L1,
NCAM und PSA-NCAM in der CSF mit dem Krankheitsbild der Demenz korreliert
werden konnen, wurden die Konzentrationen dieser Molekiile in dem Demenz -
Patientenkollektiv und dem Nicht-Demenz Patientenkollektiv ndher analysiert. Der Grad
der Demenz wurde nach klinischen Standards mittles des Mini Mental State Examine
(MMSE) bestimmt.

Die Konzentrationen von L1 und NCAM waren in der Demenzgruppe im Vergleich zur
Kontrollgruppe erhoht, wihrend die PSA-NCAM Konzentration keine signifikanten
Unterschiede zwischen den Gruppen zeigte. Die L1 Konzentration war unabhingig vom
Grad der Demenz und vom Geschlecht, korrelierte aber mit dem Alter der Patienten.

Da in den meisten Fillen Demenz mit Neurodegeneration einhergeht, wurde weiter
untersucht, ob neurodegenerative Erkrankungen mit den L1 und NCAM Level korrelieren.
Tatsdchlich hatten Patienten mit neurodegenerativen Erkrankungen erhohte L1 und
NCAM Konzentrationen in der CSF im Vergleich zur Nicht-Demenz Kontrollgruppe.
Zusitzlich wurde eine schrittweise multiple Regressionsanalyse mit L1, NCAM und PSA-
NCAM als abhédngigen Variablen und Alter, Geschlecht sowie Anwesenheit von Demenz
und neurogenerativer Etiologie als unabhéngigen Variablen durchgefiihrt. Dabei bestétigte
sich ein signifikanter Einfluss von Demenz und Neurodegeneration, nicht aber des Alters,
auf die L1 Konzentration in der CSF. Die NCAM Konzentration wurde signifikant durch
Alter und Neurodegeneration, nicht aber durch Demenz, bestimmt. Die Konzentration von
PSA-NCAM in der CSF zeigte sich unabhdngig von Alter, Geschlecht, Demenz und

Neurodegeneration der Patienten.
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VIIl. APPENDIX

1. ABBREVIATIONS

O “without”, diameter

U micro (107

xXg g-force

°C grad celsius

aa amino acid

A adenine

Acc. accession number

Amp ampicillin

APS ammoniumperoxodisulfate

ATP adenosine triphosphate

bp base pairs

BSA bovine serum albumine

C Cytosine

cDNA complementary deoxyribonucleic acid
CHO Chinese Hamster Ovarian

CSF cerebrospinal fluid

Da dalton

dATP 2’-desoxyadenosinetriphosphate
dCTP 2’-desoxycytidinetriphosphate
DEPC diethylpyrocarbonate

dGTP 2’-desoxyguanosinetriphosphate
DMSO dimethylsulfoxide

DNA deoxyribonucleic acid

DNase desoxyribonuclease

dNTP 2’-desoxyribonucleotide-5’-triphosphate
DTT dithiothreitol

E. coli escherichia coli

EDTA ethylendiamintetraacetic acid
ELISA enzyme-linked immunosorbent assay
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f.c. final concentration

FCS fetal calf serum

g gram

G guanosine

h human, hour

HEPES 2-(4-(2-Hydroxyethyl)-piperzino)-ethansulfonic acid
IP immunoprecipitation

IPTG isopropyl-B-D-thiogalactoside
kb kilo base pairs

1 litre

LB Luria Bertani

m milli (107)

MEM minimal essential medium
MESNa 2-mercaptoethanesulfonic acid
min minute

MOPS (4-(N-morpholino)-propan)-sulfonic acid
n nano (10”°), number

Nt nucleotide(e)

ODy optic density

p pico (107%)

PAGE polyacrylamide gel electrophoresis
PBS phosphat-buffered saline

PEG polyethylenglycol

PMSF phenylmethylsulfonylfluoride
rpm rounds per minute

p statistical significance

psi pounds per square inch

r corralation coefficient

RNA ribonucleic acid

RNase ribonuclease

RT room temperature

S second

SDS sodium dodecyl sulfate

T thymine

105



VIII. Appendix

Tab. table

TE trissEDTA

TEMED N,N,N’,N’-tetraecthylenamine

Tm melting temperature

™ transmembrane segment

Tris tris(-hydroxymethyl)-aminomethane
U unit (emzymatic)

v volt

v/v volume per volume

Vol. volume

w/v weight per volume

ZMNH Zentrum fiir Molekulare Neurobiologie Hamburg

Amino acids were abbreviated using the one letter code

2. Accessionnumbers

Protein Organism Accession N°
APP mouse P12023
Calreticulin rabbit P15253
Creatine kinase B human P12277
Versican bovine P81282
L1 human P32004
NCAM human 015394
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3. Plasmids

3.1 NCAM-Fc in pcDNA3

NCAM and human IgG Fc were cut out of NCAM-PIG (gift of Dr. Jane L. Saffell,

Department of Biochemistry, Imperial College, London, England) by digestion with the

appropriate restriction enzymes BamHI/HindIII/Notl. The target vector pcDNA3 was

digested with the corresponding restriction enzymes BamHI/HindIII and ligated with the
insert encoding human NCAM. Human IgG Fc was subcloned into NCAMpcDNA3

intermediate construct via BamHI/NotI.

CMV-Promoter
Hird 111 (890)
T7P

S

 Xbc1(1959)
NCAM
SV4O-polyA NCAMFc-pcDNA3 o~ .
- e
I  EcR 1 (236
NEO(R)

L ApaGisy)

SV40-Promoter BanH 1 (3196)

BGH-polyA .
Ap (4723) / " human IgG Fc
Xbel (4713) | Xbel (4269)
Xhe1 (47oiﬁf pcl (4434)
NoiT (4695)
SP6 P
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