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Abstract 

Increased amyloid-β (Aβ) load in the brain, neurite degeneration, neuron-
al loss, and decreased levels of several neurotrophins are among the cha-
racteristics of Alzheimer’s disease (AD). Generation of Aβ occurs when 
the amyloid precursor protein (APP) is proteolytically processed by β- 
and γ-secretases in the amyloidogenic pathway. However, Aβ formation 
is prevented if APP is cleaved by α- and γ- secretases in the non-
amyloidogenic pathway. The normal function of APP is still not fully 
known. It seems clear that the different fragments that are produced dur-
ing proteolytic processing have different bioactive properties. APP and its 
metabolites have been implicated in neurite outgrowth, synaptogenesis, 
cell adhesion, neuroprotection and apoptosis.  

The aim of this thesis was to investigate how neurotrophic factors af-
fect the synthesis and processing of APP and its two mammalian paralo-
gues the APP-like protein-1 and-2 (APLP1 and APLP2). We also wanted 
to determine how the expression levels of α- and β- secretases were af-
fected in response to these factors. In addition, we wanted to analyze if 
the levels and function of the most well characterized APP adaptor pro-
tein, Fe65, was regulated during neuronal differentiation. 

Our results show that retinoic acid (RA), insulin-like growth factor-1 
(IGF-1), and brain derived neurotrophic factor (BDNF) all regulate ex-
pression levels and processing of the APP protein family. Interestingly, 
the increased processing of the APP family involves different signaling 
pathways. The PI3-K/Akt pathway is involved in IGF-1-induced APP and 
APLP1, but not APLP2, processing. In addition, RA-induced expression 
of the α-secretase, a disintegrin and metalloproteinase (ADAM) 10 is 
dependent on PI3-K, whereas PKC is involved in RA-induced expression 
of another α-secretase, ADAM17/TACE. Furthermore, we present evi-
dence that maturation of the adaptor protein Fe65, as well as its docking 
to APP, increases concomitant with neuronal differentiation. 
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1 Introduction 

1.1 Alzheimer’s disease 
Today approximately 160 000 persons or about 2% of the Swedish popu-
lation are suffering from dementia. Out of these, 60-70% have been diag-
nosed with Alzheimer’s disease (AD; www.alzheimerfonden.se). Al-
though there are genetic risk factors, the by far most important risk factor 
for AD is age. Early onset AD (EOAD) can occur already at 40-65 years 
of age (reviewed in Kowalska. 2003). However, the late onset AD 
(LOAD), which occurs after 65 years of age, is more common. In AD 
there is an abnormal high rate of neuronal cell death. The temporal- and 
parietal lobes of the brain are the most affected areas. Hippocampus, 
which is located in the medial temporal lobe, belongs to the limbic sys-
tem and plays important roles in long-term memory and spatial naviga-
tion. Since hippocampus is one of the first regions of the brain to suffer 
damage in AD, memory problems and disorientation are among the first 
symptoms to appear (reviewed in Duyckaerts et al. 2009). 

Neurotransmitters are required for the communications between neu-
rons. Since there is a loss of nerve cells the equilibrium of chemical neu-
rotransmitters is disrupted. Examples of neurotransmittors affected in AD 
are acetylcholine, serotonin, noradrenalin and dopamine. As late as 1995 
the first drug for AD was registered in Sweden 
(www.alzheimerfonden.se). This drug was Cognex, an acetylcholine este-
rase inhibitor, thus inhibiting the degradation of acetylcholine (Sabbagh 
et al. 2006). Today there are several drugs on the market that are all ap-
proved for symptomatic treatment.  

AD was first described already in 1906 by Dr Alois Alzheimer. In 
1901, a 51 year old woman, whom was brought to him by her family, 
exhibited what today are known as typical symptoms of AD. When she 
died in 1906, Dr Alzheimer performed an autopsy and found dramatic 
shrinkage, widespread fatty deposits in small blood vessels, dead and 

http://en.wikipedia.org/wiki/Long-term_memory�
http://en.wikipedia.org/wiki/Navigation�
http://en.wikipedia.org/wiki/Navigation�
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dying brain cells, and abnormal deposits in and around cells (Alzheimer 
et al. 1995). In 1910 the disease was named after Dr Alzheimer.  

In spite of early discovery, yet today the cause of AD is not known. 
The disease seems to be complex with several possible factors involved 
in the pathogenesis. It is still debated which of these factors that are of 
most importance. Although the etiology may differ, in general postmor-
tem brain tissues of AD patients show three significant neuropathological 
hallmarks; (1) chronic inflammation, (2) neurofibillar tangles (NTFs), 
consisting mainly of the hyperphosphorylated microtubule-associated 
protein tau and (3) senile plaques, also known as amyloid plaques, com-
posed of aggregated amyloid-β (Aβ) peptides (reviewed in Duyckaerts et 
al. 2009, Ballenger. 2006, Lage. 2006).  

There is no exact method to diagnose AD. Today, the most common 
tool is a neurophysiological test based on an interview with the patient. 
Mini mental state examination (MMSE) is a questionary clinically used 
to determine whether the patient have mild, moderate or severe AD (Fols-
tein et al. 1975). Patients normally die within 5-15 years after diagnosis 
and the cause of death is most commonly a secondary effect of an infec-
tious disease such as pneumonia (Beard et al. 1996). 

1.1.1 Genetics of AD  
The genetics of AD are complex. To simplify, the genetic factors can be 
divided into three categories: First, there are the genetic defects due to 
mutations in the genes coding for amyloid precursor protein (APP) or 
presenilin-1 or -2 (PS1 or PS2); second, there is the polymorphism of the 
apolipoprotein (APOE) gene, where the presence of specific alleles will 
strongly affect the risk of AD. Third, there are genes associated with 
LOAD, where many of the genes code for proteolytic enzymes, plasma 
proteins, growth factors, or membrane receptors (reviewed in Chai. 
2007). 

All three genes in the first category encode proteins involved in the 
production of the major component of senile plaques, namely the Aβ 
peptide. Aβ is produced by proteolytical cleavage of APP (see below). 
All AD-linked mutations in APP are located within, or close to, the Aβ-
peptide region and are believed to affect proteolytic processing of APP, 
and consequently the production of Aβ. Today, more than 20 pathogenic 
mutations within the APP gene have been identified (reviewed in Chai. 
2007). Presenilins are membrane proteins that are involved in the γ-
secretase cleavage of APP, which is necessary for the production of Aβ. 
AD caused by PS and APP mutations are linked to EOAD, with symp-
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toms often apparent before the age of 50 years, and these familial forms 
of AD (FAD) show autosomal dominant inheritance (Cruts et al. 1998 
and reviewed in Chai. 2007). 

APOE is a plasma glycoprotein. There are three variants of APOE; 
APOE2, APOE3, and APOE4 (Zannis et al. 1981). The risk of AD goes 
up from 20% to 90%, and mean age of onset decreases from 84 years to 
68 years among individuals with the genotype APOE E4/E4 (Corder et al. 
1993, Hawi et al. 2003). This is clearly the most important genetic risk 
factor for EOAD (Strittmatter et al. 1993, Coon et al. 2007). 

1.1.2 The amyloid cascade hypothesis 
A prime suspect in causing AD is Aβ. Most researchers believe that ac-
cumulation caused by increased production, or disrupted disposal of Aβ is 
the primary cause of AD. This theory is called “the amyloid cascade hy-
pothesis”. Aβ is one of the fragments produced when proteolytic 
processing of the larger precursor APP occurs. Aβ peptides of 38-43 ami-
no acids have been detected. However, the most common isoforms are 
Aβ40 and Aβ42, with approximately 90% corresponding to Aβ40 (Asa-
mi-Odaka et al. 1995). Aβ40 is typically produced by cleavage that oc-
curs in the endoplasmic reticulum (ER), while the longer form is primari-
ly produced by cleavage in the trans-golgi network (TGN; Hartmann et 
al. 1997). Compared to Aβ40, Aβ42 is more prone to aggregate and more 
fibrillogenic, and is therefore more strongly associated with the disease. 
Aβ accumulates by stages; first it forms small oligomers, followed by 
protofibrils and the final stage is formation of mature fibrils that build up 
the plaques. According to the amyloid cascade hypothesis, accumulated 
Aβ disrupts cell-to-cell communication, activates immune cells that trig-
ger inflammation, and ultimately, kills cells (Selkoe. 1991, Hardy and 
Higgins. 1992, Hardy and Selkoe. 2002). However, it is debated which of 
the Aβ forms that are the most toxic.  

Several lines of evidence support the amyloid hypothesis: First, pa-
tients with Down’s syndrome carrying three copies of chromosome 21, 
where also the APP gene is located, develop AD when they reach middle 
age. Second, a small percentage of AD is FAD that is caused by a gene 
mutation. Most of these mutations have been shown to increase produc-
tion or accumulation of Aβ42 (Bertram and Tanzi. 2004). Third, mice 
carrying human genes with FAD-linked mutation develop plaques and 
suffer from memory disruption (Duyckaerts et al. 2008). Strategies to 
develop drugs today are in fact mainly focused on the decreased produc-

http://en.wikipedia.org/wiki/Endoplasmic_reticulum�
http://en.wikipedia.org/wiki/Golgi_apparatus�
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tion of Aβ, prevention of aggregation or increased removal of Aβ from 
the brain. 

It should be pointed out that not all scientists are convinced that the 
amyloid cascade hypothesis is completely true. The arguments against it 
are based on reports that the number of amyloid deposits in the brain does 
not correlate well with the degree of cognitive impairment and the find-
ings that some persons without symptoms of AD have a large number of 
cortical Aβ deposits (reviewed in Hardy. 2009). 

 
Figure 1. Schematic representation of domain organization of APP. The E1 re-
gion consists of the N-terminal heparin-binding/growthfactor-like domains 
(HBD/GFLD) and the following copper- and zinc-binding domains (CuBD and 
ZnBD). The E1 region is linked via the acidic region (DE; rich in aspartic acid 
and glutamic acid), Kunitz-type protease inhibitor domain (KPI) and the OX-2 
sequence to the E2 domain. Due to alternative splicing the KPI and OX-2 are not 
present in the APP695 isoform. The E2 region consists of a second HBD and the 
central APP domain (CAPPD). A linker domain connects the ectodomain to the 
transmembrane and the APP intracellular domain (AICD). Aβ indicates the amy-
loid-β peptide sequence. The two N-glycosylation sites of the ectodomain are 
indicated as black spheres. The phosphorylated sites in AICD are marked as bold 
and the protein interaction motif (YENPTY) is indicated (APP695 numbering). 

1.2 Amyloid precursor protein 
As indicated by its name APP is the precursor protein of Aβ. APP is a 
type I integral membrane protein with a large N-terminal ectodomain and 
a short C-terminal cytoplasmic domain. It belongs to a family of proteins 
that has two other mammalian members, APP-like protein-1 and -2 
(APLP1 and APLP2). There are three major isoforms of mammalian 
APP; APP695, APP751 and APP770. The difference between these iso-
forms lies within the ectodomain. Only the two larger isoforms consisting 
of 751 and 770 amino acid residues (APP751 and APP770, respectively) 
contain a Kunitz protease inhibitor (KPI) domain. Both APP751 and 
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APP695 lack the OX-2 homology domain (Bayer et al. 2001). Isoforms 
of APP that lack amino acids encoded by exon 15, first described in C6 
glioma and Neuro2a (N2a) neuroblastoma cell lines, can be chondroitin 
sulfate glycosaminglycan (CS-GAG)-modified (Pangalos et al. 1995, 
Shioi et al. 1992, Thinakaran et al. 1995). The isoforms are differentially 
expressed in different tissues. APP770 and APP751 are ubiquitously ex-
pressed and in the brain astrocytes and endothelial cells express high 
levels of KPI-containing forms of APP. APP695 is predominantly ex-
pressed in neuronal cells (Forloni et al. 1992, Ponte et al. 1988, Mattson. 
1997).  

1.2.1 Proteolytic processing  
Proteolytic cleavage of APP results in the production of several frag-
ments. The processing is complex and involves several different cleavage 
sites and proteolytic enzymes (reviewed in Esler and Wolfe. 2001). The 
proteolytic cleavage can be divided into two pathways, the amyloidogen-
ic and the non-amyloidogenic pathway (reviewed in Thinakaran and Koo. 
2008). 

1.2.1.1 The amyloidogenic pathway 
β-secretase (see section 1.4.2) cleaves the APP N-terminal of the Aβ se-
quence and an extracellularly shedded secreted APPβ (sAPPβ) and a 99 
amino acid long membrane bound C-terminal fragment (C99 or β-stub) 
are formed. Further heterogenous cleavage of C99 by γ-secretase (see 
section 1.4.3) at the γ-, ε- and/or ζ-site, within the membrane, generates 
varying length of both Aβ and the cytoplasmic APP intracellular domain 
(AICD; Raychaudhuri and Mukhopadhyay. 2007).   

1.2.1.2 The non-amyloidogenic pathway 
When APP is proteolytically processed at the α-secretase site (see section 
1.4.1) Aβ formation is precluded and instead sAPPα together with a 
membrane-bound C-terminal fragment of 83 amino acids (C83 or α-stub) 
is produced. Subsequent cleavage by γ-secretase leads to the production 
of a smaller secreted peptide (p3) and AICD. 
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Figure 2. Schematic illustration of the amyloidogenic and the non-
amyloidogenic proteolytic cleavage of APP. Full length APP is cleaved either by 
β- or α-secretase, generating secreted sAPPβ and C99 or sAPPα and C83, respec-
tively. Subsequent cleavage of C99 or C83 by γ-secretase generates Aβ and 
AICD or p3 and AICD, respectively. 

1.2.2 Functions of APP and its metabolites 
Despite the fact that the normal function of APP is still not fully unders-
tood, numerous studies have presented evidence that APP plays a role in 
both the developing and the adult nervous system. APP has been impli-
cated in stimulation of neurite outgrowth and synaptogenesis, modulation 
of synaptic plasticity, regulation of cell adhesion, apoptosis, and in pro-
tection against several metabolic, excitotoxic and oxidative insults (re-
viewed in Mattson. 1997).  
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1.2.2.1 Neurogenesis  
The birth of new neurons, neurogenesis, occurs mainly during prenatal 
development, but also in the gentate gyrus in the adult hippocampus 
(Eriksson et al. 1998, Gould et al. 1999). Interestingly, it is reported that 
knock-down of endogenous APP expression in neuronal cells in the cor-
tical ventricular zone prevents their further migration into the cortical 
plate, whereas overexpression in neuronal precursor cells accelerates their 
migration into the cortex (Young-Pearse et al. 2007). Here, the authors 
speculate that APP affects the migration of neuronal precursors in a quan-
titative way. APP is upregulated in the adult brain in response to injury 
(reviewed in Koistinaho and Koistinaho. 2005) and the function of this 
upregulation could be to stimulate migration of neuronal cells to the site 
of injury. Overexpression of sAPPα in epidermal growth factor (EGF)-
responsive cells, derived from subventricular zone (SVZ) astrocytes, re-
vealed that sAPPα participates in the EGF-induced proliferation of adult 
SVZ progenitors in vitro. Similarly, sAPP/Fc infused into the lateral ven-
tricle in mice showed that sAPPα binding increases the number of proli-
ferating EGF-responsive progenitors in vivo. APP antisense oligonucleo-
tide decreased the proliferation (Caille et al. 2004). sAPPα is proposed to 
stimulate proliferation of neuronal stem cells, since treatment with re-
combinant sAPPα increased DNA synthesis and expression of proliferat-
ing cell nuclear antigens. These effects were blocked by an antibody di-
rected against the N-terminal of APP (Ohsawa et al. 1999).  

1.2.2.2 Cell adhesion and neurite outgrowth 
The ectoplasmic domain of APP is reported to bind to several extracellu-
lar factors present in the developing cortex, including heparan sulfate 
proteoglycans (Schubert et al. 1989, Narindrasorasak et al. 1991), laminin 
(Kibbey et al. 1993), and collagen (Breen. 1992) as well as to APP itself 
or to other APP family members (Soba et al. 2005). Binding of heparin 
sulphate proteoglycans to APP stimulates neurite outgrowth in mice hip-
pocampal neurons (Small et al. 1994).  

Both APP and the secreted extracellular domain, sAPPα, significantly 
increase neurite length and branching in pheochromocytoma PC12 cells, 
without affecting the number of neurites per cell (Milward et al. 1992). 
The same study showed that an APP antibody inhibited nerve growth 
factor (NGF)-induced neurite outgrowth. Another study showed that mice 
hippocampal neurons from APP deficient mice have diminished viability 
and retarded neurite development (Perez et al. 1997). Recently, it was 
reported that APP is required for proper neurite outgrowth both in vitro 
and in vivo. Neurons that lack APP undergo elongation of their longest 
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neurite. However, sAPPα was unable to stimulate neurite elongation in 
the absence of cellular APP expression. The outgrowth enhancing effects 
of both sAPPα and deletion of APP were inhibited by blocking antibodies 
directed to integrin β1 (Itgβ1). Thus, the authors speculate that sAPPα 
regulates the function of APP in neurite outgrowth by competing with the 
binding of APP to Itgβ1 (Young-Pearse et al. 2008).  

It is reported that cell-surface APP stimulates neurite outgrowth of rat 
hippocampal neurons in an isoform-dependent manner (Qiu et al. 1995). 
Antibody blocking and deletion experiments indicate that the mid-region 
of the APP ectodomain is involved in promoting neurite outgrowth. The 
same report also demonstrated that the neurite-promoting function of 
secreted sAPPα is distinct from the trophic function. 

APP is proposed to have a regulatory role in cell adhesion in the nerv-
ous system (reviewed in Reinhard et al. 2005). A homophilic interaction 
is considered to be regulated by the N-terminal loop region (APP residues 
91-116; Kaden et al. 2008). APP and its family members APLP1 and 
APLP2, are shown to perform both homo- and hetero-interaction as well 
as both cis and trans interactions (Soba et al. 2005, Wang and Ha. 2004). 
Pre-and postsynaptic interaction with APP is suggested to modulate its 
function and to promote both peripheral and central synaptogenesis 
(Wang et al. 2009).  

1.2.2.3 Synaptogenesis 
During postnatal rat brain development and in the adult rat brain, APP is 
expressed at high levels in those regions that undergo more intense syn-
aptic modifications. The highest levels are reached in the second postnat-
al week, which is the time of brain maturation and completion of synaptic 
connections. High concentrations of KPI-containing APP are present in 
the adult olfactory bulb, where continuous synaptogenesis occurs in the 
adult animal (Löffler and Huber. 1992, Ouimet et al. 1994). Axonal 
transport of APP, as well as synaptic APP shedding increases during syn-
aptogenesis. Axonal transport declines when mature connections are es-
tablished (Lyckman et al. 1998, Moya et al. 1994). An involvement of 
APP in functional synapse formation in rat hippocampal neurons is sug-
gested (Morimoto et al. 1998a) and the potential role of sAPPα as a mod-
ulator of synaptic activity could be narrowed down to a specific domain 
(Morimoto et al. 1998b). Infusion of a 17 amino acid long peptide, 
APP319-335 (APP695 numbering), representing the trophic domain of 
sAPP695, into the rat ventricles increased the number of presynaptic ter-
minals in the frontoparietal cortex and strengthened the memory reten-
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tion. It is suggested that APP may be involved in the stabilization phase 
of synapses and memory formation (Roch et al. 1994). 

1.2.2.4 Neuroprotection  
There is increasing evidence for a neuroprotective role of sAPPα. It is 
shown that sAPPα displays a potent neuroprotective action against exci-
totoxicity in cultured rat hippocampal and septal neurons and in human 
cortical neurons (Mattson et al. 1993, Mattson. 1994). Using various 
truncated forms of sAPPα and sAPPβ it was revealed that sAPPα is far 
more potent than sAPPβ in protecting hippocampal neurons against exci-
totoxicity, Aβ toxicity, and glucose deprivation. Further analysis showed 
that the activity is localized to amino acids 591-612 at the C-terminus of 
sAPPα. Since heparinase reduced the actions of sAPPα, the authors sug-
gest that this is a heparin binding domain (Furukawa et al. 1996b). sAPPα 
is shown to increase the expression levels of several neuroprotective 
genes and protects mice hippocampal cultures from Aβ-induced tau 
phosphorylation and neuronal death. sAPPα-induced expression of trans-
thyretin and insulin-like growth factor 2 (IGF-2) is shown to be necessary 
for protection against Aβ-induced neuronal death (Stein et al. 2004).  

It is shown that sAPPα causes a rapid and prolonged reduction in 
[Ca2+]i and prevents the rise in [Ca2+]i that normally mediate hypoglycem-
ic damage. sAPPα also suppresses action potentials and hyperpolarizes 
neurons (Furukawa et al. 1996a). Furthermore, sAPPα play a protective 
role in rat hippocampus against ischemic injury (Smith-Swintosky et al 
1994). As a consequence of synaptic modulation, neuroprotection or 
both, intracerebral injection of sAPPα is shown to have a memory-
enhancing effect on amnestic mice (Meziane et al. 1998). This effect 
could be blocked by APP antibodies.  

1.2.2.5 Cell survival or cell death? 
Different lines of evidence suggest growth-promoting and neuroprotec-
tive roles for APP, but there are also reports linking APP to cell death. 
Exposure of rat cortical neurons to a monoclonal antibody directed 
against the extracellular domain of APP is shown to cause neurite dege-
neration followed by caspase dependent apoptosis (Rohn et al. 2000). The 
same year another group published similar results (Sudo et al. 2000). 
They proposed that the antibody-induced apoptotic cell death occurres 
through cell-surface APP, not through secreted APP. The effect seems to 
be neuron-specific since apoptosis was not observed in primary astrocytes 
or glioma cells overexpressing wtAPP, but only in primary cortical neu-
rons. Interestingly, APP itself has been show to be cleaved by caspases 
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during apoptosis, resulting in an increased Aβ production (Gervais et al. 
1999) and Aβ can also induce caspase-dependent apoptosis (Allen et al. 
2001). Therefore, it is tempting to hypothesize that there could be a cyclic 
loop where ligand activation of APP, perhaps by Aβ (Lorenzo et al. 
2000), leads to caspase dependent apoptosis, caspases acts back on APP 
and increases Aβ production, whereupon Aβ in turn further activates 
apoptosis. A recent study also showed that extracellular fragments of 
APP and APLP2 could bind to death receptor 6 and thereby trigger dege-
neration of cell bodies via caspase 3 and axons via caspase 6 (Nikolaev et 
al. 2009). However, the mechanism behind APP-induced cell death is 
controversial, since it is shown by another study that no caspase-3-like 
proteases were activated, suggesting a different mode of cell death than 
classical apoptosis (Mbebi et al. 2002). In the same study instead a cal-
pain- and calcineurin dependent proteolysis of the neuroprotective cal-
cium/calmodulin-dependent protein kinase IV and its nuclear target pro-
tein, cAMP responsive element binding protein, is proposed. Indeed, APP 
is shown to perturb intracellular Ca2+ homeostasis by emptying intracellu-
lar Ca2+ stores and triggering Ca2+ entry through store-operated channels 
(Bouron et al. 2004). In response to an ectodomain APP antibody, the 
long-lasting elevation of [Ca2+]i is suggested to lead to neuronal cell 
death. Hashimoto and colleagues reported that dimerization of the cytop-
lasmic domain of APP can enhance neuronal cell death via apoptosis. An 
APP hybrid that consisted of the extracellular domain and the transmem-
brane (TM) domain of epidermal EGF receptor that dimerize upon EGF 
treatment was used. Apoptosis signal-regulating kinase 1 (ASK1) is 
shown to form a complex with the intracellular domain of APP via c-Jun 
N-terminal kinase (JNK)-interacting protein (JIP-1) and induce neuronal 
cell death that can be blocked by a specific JNK inhibitor (Hashimoto et 
al. 2003). 

The main hypothesis of the pathogenesis in AD is that Aβ accumula-
tion disrupts synaptic function and leads to neuronal loss (reviewed in 
Walsh and Selkoe. 2007). In addition to its neurotoxic properties, Aβ 
appeared to have neurotrophic effects in undifferentiated hippocampal 
neurons at low concentrations (10-100pM) and neurotoxic activity in 
mature neurons only at higher concentrations (50-1000nM) in cultured rat 
embryonic hippocampal cells (Whitson et al. 1989, Yankner et al. 1989). 
Recently, it was reported that synthetic Aβ42 monomers support the sur-
vival of developing neurons under conditions of trophic deprivation and 
protect mature neurons against excitotoxic death in the 30-100nM range 
in cultures of mixed rat cortical cells (Giuffrida et al. 2009). Aβ is sug-
gested to have a homeostatic control of neuronal activity: Increased neu-
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ronal activity produces more Aβ, the enhanced Aβ production depresses 
synaptic function and the depressed synaptic function will decrease neu-
ronal activity. In AD, neurons might fail to be depressed by Aβ, leading 
to a gradual buildup of neuronal activity and further Aβ secretion or the 
machinery for Aβ production might become constitutive (Kamenetz et al. 
2003 and reviewed in Esteban. 2004). 

Table 1. Functions for APP and domains linked to the functions. 
Function Domain References 
Proliferation N-terminal region of 

sAPPα 
(Ohsawa et al. 1999) 

Neurite outgrowth N-terminal region of 
APP  

(Small et al. 1994, Milward et al. 
1992, Perez et al. 1997, Young-
Pearse et al. 2008, Qiu et al. 1995) 

 sAPPα (Perez et al. 1997, Young-Pearse et 
al. 2008, Li et al. 1997) 

Growth promoting E2 (Li et al. 1997, Ninomiya et al. 1993) 
Homodimerization E1 and E2 in the 

ectodomain 
(Soba et al. 2005, Kaden et al. 2008) 

 GxxxG motif in the 
TM domain 

(Munter et al. 2007) 

Adhesion E1 (Soba et al. 2005) 
 E2 (Wang and Ha. 2004) 
Synaptogenesis amino acids 319-

335 in sAPPα 
(Mattson. 1997, Morimoto et al. 
1998b) 

Neuroprotection amino acids 591-
612 at the C-
terminus of sAPPα 

(Furukawa et al. 1996b) 

Apoptosis N-terminal region of 
APP, E1 

(Sudo et al. 2000) 

 N-terminal region of 
secreted APP, E1 

(Nikolaev et al. 2009) 

 Aβ (Allen et al. 2001) 
 AICD (Hashimoto et al. 2003, Kinoshita et 

al. 2003, Kim et al. 2003) 
Surface receptor E2 (Lorenzo et al. 2000, Ho and Südhof. 

2004) 
Signaling molecule AICD (Nishimoto et al. 1993, Jacobsen and 

Iverfeldt. 2009, Koo. 2002, Turner et 
al. 2003) 

Gene transcription AICD (Koo. 2002, Turner et al. 2003) 
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1.2.2.6 Is APP a receptor? 
Already in 1987 the cloning of APP revealed an amino acid sequence that 
suggested APP to be a cell surface receptor (Kang et al. 1987). A couple 
of years after, APP was shown to form a complex with GTP binding pro-
tein G0 (Nishimoto et al. 1993). However, noteworthy is that other G-
protein linked receptors have seven TM domains and APP only one. 
Aside from interactions with extracellular matrix proteins, a candidate 
ligand was first proposed in 2004. F-spondin, a neuronally secreted sig-
naling glycoprotein proposed to have a role in neuronal development and 
repair, is reported to bind to the extracellular domain of APP as well as to 
APLP1 and APLP2. This binding reduces production of the Aβ peptide 
and nuclear transactivation mediated by AICD (Ho and Südhof. 2004, 
Hoe et al. 2005). In addition, the binding of F-spondin to APP subse-
quently was identified in a screen of proteins interacting with APP in vivo 
in mice (Bai et al. 2008). F-spondin is therefore suggested to be a ligand 
that regulates APP processing. 

The most common form of signal transduction for single-pass TM pro-
teins is the ligand-induced perturbation of monomer/dimer equilibrium. 
APP contains several GXXXG motifs (Munter et al. 2007, Liu et al. 2005, 
Marchesi. 2005, Sato et al. 2006). GXXXG motifs have been shown to 
stabilize α-helical interactions in proteins (Kleiger et al. 2002). Kienlen-
Campard and colleagues demonstrated that the TM GXXXG motif is re-
quired for Aβ40 and Aβ42 production (Kienlen-Campard et al. 2008). A 
homophilic N-terminal region of APP is also important for APP homo-
dimerization and β-secretase cleavage (Kaden et al. 2008). This region is 
implicated in neurite outgrowth (Small et al. 1994), synaptogenesis (Mo-
rimoto et al. 1998b), and activation of MAPK (Greenberg et al. 1995). 
The APP homodimerization in living cells may be mediated by two sites 
of the ectodomain and a third site within the TM sequence of APP (Mun-
ter et al. 2007). Recently, it was shown that the dimerization of APP is 
considerably higher at the plasma membrane compared to intracellular 
membranes (Gralle et al. 2009). In the same article it was also reported 
that heparan sulfate significantly contributed to the almost complete di-
merization of APP at the plasma membrane. Data also indicate that APP 
functions as a receptor for sAPPα. Thus, ligand-induced conformational 
change in the APP extracellular domain may have a functional aspect. 

There is a lot of attention on the N-terminal part of APP in its putative 
function as a receptor. However, there is also evidence for ligand-induced 
signal transduction (Ma et al. 2008). Interaction between APP and Tran-
sient axonal glycoprotein 1 (TAG1) increases AICD release and results in 
a negative modulation of neurogenesis. This effect is dependent on the 
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APP adaptor protein Fe65 and γ-secretase activity. TAG1 is a develop-
mental factor, involved in selective axonal fasciculation, neural cell adhe-
sion and migration, and neurite outgrowth (Karagogeos. 2003). TAG1, 
APP and Fe65 colocalizes in the neural stem cell niche of the fetal ventri-
cular zone. The increase in neurogenesis observed in neural stem cells 
isolated from TAG1-/- mice was reversed by expression of AICD, con-
firming that negative modulation of neurogenesis is a physiological func-
tion of cleaved AICD (Ma et al. 2008).  

1.2.3 APP adaptor proteins 
Binding of adaptor proteins to APP is known to regulate APP endocytosis 
and proteolytical cleavage. Fe65, X11, JIP-1, Dab1, Shc, Grb2, and 
Numb are all adaptor proteins shown to interact with the YENPTY motif 
in the intracellular domain of APP (reviewed in Jacobsen and Iverfeldt. 
2009). The YENPTY sequence has a role in the internalization and 
processing of APP (Duilio et al. 1991, Koo and Squazzo. 1994, Lai et al. 
1995). In addition, the YENPTY motif is conserved in all APP family 
members and it is therefore most likely that effects dependent on the 
intracellular domains of all APP family proteins occur via similar signal-
ing cascades.  

X11, also referred to as munc-18-interacting protein (Mint), was the 
second identified adaptor protein to interact with the YENPTY motif of 
APP. X11 was shown to bind to APP via its phosphotyrosine binding 
(PTB) domain (Borg et al. 1996). Upon overexpression of X11, the pro-
duction of Aβ is decreased and APP processing is slowed down, possibly 
by stabilization of APP (Borg et al. 1998, Sastre et al. 1998). X11 reduces 
Aβ production in APP transgenic mice (Lee et al. 2003, Lee et al. 2004). 
APP and the β-secretase generated C99 stub are accumulated in lipid rafts 
of X11 knockout mice. This provides indirect evidence that interaction 
between X11 and APP inhibits APP translocations to lipid rafts where β-
secretase cleavage occurs and thus lowering the Aβ production (Saito et 
al. 2008). X11 enhances the stress-induced phosphorylation of APP and 
APLP2 (Taru and Suzuki. 2004) and is therefore suggested to regulate the 
interaction of APP with other proteins. A tripartite complex of X11, APP 
and the type I TM protein Alcadein (Araki et al. 2003) raises the possibil-
ity that X11 may function to recruit other proteins to APP. 

ASK1 can form a complex with the intracellular domain of APP via 
JIP-1 and induce neuronal cell death (Hashimoto et al. 2003). JIP-1 is 
reported to bind to APP, but not APLP1 nor APLP2, and to facilitate 
JNK-mediated phosphorylation (Scheinfeld et al. 2003a). Furthermore, 
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the same group reports that AICD in combination with JIP-1 activates 
gene expression whereas the C-terminal intracellular fragments of APLP1 
and APLP2 (ALID1 and ALID2, respectively) show little or no activation 
in combination with JIP-1 (Scheinfeld et al. 2003b). Therefore, the au-
thors suggest that the functional role of JIP-1 is asymmetric with respect 
to action on APP and APLPs. In agreement with this hypothesis JIP-1 is 
not able to bridge APLP2 to kinesin-I, whereras the transport of APP 
from the cell body to the nerve processes by kinesin-I, is mediated by 
JIP-1 (Matsuda et al. 2003). JIP-1 is also reported to stabilize APP; the 
secretion of both sAPPα and Aβ was decreased in a JNK independent 
manner, during JIP-1 overexpression (Taru et al. 2002). 

Phosphorylation of Disabled-1 (Dab1) is established to play an essen-
tial role in migration (reviewed in Tissir and Goffinet. 2003). Overex-
pression of mammalian APP family members increase the serine phos-
phorylation of Dab1. In turn, Dab1 can bind to APP, APLP1 and APLP2 
via its PTB domain (Homayouni et al. 1999). Overexpressing Dab1 in-
creased surface levels of APP and thus increased α-secretase cleavage 
and reduced Aβ secretion in human embryonic kidney (HEK293) cells 
(Hoe et al. 2006). 

Adaptor proteins that bind to APP in favor of the amyloidogenic path-
way are the members of the Src homology collagen-like (Shc) family, 
ShcA and ShcB, and growth factor receptor-bound protein 2 (Grb2; Xie 
et al. 2007, Zhou et al. 2004). However, both ShcA and ShcB, as well as 
Grb2, only interact with the C-terminal of APP, APLP1 and APLP2 upon 
tyrosine phosphorylation of the YENPTY motif (Zhou et al. 2004, Tarr et 
al. 2002b, Tamayev et al. 2009).  

Protein interacting with APP tail 1 (PAT1) and Numb are adaptor pro-
teins that via their PTB domains interact with the YENPTY of APP, 
APLP1 and APLP2 (Tamayev et al. 2009, Kuan et al. 2006, Kyriazis et 
al. 2008). Interaction between PAT1 or Numb to members of the APP 
family influence the intracellular transport and thereby the processing of 
APP and APLPs (Kuan et al. 2006, Zheng et al. 1998).  

1.2.3.1 Fe65 
Fe65 is mainly expressed in mammalian brain and nervous system 
(Simeone et al. 1994) and was the first identified APP adaptor protein 
(Fiore et al. 1995). Coprecipitation experiments demonstrated that the C-
terminal PTB domain of Fe65 interacts with APP (Borg et al. 1996, Fiore 
et al. 1995). Fe65 belongs to a family of proteins, also containing Fe65 
like-1 and -2 (Fe65L1 and Fe65L2), that all interact with APP, APLP1 
and APLP2 (Duilio et al. 1998, Guenette et al. 1996, Zhou et al. 2009). 
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Interestingly, target deletion of Fe65 and Fe65L1 show a similar pheno-
type as observed in triple mutant mice lacking the APP family members 
APP, APLP1 and APLP2 (Guenette et al. 2006, Herms et al. 2004). This 
suggests that Fe65 and its interaction with the APP family of proteins are 
important during brain development. Fe65 is suggested to influence APP 
processing. Overexpression of full length Fe65 suppresses the Aβ secre-
tion (Ando et al. 2001) and coexpression of a 65 kDa fragment, 
representing the cleaved and active Fe65, and APP strongly reduces the 
secretion of sAPPα (Hu et al. 2005). 

Fe65 forms a transcriptively active complex with AICD and Tip60 
(Cao and Südhof. 2001). Phosphorylation of Thr668 is suggested to be 
essential for binding of Fe65 to APP and translocation of AICD (Chang 
et al 2006). However, several contradictory studies have shown that 
phosphorylation of APP Thr668 instead releases Fe65, leading to proteo-
lytical processing of APP and translocation of AICD to the nucleus (An-
do et al. 2001, Nakaya et al. 2008, Radzimanowski et al. 2008). A recent 
study showed that also the phosphorylation of APP Tyr682 inhibits the 
docking of Fe65, and its two family members Fe65L1 and Fe65L2, to 
APP (Zhou et al. 2009). Analogous phosphorylation of APLP1 and 
APLP2 has similar effects.  

1.2.4 Posttranslational modification  
APP is ubiquitously expressed throughout the organism (Slunt et al. 
1994b, Slunt et al. 1994a, Lorent et al. 1995). APP is synthesized in ribo-
somes on ER and during its translocation from ER to the plasma mem-
brane APP can undergo posttranslational modifications such as N-
glycosylation (Lyckman et al. 1998, Dyrks et al. 1988), O-glycosylation 
(Lyckman et al. 1998, Weidemann et al. 1989), sialylation (Lyckman et 
al. 1998) and CS-GAG modification (Pangalos et al. 1995, Lyckman et 
al. 1998).  

Phosphorylation of the ectodomain of APP is proposed to regulate 
cleavage of APP (Hung and Selkoe. 1994). The intracellular domain of 
APP can be phosphorylated at several sites (reviewed in Jacobsen and 
Iverfeldt. 2009). Phosphorylation of Tyr653, Ser655, Thr668, Ser675, 
Tyr682, Thr686 and Tyr687 is shown to be upregulated in brain tissues 
from AD patients (Lee et al. 2003). The same study also showed that APP 
phosphorylated at Thr668 is enriched in endocytic compartments and 
colocalized with the β-site APP cleaving enzyme (BACE).  Phosphoryla-
tion of APP at position Thr668 in dividing cells and cells that undergo 
neuronal differentiation is shown to be dependent on cyclin-dependent 
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kinase1 (cdk1; Suzuki et al. 1994) and JNK3 (Kimberly et al. 2005), re-
spectively. JIP-1 enhanced JNK-mediated phosphorylation (Scheinfeld et 
al. 2003a), associates APP to axonal transport (Matsuda et al. 2003, In-
omata et al. 2003, Muresan and Muresan. 2005) and in combination with 
AICD activates gene transcription (Scheinfeld et al. 2003b). Cdk5 and 
glycogen synthase kinase-3β (GSK-3β) phosphorylate Thr668 in postmi-
totic neurons and human neuroblastoma cells (Iijima et al. 2000, Aplin et 
al. 1996, Liu et al. 2003). As pointed out above there are contradictory 
reports showing either that phosphorylation of Thr668 or Tyr682 stimu-
lates (Tarr et al. 2002b, Chang et al. 2006) or prevents (Zhou et al. 2009, 
Ando et al. 2001, Nakaya et al. 2008, Radzimanowski et al. 2008) the 
binding of adaptor proteins to APP. A recent study proposed that the APP 
phosphorylation shape the set of proteins interacting with APP and there-
by its function (Tamayev et al. 2009). Phosphorylation at Tyr687 is 
shown to retain APP in both ER and TGN and significantly increases the 
turnover rate for APP. Thus, this modification is suggested to be an im-
portant regulatory mechanism in terms of subcellular localization and 
proteolytic processing of APP (Rebelo et al. 2007). 

1.2.5 Intracellular trafficking  
A large fraction of APP is located in the Golgi and TGN. It has been es-
timated that approximately 10% is present at the cell surface. APP is ra-
pidly internalized from the cell surface by endocytosis. Most of the APP 
is delivered to endosomes and can then undergo degradation in the lyso-
some. However, a small part of endocytosed molecules can be recycled to 
the cell surface (reviewed in Thinakaran and Koo. 2008). 

APP can be processed at the cell surface by α-secretase cleavage, re-
sulting in shedding and secretion of sAPPα. PKC-mediated stimulation of 
sAPPα secretion involves mechanisms enhancing APP trafficking to the 
cell surface, and thereby increasing α-secretase cleavage (Koo and 
Squazzo 1994). APP and BACE interact and cotraffic through the secre-
tory pathway to the cell surface and cointernalize into early endosomes 
(Kinoshita et al. 2003). BACE predominantly localizes to the late Gol-
gi/TGN. The amyloidogenic cleavage of APP occurs mainly during recy-
cling steps. As discussed below γ-secretase is a complex consisting of 
several proteins. The presence and activity of γ-secretase is detected in 
many cellular compartments, such as ER, Golgi, TGN, endosomes, and 
plasma membrane. However, Aβ is mostly generated in the TGN and 
endosomes as APP passes through the secretory and recycling pathways 
(reviewed in Thinakaran and Koo. 2008). Production of Aβ occurs in 
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cholesterol- and sphingolipid-enriched membrane raft of intracellular 
organelles (Hartmann et al. 2007).  

In neurons, APP is trafficked anterogradely along peripheral and cen-
tral axons (Koo et al. 1990, Sisodia et al. 1993, Buxbaum et al. 1998b, 
Kaether et al. 2000). Axonal transport of APP is proposed to be mediated 
by direct binding to the kinesin light chain subunit of kinesin-1 (Kamal et 
al. 2000). However, other studies state otherwise (Lazarov et al. 2005). 
Noteworthy, C-terminal fragments of APP containing the entire Aβ do-
main accumulate at synaptic sites (Buxbaum et al. 1998b), and several 
lines of evidence indicate that Aβ is released at nerve terminals in the 
CNS (Lazarov et al. 2002, Sheng et al. 2002). 

1.3 APP-like proteins 
As already touched upon, APP is a member of a family of homologous 
proteins. Soon after the molecular cloning of APP, the mammalian homo-
lougues APLP1 (Wasco et al. 1992) and APLP2 (Wasco et al. 1993) were 
identified. There are also APP-like proteins in species like Drosophila 
melanogaster (APPL; Rosen et al. 1989) and Caenorhabditis elegans 
(APL-1; Daigle and Li. 1993). All members in the APP protein family 
show amino acid as well as domain homology with a single TM domain, 
zinc and heparin binding domains and a conserved C-terminal cytoplas-
mic domain. The cytoplasmic domains contain the YENPTY-motif (see 
section 1.2.3) and putative phosphorylation sites (reviewed in Coulson et 
al. 2000). Interesting studies have identified APP and APLP2 homolo-
gues in Xenopus laevis suggesting an evolutionary occurrence and the 
authors suggest APLP1 to originate from a mammalian splice variant of 
APLP2 (Collin et al. 2004). In the following section only the mammalian 
forms of the APP-like proteins are discussed. 

1.3.1 Functions  
It is assumed that APP, APLP1 and APLP2 have overlapping functions 
because; first, they are highly homologous, second, they are similarly 
processed, third, at least APP and APLP2 are expressed in a virtually 
overlapping pattern, and fourth, it appears that the homologues proteins 
can substitute for each other functionally (von Koch et al. 1997, White et 
al. 1998). Knock-out studies reveal that APP deficient mice show reactive 
gliosis, decreased locomotor activity and bodyweight deficits (Zheng et 
al. 1995). APLP1-/- mice show bodyweight deficits (Heber et al. 2000), 
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whereas APLP2-/- have no apparent abnormalities (von Koch et al. 1997). 
However, APLP2-/-/APP-/- and APLP2-/-/APLP1-/- double knockouts are 
perinatally lethal whereas APP-/-/APLP1-/- mice are viable (von Koch et 
al. 1997, Heber et al. 2000). It appears as if APLP2 has a key physiologi-
cal role among the APP family members that can only be compensated 
for by APP and APLP1 together.  

Despite the fact that single disruption of APP, APLP1 or APLP2 only 
causes minor abnormalities (Heber et al. 2000), in vivo and in vitro stu-
dies have suggested that APLP1 and APLP2 function to promote neurite 
outgrowth, neuronal cell migration and copper homeostasis.  

Gene silencing analyses of the APP gene family by RNA interference 
revealed that cell viability and neurite outgrowth of N2a cells undergoing 
knockdown of APLP1 are significantly reduced compared with N2a cells 
undergoing knockdown of either APP or APLP2. Noteworthy, knock-
down of both APP and APLP2 also reduce both cell viability and neurite 
outgrowth (Sakai and Hohjoh. 2006). Cappai and colleagues showed that 
recombinant secreted forms of APLP2, sAPLP2, purified from the culture 
medium form yeast Pichia pastoris, has neurite outgrowth-promoting 
activity comparable to sAPPα in cultured embryonic chick sympathetic 
neurons (Cappai et al. 1999). A recent study showed that the sAPLP1 and 
sAPLP2 induce an increase in axonal outgrowth in cultured primary rat 
neurons (Young-Pearse et al. 2008). Similar to APP, knock down of ei-
ther APLP1 or APLP2 with in utero electroporation in embryonic rat 
primary cortical neurons resultes in an increase in axonal outgrowth and a 
significant decrease in the number of primary neurites (Young-Pearse et 
al. 2007). The same group showed that full length APLP1 and APLP2, as 
well as both full length APP and sAPPα, interacts with Itgβ1 and that the 
outgrowth-enhancing effects could be blocked by antibodies to Itgβ1 
(Young-Pearse et al. 2008). These findings suggest that the APP family 
members all play a role in regulating neurite outgrowth via the novel 
mechanism of competing with the binding of APP to Itgβ1. 

In the rodent cortex and hippocampus, APLP2 is enriched in postsy-
naptic compartments. In the olfactory system, however, APLP2, especial-
ly CS-GAG modified APLP2, is present in both pre- and postsynaptic 
compartments. Since CS proteoglycans are known to play an important 
role both in regulating cell neuronal outgrowth and migration, APLP2 is 
suggested to play a part in axonal pathfinding and/or synaptogenesis in 
sensory neurons in the olfactory bulb (Thinakaran et al. 1995). Also, cells 
overexpressing CS-GAG modified APLP2 exhibited a greater migratory 
response than non-CS-GAG modified APLP2 in Chinese hamster ovary 
(CHO) cells (Li et al. 1999). 
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Evidence indicates that all mammalian family of proteins interact via 
their C-terminal YENPTY motif to the protein-interaction (PI) domain of 
Dab1 (Homayouni et al. 1999). Dab1 has a well established role in cor-
tical cell migration. Dab1 and APLP1 are colocalized in membrane ruf-
fles and vesicular structures and are expressed in similar cell populations 
in developing and adult brain tissue. Evidence that Dab1 acts downstream 
of APP for its function in cortical plate entry, has been presented (Young-
Pearse et al. 2007). As already mentioned; acute knock down of APP by 
in utero electroporation in rodents revealed that neuronal precursor cells 
require APP to migrate correctly into the nascent cortical plate. Overex-
pression of human APP, APLP1 or APLP2, can fully rescue the migration 
of neuronal precursors (Young-Pearse et al. 2007). These data suggest 
that APP, APLP1 and APLP2 may function as important factors for prop-
er migration of neuronal precursors into the cortical plate during the de-
velopment of the mammalian brain. 

There are evidences for a role of APLPs in copper homeostasis. Cop-
per levels are significantly elevated in both APP-/- and APLP2-/- in mice 
cerebral cortex (White et al. 1999) as well as in mouse primary cortical 
neurons and embryonic fibroblasts (Bellingham et al. 2004). APP and 
APLP2 can bind and reduce copper and it has even been proposed that 
APP and APLP2 can promote copper-mediated neurotoxicity. The cop-
per-induced toxicity was dependent on two conserved histidine residues 
in the copper binding domain (CuBD; White et al. 2002). The copper-
binding domain is similar among APP family members, suggesting an 
overall conservation in its function or activity (Bellingham et al. 2004). 

ALID1 and ALID2 bind to Fe65 and induce transcription in a fusion 
protein reporter system (Scheinfeld et al. 2002, Walsh et al. 2003). In 
addition, ALID2 can induce the expression of GSK-3β (Xu et al. 2007). 
Studies using synthetic peptides corresponding to phosphorylated or non-
phosphorylated ALID1 or ALID2 suggest that the state and position of 
phosphorylation is important to shape the interactome and thereby also 
the ALID-mediated functions (Tamayev et al. 2009). 

The functional roles for each of the APP protein family members may 
depend on the regulation of expression, specific localization of the ex-
pressed protein in tissues or cells, and specific protein-protein inter-
actions. In contrast to APP and APLP2, APLP1 is only expressed in the 
nervous system (Kim et al. 1995). Also the subcellular localization of 
APP and APLP1 differs: APP is found in the synaptic membrane of pre-
synaptic terminals whereas APLP1 is found in the post-synaptic density 
(Kim et al. 1995, Ferreira et al. 1993). A recent study presented evidence 
that overexpressed APP is mostly present in ER and endosomes, whereas 
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overexpressed APLP1 is mainly localized to the cell surface (Kaden et al. 
2009). Expression of APLP2 is very similar to APP in the brain and 
throughout the body (Slunt et al. 1994a, Wasco et al. 1993) as well as in 
subcellular compartments in neurons (Young-Pearse et al. 2008). Howev-
er, differences in posttranslational modifications between APLP2 and 
APP are suggested to contribute to the different functions of APP and 
APLP2 (Sisodia et al. 1996, Thinakaran and Sisodia. 1994, Suzuki et al. 
1997 and see below). 

1.3.2 Posttranslational modification  
The APLP2 gene contains three exons that can, as for the APP gene, be 
alternatively spliced (Sandbrink et al. 1994), whereas the APLP1 gene 
only give rise to a single transcript (Lenkkeri et al. 1998). APLP1 and 
APLP2 are synthesized in ribosomes on the ER and during its transit 
from the ER to the plasma membrane they undergo posttranslational 
modification. As APP, APLP1 (Paliga et al. 1997) and APLP2 (Lyckman 
et al. 1998) are O-glycosylated. Both APLP1 (Eggert et al. 2004) and 
APLP2 undergo N-glycosylation (Lyckman et al. 1998, Sprecher et al. 
1993). The N-linked glycosylation of APLP1 has been shown to influence 
the proteolytic processing (Eggert et al. 2004) and to be regulated by 
neuronal differentiation factors (see paper II). In addition, APLP2 can be 
sialylated (Lyckman et al. 1998) as well as CS-GAG modified (Thinaka-
ran et al. 1995, Thinakaran and Sisodia. 1994). Expression of the CS-
GAG form of APLP2 appears to be restricted to embryonic neurons and 
mature neuronal populations that undergo regeneration, such as olfactory 
sensory neurons in mice (Sisodia et al. 1996). 

APLP1 and APLP2 can be phosphorylated in the C-terminal domain. 
Thr614 and Thr723 in APLP1 and APLP2, respectively, suggested to 
correspond to Ser655 in APP, are proposed to be a target for PKC phos-
phorylation (Suzuki et al. 1997). Thr736 in APLP2, corresponding to 
Thr668 in APP, can be phosphorylated by cdc2 kinase in a cell cycle-
dependent fashion. No cdc2 kinase dependent phosphorylation of APLP1 
could be detected. It has been demonstrated that APP can be phosphory-
lated by JNK at the Thr668 in response to cellular stress. Likewise, phos-
phorylation of the conserved amino acid residue in APLP2, Thr736, is 
shown to be regulated in a similar way (Taru and Suzuki. 2004). Howev-
er, contradictory studies showed that the JNK-mediated, JIP-1 facilitated, 
phosphorylation of APP did not occur in APLP1 and APLP2 (Scheinfeld 
et al. 2003a, Scheinfeld et al. 2003b, Matsuda et al. 2003). Previously, 
tyrosine phosphorylation of APLP1 and APLP2 was reported to abolish 
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the docking of all family members to Fe65 (Zhou et al. 2009). Also stu-
dies using synthetic peptides corresponding to ALID1 indicate that phos-
phorylation both enables and inhibits docking of several adaptor proteins 
to this site (Tamayev et al. 2009). The same study also showed that phos-
phorylation of two putative phosphorylation sites in ALID2 either reduce 
or enable interaction with PTB domain-containing proteins or creates 
docking sites for SH2 domain-containing proteins. 

1.3.3 Proteolytic processing  
The proteolytic processing of APLPs is still not clear. However, similar 
proteolytic fragments as for APP are produced; the secreted forms 
sAPLP1 and sAPLP2, membrane bound stubs and intracellular domains 
called ALID1 and ALID2. Early evidences indicated that APLP1 is 
processed by γ-secretase. Deficiency of PS1, a component of γ-secretase, 
led to increased levels of a membrane bound C-terminal fragment derived 
from APLP1 (Naruse et al. 1998). A PS1 dependent γ-secretase intra-
membrane cleavage of both APLP1 and APLP2 was later shown (Schein-
feld et al. 2002, Gu et al. 2001).  

The levels of a secreted 3.5 kDa APLP1 fragment were shown to de-
crease in the presence of α-secretase or γ-secretase inhibitors (Eggert et 
al. 2004), but were unaffected by β-secretase inhibitors (Minogue et al. 
2009) indicating that APLP1 is a substrate for α- and γ-secretase. Howev-
er, in cell cultures, overexpression of the β-secretase BACE, lead to in-
creased sAPLP1 concomitant with an increased generation of a mem-
brane bound C-terminal fragment (CTF; Li and Südhof. 2004). In mouse 
brain neither overexpression nor depletion of BACE affected APLP1CTF 
(Fadeeva et al. 2004). APLP2 expressing cells secreted peptides of sizes 
between 4 and 8 kDa. Use of different secretase inhibitors indicated that 
APLP2 could be a substrate for α-, β- and γ-secretase cleavage (Eggert et 
al. 2004). Secreted APLP2 is also increased in mice overexpressing 
BACE and decreased in BACE knockout mice (Postina et al. 2004). 
sAPLP2 is, as sAPPα, increased upon PKC stimulation and overexpres-
sion of the α-secretase ADAM10 (Endres et al. 2005).  

1.4 Secretases 
The two different APP processing pathways are dependent on at least 
three different protease activities. A small fraction of the APP molecule 
enters the amyloidogenic pathway where Aβ is generated after cleavage 
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at the β-site by β-secretase followed by cleavage at the γ-site, by γ-
secretase. The non-amyloidogenic pathway involves cleavage at the α-
site, by α-secretase, and at the γ-site, and precludes Aβ formation (see 
above).  

1.4.1 α-Secretases 
The α-site cleavage of APP occurs within the Aβ domain, at the Lys16-
Leu17 (Aβ numbering) bond and is mediated by α-secretases. α-Secretase 
cleavage of APP not only precludes the formation of Aβ, but also results 
in the formation of the shedded sAPPα that is implicated in neuroprotec-
tion and neurite outgrowth (see above).  

Approximately a decade ago, studies using inhibitors to zinc metallo-
proteases suggested ADAMs as putative α-secretases (Parvathy et al. 
1998). Biotinylated inhibitors to zinc metalloproteases, that could not 
enter the cell, still inhibited the α-secretase cleavage, suggesting that α-
secretase took place on the cell surface (Parvathy et al. 1999). Overex-
pression of ADAM10, increased basal and PKC-stimulated α-secretase 
activity severalfold in HEK293 cells (Lammich et al. 1999 reviewed in 
Allinson et al. 2003, Suh and Checler. 2002, Hooper and Turner. 2002). 
In 2004 the first evidence for the ADAM family functioning as α-
secretases in vivo was presented (Postina et al. 2004). ADAMs are type I 
integral membrane proteins with a multidomain structure. They contain a 
pro-domain followed by a furin cleavage site, a catalytic domain contain-
ing a zinc-binding motif responsible for the metalloprotease catalytic 
activity and a cysteine-rich/disintegrin/EGF like domain. The disintegrin 
domain has been shown to support integrin mediated cell adhesion, whe-
reas the cysteine-rich domain can interact with heparin sulphate proteog-
lycans. ADAMs also contain a hydrophobic TM domain and a cytoplas-
mic domain with potential phosphorylation and SH3-binding sites (re-
viewed in Allinson et al. 2003, Huovila et al. 2005).  

The ADAMs is a multi-functional protein family, consisting of at least 
29 mammalian homologues (reviewed in Allinson et al. 2003). They have 
been shown to play roles in processes such as fertilization, neurogenesis 
and activation of growth factors and immune regulators. Sheddase activi-
ty of ADAMs is of course a key function and will be further discussed 
below. 

It is generally believed that ADAM17 and ADAM10 are the two most 
likely α-secretases, even thought there are evidence of the involvement of 
other ADAMs, like ADAM9, in α-secretase activities (reviewed in Hoo-
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per and Turner. 2002, Deuss et al. 2008). Here the focus will be on 
ADAM17 and ADAM10.  

1.4.1.1 ADAM17/TACE 
Tumor necrosis factor α (TNFα), a cytokine that is involved in the in-
flammatory response, is shedded by ADAM17, also referred to as TNFα 
converting enzyme (TACE). TACE was the first ADAM to be identified 
and has since then been established as a sheddase important in mamma-
lian development and in inflammatory response (Huovila et al. 2005). In 
situ hybridization studies in mice during both prenatal and postnatal de-
velopment and in adulthood reveal partial overlap in the expression of 
APP and TACE (Allinson et al. 2003). 

It has been demonstrated that TACE is involved in the 4-aminophenyl 
mercuric acetate (AMPA) stimulated shedding of APP in CHO and hu-
man HeLa cells (Merlos-Sußrez et al. 2001). Knock-out of TACE de-
creased the release of the shedded sAPPα. Interestingly, TACE deficient 
mice still had an α-secretase activity, but the activity could not be in-
creased by phorbol esters (Buxbaum et al. 1998a). At the same time 
another study was published showing normal levels of sAPPα in TACE 
null cells (Merlos-Sußrez et al. 1998). Inhibition studies of TACE in hu-
man primary neurons showed that regulated α-secretase activity was de-
creased, but constitutive α-secretase activity was unaffected (Blacker et 
al. 2002). In furin deficient LoVo cells, which lack the PKC-regulated 
sAPPα secretion, TACE overexpression failed to increase constitutive 
sAPPα (Lopez-Perez et al. 2001). Taken together this led the authors to 
speculate that shedding of APP involved several ADAMs but TACE may 
play a role in regulated PKC-dependent α-secretion.  

Contradictory reports show that constitutive shedding of APP is upre-
gulated in TACE overexpressiong HEK293 (Slack et al. 2001). Later 
studies reported that TACE has both constitutive and regulatory α-
secretase activities in human glioblastoma A172 cells (Asai et al. 2003). 
Antisense oligonucleotides to ADAM10, another α-secretase discussed in 
detail below, and TACE reduced the α-secretase shedding of APP by 
60% and 30%, respectively, in SH-SY5Y cells stably expressing APP695 
(Allinson et al. 2004). Interestingly, Allinson and colleagues showed that 
carbachol, but not AMPA, stimulated sAPPα release in SH-SY5Y cells, 
in contrast to what has previously been described (Merlos-Sußrez et al. 
2001). Furthermore, specific inhibitors of TACE did not completely 
block the carbachol stimulated shedding of APP in the same cell line 
(Parkin et al. 2002). Taken together these results indicate that TACE is 
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not the most important enzyme involved in neither the regulated nor the 
constitutive release of sAPPα. 

1.4.1.2 ADAM10 
As already mentioned, another ADAM reported to display α-secretase 
activity is ADAM10. Overexpression of ADAM10, in HEK293 cells, 
increases both basal and PKC-stimulated α-secretase activity. Endogen-
ous α-secretase activity can be inhibited by a dominant negative form of 
ADAM10 with a point mutation in the zinc binding site (Lammich et al. 
1999). ADAM10 is also shown to contribute to constitutive sAPPα secre-
tion in LoVo cells (Lopez-Perez et al. 2001). It has been reported that 
overexpression of ADAM10 in transgenic mice (expressing APP with a 
FAD mutation) increased the secretion of sAPPα, and reduced the forma-
tion of Aβ peptides and their deposition in plaques (Postina et al. 2004). 
Expression of a catalytically inactive ADAM10 increased the number and 
size of amyloid plaques in brains of double transgenic mice. Later in vivo 
studies in mice demonstrated the influence of ADAM10 on neurotrans-
mitter-specific cortical synaptic plasticity and further confirmed the neu-
rotrophic influence of sAPPα on cortical synaptogenesis (Bell et al. 
2008). 

The proteolytically cleaved and active form of ADAM10 has been 
shown to be localized in the plasma membrane, but the majority of 
proADAM10 is found in the Golgi (Lammich et al. 1999). Proprotein 
convertase 7, as well as furin, were shown to affect ADAM10 maturation 
by proteolytical processing and further increased basal ADAM10-
mediated release of sAPPα (Lopez-Perez et al. 2001, Anders et al. 2001). 
ADAM10 and APP mRNA show coordinated expression in mouse and 
human cortical neurons as well as in AD brains (Marcinkiewicz and Sei-
dah. 2000). Although, ADAM10 is ubiquitously expressed, its transcrip-
tion is favored in the brain (Fahrenholz and Postina. 2006). The 
ADAM10 promotor activity is high in neuronal cell lines (Prinzen et al. 
2005).  

1.4.2 β-Secretase 
In 1999, it was presented that overexpression of a homologue to the pep-
sin family of aspartyl proteases increased the amount of APP β-secretase 
cleavage products (Vassar et al. 1999, Sinha et al. 1999, Yan et al. 1999, 
Hussain et al. 1999). The cleavage occurred exactly and only at known β-
secretase positions, and could be decreased by mutations in the catalytic 
site or by antisense inhibition. There are several names in the literature 
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for this enzyme but the most frequently used is BACE (for β-site APP-
cleaving enzyme). The enzyme is present in normal and AD brains with 
higher prevalence in neurons than in glia (Vassar et al. 1999, Sinha et al. 
1999). Increased BACE protein levels and activity has been reported in 
some patients with FAD, and a small increase in BACE mRNA levels 
were also reported in patients with sporadic AD (reviewed in Suh and 
Checler. 2002, Johnston et al. 2005, Venugopal et al. 2008).  

 The large lumenal domain of BACE is followed by a TM domain and 
a short cytoplasmic domain. The lumenal domain contains aspartic pro-
tease regions and the two active site motifs are found at amino acids 93 to 
96 and 289 to 292. Each of these domains contains the highly conserved 
signature sequence of aspartic proteases, D(T/S) G(T/S), where the aspar-
tic acid residue is essential for catalytic activity (Vassar et al. 1999, Lin et 
al. 2000). Like other aspartyl proteases, BACE is synthesized as a pre-
proenzyme and the intracellular maturation occurs by a sequential exci-
sion of the signal peptide, followed by removal of the pro-peptide me-
diated by furin or furin-related protein (Bennett et al. 2000). BACE has 
four N-glycosylation sites (Charlwood et al. 2001), and six cysteine resi-
dues in the catalytic ectodomain that form intermolecular disulfide bonds, 
which have been demonstrated to be essential for enzyme activity (Fisch-
er et al. 2002). The luminal active site has correct topological orientation 
relative to the β-cleavage site in APP (Vassar et al. 1999, Hussain et al. 
1999). APP and BACE can interact and cotraffic through the secretory 
pathway to the cell surface and cointernalize into early endosomes (Kino-
shita et al. 2003). BACE has an acidic pH optimum and localizes within 
intracellular compartments of the secretory pathway; Golgi, ER and en-
dosomes. BACE overexpression induces APP β-site cleavage in these 
compartments and overexpressed BACE and APP colocalizes to Golgi 
and ER (Vassar et al. 1999, Hussain et al. 1999, Yan et al. 2001). 

Phosphorylation of the cytoplasmic tail determines the subcellular lo-
calization of BACE (Walter et al. 2001). This domain serves as a binding 
site for the Golgi-localized, γ-ear-containing, ADP ribosylation factor-
binding (GGA1) protein (He et al. 2003, von Arnim et al. 2004, He et al. 
2005). GGA1 regulates the retrograde transport of internalized BACE 
from endosomal compartments to the TGN and thus also APP processing 
(Wahle et al. 2005). The TM domain of BACE is also important for 
BACE subcellular localization (Yan et al. 2001) and APP cleavage (re-
viewed in Venugopal et al. 2008) as well as dimerization (Schmechel et 
al. 2004). 

BACE generates mainly the N-terminus of Aβ by cleavage at Asp1 (β-
site; reviewed in Venugopal et al. 2008), but there are also reports of a β’-
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site cleavage at Glu11 (Aβ numbering; Gouras et al. 1998, Huse et al. 
2002). β-site cleavage occurs mainly in the ER, whereas β’-site cleavage 
occurs preferentially in the TGN. Analysis of AD brain revealed the pres-
ence of Aβ peptides formed from both β’- and β-site cleavage, with prefe-
rence of the latter (Näslund et al. 1994). Both APLP1 and APLP2 have 
also been reported to be cleaved by BACE (Li and Südhof. 2004). 

A BACE homologue, BACE2, has also been identified (Acquati et al. 
2000). It is not clear if APP is a substrate of BACE2. The lack of detecta-
ble levels of Aβ in BACE-/- (Cai et al. 2001) suggests that BACE2 does 
not contribute to the generation of Aβ. However, it has been shown that 
BACE2 cleaves APP at both the β- and β’-site (Farzan et al. 2000) and at 
a novel θ-site downstream of both the α- and the β-site, abolishing Aβ 
production, thus preventing the AD pathogenesis (Sun et al. 2006).  

1.4.3 γ-Secretase 
In 1998, De Strooper and colleagues presented the first evidence that PS1 
is involved in the γ-secretase cleavage of APP (De Strooper et al. 1998). 
Since then increasing evidence have been presented that support the hy-
pothesis that presenilins are the catalytic center of γ-secretase (reviewed 
in De Strooper. 2003). Presenilins are synthesized as inactive holoprote-
ins, but undergo endoproteolysis to generate a NTF and a CTF that sub-
sequently forms an active heterodimer (reviewed in McCarthy et al. 
2009). Presenilins are suggested to be nine TM proteins (Laudon et al. 
2005, Oh and Turner. 2005), with two conserved aspartate residues lo-
cated in TM6 (Asp257 in PS1 and Asp263 in PS2) and TM7 (Asp385 in 
PS1 and Asp366 in PS2) responsible for the γ-secretase activity (Wolfe et 
al. 1999, Steiner et al. 1999, Kimberly et al. 2000). Presenilins are in-
volved in the intramembrane cleavage of numerous membrane proteins 
(reviewed in McCarthy et al. 2009, Lleo. 2008). PS1 and PS2 show high 
degree of homology but are differentially expressed during development 
(Lee et al. 1996), suggesting that they have both overlapping and distinct 
functions.  

Despite overexpression of PS1 or PS2 alone the γ-secretase activity 
could not be increased. This led to the identification of presenilin asso-
ciated cofactors; nicastrin, anterior pharynx 1 (Aph1) and presenilin en-
hancing 2 protein (Pen2; reviewed in Spasic and Annaert. 2008). Nica-
strin is a type I membrane protein with a large glycosylated ectodomain 
and has been proposed to be involved in the proper assembly of the γ-
secretase complex within the ER, the trafficking to the plasma membrane 
and the recognition of γ-secretase targets (Shah et al. 2005, Zhang et al. 
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2005). Aph1 has a seven TM structure and is reported to form a complex 
with nicastrin before association to PS. This Aph1/nicastrin complex is 
thought to stabilize presenilin assembling to the γ-secretase complex (Lee 
et al. 2002). Pen2 is a two TM protein shown to be important for the en-
doproteolytic generation of the presenilin NTF/CTF heterodimers and the 
maturation of nicastrin (Steiner et al. 2002). The stoichiometry of the 
active γ-secretase complex is reported to be 1:1:1:1 (preseni-
lins:nicastrin:Aph1:Pen2; Sato et al. 2007). Considering the two preseni-
lins and the three variants of Aph1 (reviewed in McCarthy et al. 2009) it 
is proposed there could exist up to six functionally distinct γ-secretases 
(Hebert et al. 2004, Shirotani et al. 2004, Lai et al. 2003).  

The majority of the Aβ peptides end at amino acid 40 or 42 of the Aβ 
sequence. This cleavage is dependent on γ-secretase intramembrane pro-
teolysis and was therefore originally termed the γ-cleavage site. Thus, the 
cleavage at the γ-site would generate C-terminal fragments of 59 
(CTF41-99) and 57 (CTF43-99) amino acids. However, studies have 
revealed that AICD most often starts from CTF50, or in some cases 
CTF49, thus generating AICDs of 50 or 51 amino acids, respectively. 
This cleavage site is referred to as the ε-cleavage site (Gu et al. 2001, 
Sastre et al. 2001, Yu et al. 2001, Weidemann et al. 2002). Also, a third 
γ-secretase cleavage site has been designated as the ζ-cleavage site since 
a longer γ-secretase generated form of Aβ, Aβ46, was detected in both 
cultured cells overexpression APP and in brain tissues from transgenic 
mice expressing human APP (Zhao et al. 2004). It is an interesting 
thought that different γ-secretase complexes could be responsible for 
different intramembrane cleavages of APP. 

1.5 Signaling pathways involved in the 
regulation of APP processing 

Enhanced secretion of sAPPα concomitant with the decreased levels of 
Aβ is shown to be enhanced by the PI3-K/Akt (Cheng et al. 2002, Ban-
dyopadhyay et al. 2006), MAPK (Kim et al. 2002, Manthey et al. 2001) 
and PKC (Gabuzda et al. 1993, Kinouchi et al. 1995) pathways. All three 
signaling pathways have also been shown to stimulated α-secretase ac-
tivity (Lopez-Perez et al. 2001, Bandyopadhyay et al. 2006). 
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1.5.1 Receptor tyrosine kinase-induced effects 
Upon ligand binding of BDNF or NGF to tyrosine receptor kinase B 
(TrkB) or TrkA, respectively, three major pathways can be activated; the 
PI3-K/Akt, the MAPK, or the phospholipase C (PLC)/PKC signaling 
cascades. These pathways are all involved in cell growth, differentiation 
and survival. Binding of ligand induces activation of the Trk receptors by 
dimerization and auto-phosphorylation at specific tyrosine residues in the 
cytoplasmic domain of the receptors (Jing et al. 1992). In response to 
phosphorylation a docking site for Shc is created and thus PI3-K/Akt, the 
MAPK signaling pathways can be activated. Phosphorylated Shc interacts 
with Grb2, and the SH3 domain of Grb2 associates with son of sevenless 
(SOS) that in turn stimulates the small GTPase Ras to become activated. 
Further cascades of phosphorylation events result in the MAPK signaling 
cascade. Activation of PI3-K/Akt can also occur via phosphorylation 
initiated by Ras, when Ras associates with PI3-K. In addition, PI3-K 
sctivation can also be Ras-independent when Grb2 recruits Grb2 asso-
ciated binder (Gab1), which then binds and activates PI3-K. In any case, 
activated PI3-K converts phosphatidylinositol biphosphate (PIP2) into 
phosphatidylinositol (3,4,5)-triphosphate (PIP3). Akt is then translocated 
to the plasma membrane and interacts with PIP3.  

The third pathway involves the activation of PLCγ by the autophos-
phorylated receptor. Activated PLCγ hydrolyses PIP2 into inositol tri-
phosphate (IP3) and diacylglycerol (DAG). IP3 initiates the release of 
Ca2+ from intracellular stores into the cytoplasm, and in turn, both DAG 
and [Ca2+]i activate PKC. BDNF-mediated activation of Ras/MAPK and 
PI3-K/Akt, but not PLC/PKC, has been shown to increase both synthesis 
and processing of APP (Ruiz-Leon and Pascual. 2001, Ruiz-Leon and 
Pascual. 2003, Ruiz-Leon and Pascual. 2004). In agreement with their 
studies we have shown an increased APP synthesis and a significant in-
crease in sAPPα secretion in response to BDNF (see paper II).  

NGF-induced neuronal differentiation of PC12 cells is reported by 
several research groups to lead to increased APP mRNA levels and 
sAPPα secretion (Smith et al. 1991, Yamada et al. 1991, Fukuyama et al. 
1993, Ohyagi and Tabira. 1993). It has been suggested that NGF-induced 
APP secretion and neurite outgrowth in PC12 cells display a synergy 
between TrkA and the related p75 neurotrophin receptor, p75NTR (Ma-
liartchouk and Saragovi. 1997). However, it has also been reported that 
NGF-mediated activation of TrkA stimulates neurite outgrowth and in-
creases non-amyloidogenic processing of APP without increasing the 
APP mRNA levels, whereas stimulation of p75NTR affects both secre-
tion and mRNA levels (Rossner et al. 1998). This suggests that TrkA and 
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p75NTR differentially regulates APP synthesis and processing. Later this 
hypothesis was confirmed since it was shown that TrkA reduced, whereas 
p75NTR activated, β-site cleavage of APP (Costantini et al. 2005). More-
over, overexpression of TrkA reduced the levels of AICD, thus indicating 
an effect on the APP processing (Tarr et al. 2002a).  

The insulin- and IGF-1 receptors, IR and IGF-1R, are also receptor ty-
rosin kinases, but belong to another subfamily. IR and IGF-1R exist in 
tetrameric structure with two extracellular α-subunits and two TM β-
subunits. Ligand binding induces a conformational change and autophos-
phorylation allowing the docking of insulin receptor substrates (IRSs), 
initiating docking of Shc and thus the following activation of PI3-K/Akt- 
and MAPK-signaling pathways. A positive correlation between MMSE 
scores and levels of serum IGF-1 in AD patients has been reported (Wa-
tanabe et al. 2005). In AD transgenic mice IGF-1 was shown to reduce 
the levels of Aβ in the brain concomitant with upregulated levels of 
transport proteins, thus inducing Aβ clearance (Carro et al. 2002). How-
ever, it has been demonstrated that insulin increased the sAPPα levels and 
decreased intracellular levels of Aβ at the same time as extracellular le-
vels of Aβ were increased (Gasparini et al. 2001). Insulin-mediated in-
crease of sAPPα and decrease of intracellular Aβ was shown to be a re-
sult of insulin-induced APP transport from the Golgi to the plasma mem-
brane. Since a previous study by the same group had shown that insulin 
degrasing enzyme (IDE) is a protease involved in Aβ degradation both in 
neuronal cell lines and primary neuronal cultures (Vekrellis et al. 2000), 
insulin was suggested to compete for IDE and thereby indirectly cause 
increased extracellular Aβ levels. Concentrations of insulin used in this 
study (0.1nM-100µM) with detected effects at 1nM or higher, make it 
tempting to speculate that these effects could be via the IGF-1R. Activa-
tion of the IGF-1R indeed stimulates the processing of all APP family 
members in SH-SY5Y cells (see paper V). 

1.5.2 RA-induced effects 
A different kind of signaling pathway implicated in the regulation of APP 
synthesis and metabolism is the one induced by RA. Already in 1997 our 
group presented evidence that RA increased the mRNA levels of APP 
and its family members APLP1 and APLP2 concomitant with neuronal 
differentiation in human neuroblastoma SH-SY5Y cells (Beckman and 
Iverfeldt. 1997). RA-induced neurite differentiation has been shown to 
upregulate the APP promotor driven expression (Ruiz-Leon and Pascual. 
2003) as well as to increase mRNA (Beckman and Iverfeldt. 1997) and 
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protein (Ruiz-Leon and Pascual. 2003; see paper II) levels of APP and its 
mammalian homologues in SH-SY5Ycells. In turn, overexpression of a 
truncated form of APP, lacking the N-terminal part of APP, in human 
neuroblastoma NB39 cells, inhibited RA-induced neurite extension 
(Honda et al. 1998). Later we have also shown that RA increases the 
processing of the APP protein family and we have at least partly eluci-
dated the signaling pathways involved (see section 4). RA is a metabolite 
product of vitamin A. Vitamin A must be extracted from the diet and is 
then stored in liver, lungs, bone marrow and kidneys (Blomhoff and 
Blomhoff. 2006). Transport of vitamin A from these storage sites is per-
formed by retinol, which is released into the bloodstream. Retinol is taken 
up by target cells and metabolized in the cytoplasm in a two-step process 
to RA. RA enters the nucleus, and binds to a transcription complex which 
includes a pair of ligand-activated transcription factors; the RA receptor 
(RAR) and retinoic X receptor (RXR) heterodimer. There are three va-
riants of RARs and three variants of RXRs and all can, as heterodimeric 
pairs, bind to RA responsive elements (RAREs). In addition, phosphory-
lation of these receptors and recruitment of a range of co-activators or co-
repressors is required for the induction or repression of gene transcription 
(reviewed in Maden. 2007). RA has been shown to display transcriptional 
effects on several hundreds of genes, including genes that encode cell 
signaling molecules, such as PKC, and cell-surface receptors such as 
TrkB (Balmer and Blomhoff. 2002). As described below RA can also 
induce extranuclear effects. 

1.6 Neurotrophic factors and neuronal 
differentiation 

Neurotrophic factors mediate survival, differentiation, growth or apopto-
sis of neurons and in AD there are reduced levels of several of these fac-
tors. Touched upon below are neurotrophic factors relevant to this thesis. 

1.6.1 RA 
Retinoids (vitamin A derivatives) are crucial for life in a great variety of 
species. They have important roles in the developing nervous system and 
embryonic structures, as well as in maintenance of epithelial surfaces, 
immune competence, and reproduction. There are several naturally occur-
ring retinoids namely; all-trans retinol, retinyl palmitate, 11-cis-retinal, 
and all-trans RA (Blomhoff and Blomhoff. 2006). However, the focus in 
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this thesis is on all-trans RA, henceforth referred to as RA. RA is in-
volved in neuronal differentiation, axon outgrowth and neural patterning. 
Like other developmental molecules, RA also plays a part in the differen-
tiated state of adult neurons, and disruption of RA signaling in the adult is 
associated with, among other diseases, AD (Maden. 2007, Corcoran et al. 
2004). 

In the developing brain, RA has two main roles; patterning and neu-
ronal differentiation. As a patterning factor, RA is involved in the deter-
mination of the fate of a subset of sensory neurons, interneurons and mo-
tor neurons. RA has also been implicated in the formation of posterior 
hindbrain and anterior spinal cord (Novitch et al. 2003, Diez del Corral 
and Storey. 2004,  Wilson and Maden. 2005, Glover et al. 2006). RA in-
duces the differentiation in various types of neurons and glia. Mechanism 
of action is mediated via expression of transcription factors, cell signaling 
molecules, structural proteins, enzymes and cell-surface receptors (Mey. 
2006).  

RA also plays an important part in the adult brain. Neurite outgrowth 
is stimulated by RA in both embryonic and adult dorsal root ganglia 
(Corcoran and Maden. 1999, Corcoran et al. 2000). A large number of 
experiments with neuronal and glial cell cultures support RA to be neuro-
protective, to enhance axonal growth, to modulate inflammatory reactions 
mediated by microglia/macrophages, and to regulate glial differentiation 
(Mey. 2006). 

Activation of the PI3-K/Akt signaling pathway has been shown to be 
required for RA-induced differentiation in SH-SY5Y cells. PI3-K activa-
tion, increased PIP3 and protein levels of both phosphorylated and non-
phosphorylated Akt. PI3-K inhibition studies showed decreased PI3-K 
activity and PIP3 protein levels concomitant with a decrease in differen-
tiation of the cells (Lopez-Carballo et al. 2002). In addition, RA treatment 
of another human neuroblastoma cells line, SK-N-BE(2)C, stimulated 
neurite outgrowth and increased the expression and activation of cdk5 
through the Ras/MAPK pathway. Inhibition of a MAPK kinase by a spe-
cific inhibitor of cdk5 activity either by a specific inhibitor or by overex-
pressing a dominant negative form of cdk5 caused a dramatic decrease in 
RA-induced differentiation (Lee and Kim. 2004). RA has also been 
shown to increase both PKC protein levels and activity concomitant with 
increased neurite outgrowth in B16 mice melanoma cells (Gruber et al. 
1995, Lopez-Andreo et al. 2005). More than 500 genes have been ob-
served to be RA-responsive (Balmer and Blomhoff. 2002). Not all are 
acted on directly through a RARE, however, the mechanisms behind are 
not clear (reviewed in Maden. 2007). Co-immunoprecipitation studies on 



Proteolytic processing of the Alzheimer APP protein family during neuronal differentiation 

32 

extranuclear effects upon RA-induced neurite outgrowth revealed that 
RA potentiates the binding of RARγ to a member of the src family of 
kinases. Immunoflourescence confirmed the cytoplasmic colocalization 
(Dey et al. 2007). It is hown that RA activates PI3-K and MAPK signal-
ing pathways through a rapid, extranuclear mechanism that does not re-
quire new gene transcription or new protein synthesis (Masia et al. 2007). 
Instead the results indicate that ligand binding to RAR would play a role 
in the intracellular location of a signaling complex involving RAR and 
PI3-K.  

1.6.2 BDNF 
Expression of BDNF mRNA and protein can be detected in the hippo-
campus, septum, hypothalamus, and cortex and in adrenergic brain stem 
nuclei in adult rat brain (Castren et al. 1995, Katoh-Semba et al. 1997). 
BDNF is synthesized as a precursor and is converted from proBDNF into 
BDNF in a furin-dependent manner (Seidah et al. 1996a). Studies on 
mice and rat hippocampal neurons show that proBDNF is preferentially 
packed into vesicles of the regulatory pathway and secreted in an activity-
dependent manner (Mowla et al. 1999, Goodman et al. 1996). A sorting 
motif consisting of residues Ile16, Glu18, Ile105 and Asp106 has been 
shown important for BDNF to be directed into secretory vesicles for ac-
tivity-regulated release (Lou et al. 2005). BDNF is also anterogradely 
transported in neurons (Altar et al. 1997, Fawcett et al. 1998)  

BDNF has been shown to increase the survival and neuronal differen-
tiation in cultured rat septal cholinergic neurons and striatal neurons in 
vitro (Alderson et al. 1990, Ventimiglia et al. 1995). In addition, loss of 
cholinergic neurons, normally involved in memory and cognition, has 
been associated to AD (Coyle et al. 1983, Hefti and Weiner. 1986). Sev-
eral research groups have reported that BDNF mRNA levels, proBDNF 
and BDNF are decreased in AD brains compared to controls (reviewed in 
Tapia-Arancibia et al. 2008). The natural receptor for BDNF is TrkB. 
Staining of neuronal TrkB mRNA and protein has been detected in CNS 
(Yan et al. 1999, Fryer et al. 1996, Drake et al. 1999). It has been shown 
that the BDNF-mediated differentiation in SH-SY5Y cells activates the 
Ras/MAPK pathway. Inhibition by a specific MAPK kinase inhibitor 
reduces the neurite outgrowth (Encinas et al. 1999). The same study 
shows that PI3-K is rather involved in the BDNF-mediated cell survival.  
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1.6.3 NGF 
NGF mRNA and protein are expressed in the peripheral targets of sen-
sory and sympathetic ganglion neurons (Ernfors et al. 1990). Sensory 
neurons become dependent on NGF during late stages of postnatal devel-
opment (reviewed in Lewin and Barde. 1996). In rodents NGF is predo-
minantly found in hippocampal neurons and the targets of cholinergic 
neurons (DiStefano et al. 1992). However, compared to other neurotro-
phins such as BDNF, NGF levels are low in the adult brain (Conner et al. 
1992). 

As for BDNF, NGF is generated as a preproprotein that is synthesized 
in the ER attached ribosomes. The signal peptide is cleaved off and pro-
NGF transits to the Golgi apparatus and finally to the TGN (reviewed in 
Lessmann et al. 2003). ProNGF is dominantly processed by furin into 
NGF (Seidah et al. 1996b). Secreted NGF is a natural ligand to TrkA. 
NGF displays similar dose response for TrkA as BDNF for TrkB (Ip et al. 
1993). Activation of the PI3-K/Akt signaling pathway has been demon-
strated to be involved in NGF-induced neurite outgrowth of both PC12 
cells and in rat sympathetic neurons (Kobayashi et al. 1997, Kuruvilla et 
al. 2000). Earlier studies showed that activation of Ras/MAPK is neces-
sary and sufficient to differentiate PC12 cells by NGF (Guerrero et al. 
1986, Cowley et al. 1994). sAPPα potentiated the neuritogenic activity of 
NGF (Luo et al. 2001) as well as potentiated a NGF/RA-induced diffe-
rentiation of bone marrow-derived adult progenitor cells into neural pro-
genitor cells (Chen et al. 2006).  

1.6.4 IGF-1  
IGF-1 is produced in peripheral tissues, predominantly in the liver, but 
also in the CNS (Sara and Hall. 1990). IGF-1 binds to its receptor IGF-1R 
within the nanomolar range. Insulin has also been shown to interact with 
IGF-1R but with 100-500 fold lower affinity (Navarro et al. 1999). The 
key roles for IGF-1 include important effects on tissue maintenance, re-
generation and repair (reviewed in Rotwein and Chia. 2009). Besides its 
neuroprotective properties and its regulation of energy in the brain, IGF-1 
is also implicated in modulating cognitive processes, such as learning and 
memory (reviewed in Carro and Torres-Aleman. 2004). IGF-1 treatment 
results in increased levels of synaptic proteins, as well as enhanced syn-
aptic functions (Carro et al. 2006).  

Disruption of the insulin signaling pathway by reduction of IRS-1 ex-
pression inhibits the ability of sAPPα to potentiate neurotrophic activity. 
These observations suggest that sAPPα acts as an injury-induced neuro-
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trophic factor to enhance neuronal viability using the insulin signaling 
pathway in PC12 (Luo et al. 2001).  

IGF-1-induced neurite outgrowth implicates the activation of IGF-1R, 
IRS-1 and IRS-2 as well as cellular substrates along the PI3-K/Akt- and 
Ras/MAPK-pathway in several neuroblastoma cell lines (Kim et al. 
2004). This was shown by the use of specific inhibitors that blocks neu-
rite outgrowth. PI3-K activation by IGF-1 has also been shown to be es-
sential for the regulation of membrane expansion at the nerve growth 
cone in primary rat hippocampal neurons (Laurino et al. 2005). 
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2 Methodological considerations 

2.1 Cell lines 
The by far most used cells throughout this thesis is the human neuroblas-
toma SH-SY5Y cell line originating from SK-N-SH and first reported in 
1978 (Biedler et al. 1978). The original cell line was established in 1970 
from a bone marrow biopsy of a metastatic neuroblastoma site in a four 
year-old female (Biedler et al. 1973). SH-SY5Y cells are used as a model 
system for developing neuronal cells since RA can force these neuroblas-
toma cells to differentiate into a mature neuronal phenotype and induce 
neurite extension (Påhlman et al. 1984). RA treatment of SH-SY5Y cells 
also induces expression of TrkB (Encinas et al. 1999). Following RA 
treatment, BDNF can activate TrkB (Kaplan et al. 1993), and thus also 
the PI3K/Akt and Ras/MAPK pathways, that can promote cell survival 
and neurite outgrowth (Encinas et al. 1999, Encinas et al. 2000). In addi-
tion, SH-SY5Y express insulin and IGF-1 receptors (Mattsson et al. 
1990), and can be differentiated upon insulin and IGF-1 treatment 
(Påhlman et al. 1991, Recio-Pinto and Ishii. 1984, Recio-Pinto et al. 
1984). 

In paper IV another cell line was used, the PC6.3 pheochromocytoma 
cells, that originates from PC12 cells (Pittman et al. 1993). PC12 cells are 
derived from a pheochromocytoma of rat adrenal medulla. This cell line 
is often used as model system for neuronal differentiation, since NGF 
stops PC12 cells from dividing and instead induces differentiation 
(Greene and Tischler. 1976).  

2.2 Cell treatments 
In paper I-IV, SH-SY5Ycells were treated in the absence or presence of 
10µM RA for 3, 6 or 9 days, and the media was changed at least every 
third dag. In paper V, cells were grown in serum free medium with addit-
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atives for 6 days. 45 min of insulin starvation was performed before 18 h 
treatment with insulin or IGF-1. 

In paper I the effects of curcumin on cells undergoing RA-induced dif-
ferentiation were investigated. Curcumin is the principal curcuminoid of 
the popular Indian spice turmeric. Cell survival, proliferation, caspase 
activation, tumor suppression, death receptor signaling, and protein ki-
nase pathways are modulated by curcumin (reviewed in Ravindran et al. 
2009). Of important for this paper is that curcumin inhibits transcription 
factors such as AP-1 and NFκB, and downregulates activation of several 
kinases along the PI3-K/Akt, MAPK- and PKC-pathways (Goel et al. 
2008). The effects of curcumin were investigated according to two differ-
ent protocols. Either a lower concentration, 2µM, of curcumin was con-
tinuously present concomitant with RA, or a higher concentration, 10µM, 
of curcumin was added during the last 24 h of RA treatment. 

In paper II and III, we investigated if the neurotrophin BDNF had an 
effect on the expression and synthesis of APP and its homologues APLP1 
and APLP2. In paper II, BDNF was added to the cells according to three 
different protocols: BDNF was added in the absence of RA, or together 
with RA for 6 days either from the onset of RA treatment or after 3 days 
of RA treatment. In paper III, BDNF was present from the onset of RA 
treatment. To investigate whether the effects of RA on the APP family 
was mediated via TrkB, RA-treated cells were cotreated with a recombi-
nant human TrkB/Fc chimera for 6 days. Here, the extracellular domain 
of human TrkB has been fused to the C-terminal histidine-tagged Fc re-
gion of human IgG1, competes with the TrkB receptor for ligand binding, 
and thus decreases activation of TrkB. 

In paper IV and V, we performed inhibition studies with specific inhi-
bitors of PI3-K (LY294002), the MAPK kinase MEK (PD98059), cyclin-
dependent kinase cdk5 (roscovitine) and PKC (bisindolylmaleimide XI). 
Both PI3-K and MAPK were previously shown to be involved in both 
IGF-1- (Kim et al. 2004) and RA- (Lopez-Carballo et al. 2002, Lee and 
Kim. 2004) induced neurite outgrowth. In addition, RA treatment has 
been shown to increase the expression of cdk5 (Lee and Kim. 2004) as 
well as PKC protein levels and activation (Gruber et al. 1995, Lopez-
Andreo et al. 2005). In paper V, inhibitors were added concomitant with 
IGF-1 during the last 18 h before harvesting cells. In paper III, inhibitors 
were added during the last 18-48 hours of RA-treatment. 

In paper IV, PC6.3 cells were routinely maintained in supplemented 
DMEM:F12 in the absence or presence of NGF. 
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2.3 Determination of neurite outgrowth  
In paper I, cells were treated in the absence or presence of RA with or 
without curcumin as described above. Two to four photographs at random 
fields per culture dish were acquired (150 x magnification). Since un-
treated cells also express short processes, only neurites longer than a 
standardized cell diameter were measured. Both number and length of 
neurites were measured. 

2.4 Harvesting of cells 
Cells were collected as described in the individual papers, using different 
protocols depending on whether mRNA levels were analyzed using RT-
PCR or Northern blotting, or if proteins were analyzed by Western blot-
ting or if immunoprecipitation was performed. However, all harvesting 
protocols include collection of the cells followed by lysis, usually by 
detergents and salts. The activity of proteases, phosphatases or RNases 
was eliminated by the addition of inhibitors and the work was usually 
performed in cold temperatures to avoid further protein or RNA degrada-
tion and denaturation. 

In paper II and V we also analyzed secreted sAPP, sAPLP1 and 
sAPLP2 by collecting and concentrating cell conditioned media after 
treatments. 

2.5 RT-PCR 
In paper III, we used reverse transcription-polymerase chain reaction 
(RT-PCR) for the studies on ADAM10 mRNA levels after treatment with 
RA in the absence or presence of the PI3-K inhibitor. For detection of 
mRNA expression levels, RT-PCR is a highly sensitive method although 
considered to be semi-quantitative. The method involves two steps. First, 
RNA is reverse transcribed into cDNA using a reverse transcriptase. 
Second, the resulting cDNA can be used as template for subsequent PCR 
amplification using gene specific primers. To get a quantitative measure 
of mRNA levels, the template can be used to amplify also cDNA coding 
for an internal housekeeping gene product, which is used as an internal 
standard. PCR products were separated on an agarose gel and the DNA 
stained with ethidium bromide.  
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2.6 Northern blotting 
Another method to determine mRNA levels is Northern blot. We used a 
variant of this; quantitative non-radioactive Northern blot analysis. 
Northern blotting involves the use of electrophoresis to separate RNA 
samples by size and detection with a hybridization probe complementary 
to parts of or to the entire target sequence.  

Cells were lysed according to Ultraspec RNA isolation system (Bio-
tecx Laboratories) with the denaturating agents guanidine salts and urea, 
followed by RNA isolation. Total RNA samples were then separated by 
size on agarose gels and transferred to a nylon membrane through a capil-
lary blotting system. A nylon membrane with a positive charge is the 
most effective since RNA has a negative charge. Formamide can be add-
ed both to the gel and to the transfer buffer because it lowers the anneal-
ing temperature of the probe to the RNA and prevents RNA degradation. 
Once the RNA was transferred to the membrane it was immobilized 
through covalent linkage to the membrane by UV light. A labeled probe 
was hybridized to the RNA on the membrane. The membrane was 
washed to ensure specific binding of the probe and to avoid background 
signals. Probes were labeled with digoxigenin that was detected by che-
miluminescence, with an alkaline phosphatase-coupled antibody directed 
to digoxigenin 

We used Northern blotting to determine the relative abundance of 
mRNA levels of APP, APLP1, APLP2 and GAP-43 in relation to the 
internal standard GAPDH in paper I. Since the APP family has high ho-
mology we used primers designed to amplify probes that recognize 
mRNA regions that differs between APP, APLP1 and APLP2. 

2.7 Western blotting 
Western blotting is an analytical method used to detect and quantify spe-
cific proteins in a given sample of mixed proteins. Gel electrophoresis is 
used to separate proteins by the length of the polypeptide (denaturing 
conditions) or by the three dimensional structure of the native protein 
(native/non-denaturing conditions). The proteins are then transferred to a 
membrane (typically nitrocellulose or Polyvinylidene Fluoride, PVDF), 
where they are detected using antibodies specific to the target protein. 

In paper I-V, sodium dodecyl sulphate polyacrylamide gel electropho-
resis (SDS-PAGE) was used. SDS-PAGE is a denaturing gel, since SDS 
disrupts non-covalent bonds in the proteins and causes the molecules to 
loose their native conformation. In addition, the negatively charged SDS 
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binds to the main peptide chain at a ratio of one SDS anion for every two 
amino acid residues, thus forcing the peptide towards positively charged 
electrode. The gel is a mesh built up of acrylamide and bis-acrylamid. 
Smaller proteins migrate faster through this mesh and the proteins are 
thus separated according to size. The concentration of acrylamide deter-
mines the resolution of the gel; the greater the acrylamide concentration 
the better the resolution of lower molecular weight proteins. The lower 
the acrylamide concentration, the better the resolution of higher molecu-
lar weight proteins.  

By electroblotting proteins are transferred to membranes; an electric 
current pull proteins from the gel into the membrane while maintaining 
the organization they had within the gel. 

After blocking the membrane from unspecific binding, most common-
ly used is bovine serum albumin or non-fat dry milk to occupy all places 
where the target proteins have not attached, the membrane is ready to use 
for specific protein target detection. The primary antibody recognizes the 
protein of interest and bind to it on the membrane. In the next step sec-
ondary antibody recognizes the primary antibody; the latter usually linked 
to a reporter enzyme such as horseradish peroxidase. Horseradish perox-
idase oxidizes a chemiluminescent agent, and the reaction product pro-
duces luminescence in proportion to the amount of protein. A sensitive 
sheet of photographic film is placed against the membrane, and exposure 
to the light from the reaction creates an image of the antibodies bound to 
the blot. We have analyzed protein levels of full length proteins and me-
tabolites of APP, APLP1, APLP2, phosphorylated APP, the α-secretases 
ADAM10 and TACE, the β-secretase BACE, the adaptor protein Fe65, 
and the neuronal marker GAP-43, using this method. 

2.8 Metabolic labeling and pulse chase 
With this method newly synthesized proteins can be detected. In addition, 
the turnover rate of these proteins can be determined. To do this one need 
to be able to efficiently incorporate radiolabeled amino acids into pro-
teins, therefore intracellular pools of endogenous amino acids have to be 
decreased. In paper II, we incubated the cells in medium depleted for 
methionine and cysteine for 1 hour. [35S]-Labeled methionine and cyste-
ine were then added and incorporated [35S]-methionine or [35S]-cysteine 
could then enable detection of newly synthesized proteins. A radiolabe-
ling pulse is a short period of incubation with [35S]-methionine or [35S]-
cysteine. In addition, to stop the pulse and instead start the chase, incuba-
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tion with excess concentration of unlabeled methionine and cysteine is 
needed. Time point for chase varies depending on the turnover rate of the 
specific protein. Cells were harvested at the end of the chase period. Fol-
lowing immunoprecipitation and SDS-PAGE, the gel was then exposed 
to a phosphoimager screen for detection. This method was used to ana-
lyze the synthesis and processing of APP, APLP1 and APLP2. 

2.9 Immunoprecipitation 
A specific antibody is added to the sample containing the specific protein 
to be analyzed. By addition of a solid substrate binding to the antibody 
the antibody-antigen complex can be immunoprecipitated (IP). There are 
different kinds of IPs: Individual protein IP isolates a particular protein. 
Protein complex IP (Co-IP) targets a known protein suggested to interact 
with other proteins and thereby pull down of complex facilitates identifi-
cation of unknown members of the complex. There are also IP methods 
for Chromatin IP (ChIP) used to determine the location of DNA binding 
sites on the genome for a particular protein of interest, and RNA IP (RIP) 
that targets RNA binding proteins. In our studies we have used IP (paper 
II; APP, APLP1 and APLP2) and Co-IP (paper IV; APP and Fe65). Anti-
body directed to the target protein was added directly to the mixture of 
protein whereupon antibody binds to its targets. Sepharose/agarose beads 
coated with protein A or G that binds to the Fc domain on immunoglobu-
lin G (IgG, on heavy chains), were added to the mixture and antibody 
bound to its targets will stick to the beads. The complex of antigen, anti-
body and bead was precipitated with quick centrifugation and washed. 
Precipitated proteins were eluted from solid beads using SDS sample 
loading buffer followed by either Western blot for detection or exposure 
to a phosphoimager screnn for detection of 35S-labeled proteins. 

2.10 ELISA 
Enzyme-linked immunosorbent assay, ELISA, is a biochemical technique 
originally mainly used in immunology to detect the presence of an anti-
body or an antigen in a sample. In paper V we used a sandwich ELISA to 
detect Aβ40 and Aβ42.  

A surface with defined quantity of capture antibody is prepared, non-
specific binding sites on the surface area are blocked before the sample 
containing the antigen is added. Primary antibody for the antigen is ap-
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plied followed by the addition of an enzyme-linked secondary antibody 
which is specific to the primary antibodies. A substrate which is con-
verted by the enzyme, linked to the secondary antibody, give rise to a 
detectable color or fluorescent or electrochemical signal when added. We 
used a commercial available ELISA kit with the capture antibody W0-2 
(directed to the amino acids 4-10 of Aβ; recognizing both Aβ40 and 
Aβ42) as the capture antibody. Cell lysate or cell medium (containing the 
antigen Aβ) was added. Subsequently, different biotin-labeled antibodies, 
G2-10 (directed to amino acids 31-40 of Aβ, thus recognizing only 
Aβ40) or G2-11 (directed to amino acids 33-42 of Aβ, thus recognizing 
only Aβ42) was added to form an antibody-antigen-antibody complex. A 
streptavidin-linked enzyme was bound to the biotin-linked detection anti-
body and subsequently converted a chromogen substrate into a chromo-
phore and thus enabled detection. 

2.11 Cell viability assay 
There are several biochemical cell viability tests. In paper I and II we 
used the XTT test to determine the effect of RA and curcumin on cell 
viability and the toxicity of TrkB/Fc chimera. The assay is based on the 
ability of metabolically active cells to reduce the tetrazolium salt XTT to 
orange colored compounds of formazan (Scudiero et al. 1988). The dye 
formed is water soluble and can be analyzed spectrophotometrically. The 
greater the number of active cells in the well, the greater the activity of 
mitochondria enzymes, and the higher the concentration of the dye 
formed, which can then be measured and quantified. The use of multiwell 
plates and an ELISA reader enables testing a large number of samples 
and obtaining easy and rapid results.  

2.12 Enzymatic deglycosylation 
In paper II we analyzed the N-linked glycosylation of APLP1. Use of the 
enzyme peptide-N-glycosidase (PNGase) is an effective method to re-
move N-linked oligosaccharides from glycoproteins. PNGase is an ami-
dase that cleaves between the innermost Asn-linked N-acetylglucosamine 
and asparagine residues of glycoproteins or glycopeptides (Maley et al. 
1989). The enzymatic reaction was performed in cell lysate containing 
detergent agents. Deglycosylated APLP1 was detected as an electropho-
retic mobility shift on Western blot analysis. 
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2.13 Statistical analysis 
In paper I-III, and V statistical analysis was performed using one-way 
analysis of variance (ANOVA). This is a statistical test of whether the 
means of several groups are all equal and is used to test two or more in-
dependent groups. This is then followed up by a post-hoc test, in our case 
we used Student-Newman-Keuls (paper I) and Tukey-Kramer multipe 
comparison test (in paper II, III and V) to provide information about 
which treatments that are statistically different from each other. In paper 
IV we used unpaired students T-test with two tailed distribution that can 
be used when two separate independent and identically distributed sam-
ples are compared.  
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3 Aim of the study 

A major focus in AD research today lies within the prospect of using APP 
processing as a therapeutic target. Due to its implication in AD, numerous 
studies have been performed on how the synthesis and processing of APP 
can be regulated, as well as to identify and characterize intra- and extra-
cellular factors that may affect processing or function of APP. In turn, 
APP and its metabolites have been shown to affect different cellular func-
tions. Despite intense research several pieces of the puzzle are missing. 
However, it is important to continue to study the processing of APP, as 
well as APLP1 and APLP2, for several reasons: As described throughout 
this thesis the proposed function of APP and its metabolites are quite 
diverse, the regulation and substrate specificity of the secretases are not 
yet completely clear and pathways involved in regulating synthesis, 
processing and function of APP need to be fully clarified. Due to the 
proposed overlapping functions of the APP family of proteins it is also 
important to elucidate the similarities and differences between APP and 
the APP homologues APLP1 and APLP2. 

 
The more specific aims of this thesis were to: 

 
 Investigate how neurotrophic factors affect the synthesis and 

processing of the APP family of proteins. 
 Investigate how the synthesis and processing of APP and its 

human homologues are regulated in relation to neuronal diffe-
rentiation. 

 Determine the effects on secretases during neuronal differen-
tiation. 

 Investigate effects on one of the adaptor proteins, Fe65, during 
neuronal differentiation. 

 Determine signaling pathways involved in regulating synthesis 
and processing of the APP family. 
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4 Results and discussion 

4.1 Effects on expression of APP and APLPs 
(paper I and II) 

One of the proposed roles of APP is to promote neurite outgrowth. Here 
we investigated the regulation of the APP family members during neurite 
outgrowth. We observed that RA-induced differentiation of human neu-
roblastoma SH-SY5Y cells result in increased expression of APP, APLP1 
and APLP2. 

4.1.1 RA increases expression levels of APP and 
APLPs 

In earlier studies by our group it was shown that mRNA levels of the 
APP family of proteins are increased after 3 days of RA treatment 
(Beckman and Iverfeldt. 1997). In paper I Northern blot assay revealed 
that 10µM RA increased APP and APLP1 and APLP2 mRNA levels 
approximately 2-fold after 3 days of treatment. Significantly increased 
proteins levels of the APP family were observed by Western blot after 6 
days of RA-treatment. In paper I, a 100-115 kDa APP form was increased 
approximately 50% after 6 days of treatment. This is in accordance with 
previous studies that show that RA alters expression of APP in favor of 
APP695 (König et al. 1990). In paper II we were able to detect an approx 
4-fold increase in total APP protein levels after 6 days. Significantly in-
creased protein levels of APLP1 and APLP2 were detected in both paper 
I and II. 

In conclusion, RA increase expression of all APP family members. 
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4.1.2 Differential effects of Curcumin on APP and 
APLPs 

The APP promotor region, containing a distal and a proximal AP-1 site, 
mediates RA-induced transcription (Yang et al. 1998). The AP-1 sites in 
APP promotor are involved in the phorbol ester-induced APP transcrip-
tion (Trejo et al. 1994). In addition to two AP-1 sites, there is a functional 
NFκB/Rel recognition sequence in the APP promotor (Grilli et al. 1995, 
Grilli et al. 1996). In paper I, we observed that curcumin, an inhibitor of 
NFκB, AP-1, JNK and phorbol ester-induced PKC activity, counteracts 
the RA-induced mRNA expression of all APP family members. The inhi-
bitory effect of curcumin on the APLP1 protein levels was also signifi-
cant. To our surprise, the protein levels for APLP2 were further and sig-
nificantly increased when RA treated cells was co-treated with curcumin. 
Although not significant a similar trend was also observed for APP pro-
tein levels. Both indirect and direct activation of PKC stimulates proteo-
lytic processing of APP and the secretion of sAPP (reviewed in Bandyo-
padhyay et al. 2007). Therefore, these results lead us to propose that cur-
cumin blocks the RA stimulated PKC- and/or JNK-dependent shedding 
of APP and APLP2. Today, yet unpublished results from our group show 
that both curcumin and a specific PKC inhibitor blocks RA-induced 
sAPLP2 secretion (Jacobsen et al. unpublished).  

In conclusion, curcumin inhibits the synthesis of all APP family mem-
bers. Furthermore, we propose that curcumin affect PKC-dependent pro-
teolytic processing of APP and APLP2. 

4.1.3 Curcumin modifies RA-induced neurite 
outgrowth 

In parallel to effects on the processing of the APP family of proteins, RA 
also stimulated the SH-SY5Y cells to differentiate into a neuronal pheno-
type (cf. Jensen. 1987). Cell viability assays showed that cell proliferation 
was arrested and determination of number of neurites and length of neu-
rites showed both increased numbers and length of neurites, respectively. 
RA-induced increase of both mRNA and protein levels of the neuronal 
markers, synapsin I and GAP-43, was also observed. We demonstrated 
that curcumin had no effects on the cell viability using XTT based assay, 
but decreases both mRNA and protein levels of RA-induced GAP-43. In 
addition, curcumin suppressed the RA-induced extension of neurites. 

In conclusion, curcumin counteract the RA-induced extension of neu-
rites without affecting the cell viability. 
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4.2 Effects on processing of APP and APLPs 
(paper II and V) 

The processing of APP has been extensively studied and is shown to be 
complex; it involves several different cleavage sites and proteolytic en-
zymes. Not as much is known about the processing of the APLPs. How-
ever, at least partly the same proteolytic enzymes are involved. Here, we 
show that RA and IGF-1 increase the processing of all APP family mem-
bers, and BDNF further increases the RA-induced processing of APP and 
APLP2. 

4.2.1 RA increases processing of APP and APLPs 
As expected not only expression of the APP family increased upon 6 days 
of RA-treatment but also the proteolytic processing. In agreement with a 
previous study (Ruiz-Leon and Pascual. 2001), Western blot analysis, 
using an antibody only recognizing α-secretase processed APP, revealed 
significantly increased levels of sAPPα in conditioned media. Similar 
effects were observed for sAPLP2, although not significant. However, 
after prolonged differentiation to 9 days of RA-treatment, levels of 
sAPLP2 were increased approximately 5-fold compared to untreated cells 
and significantly higher compared to 6 days of RA treatment. Also levels 
of sAPPα were further significantly increased during prolonged differen-
tiation. Full length proteins of APP and APLP2 were not further in-
creased after 9 days of RA-treatment, which could either be an effect of 
increased processing masking increased synthesis or the fact that the sti-
mulation of synthesis had ceased. 

During the conditions used we were not able to detect secreted 
sAPLP1. One cannot rule out that there is no secretion of APLP1. More 
likely is that the antibodies used were not sensitive enough for detection. 
Undoubtedly, however, is that RA treatment induces proteolytic 
processing also of APLP1 since levels of C-terminal fragments of APLP1 
were affected. Two sets of C-terminal fragments were detected. The 
smaller set, most likely to be corresponding to the γ-secretase generated 
ALID1 fragments (Eggert et al. 2004), was further increased with pro-
longed differentiation. Simultaneously, the larger APLP1 C-terminal 
fragments were decreased with prolonged differentiation. The same trend 
was observed for the 99 kDa APP fragment, C99, generated from β-
secretase cleavage. These results make it tempting to speculate that RA 
leads to decreased β-secretase cleavage of at least APP and APLP1. Un-
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fortunately, at the time we did not have an antibody to detect the C-
terminal fragments of APLP2. 

RA-treatment also induced an increase of AICD and ALID1.  Howev-
er, as for full length APP, prolonged differentiation had no effect on 
AICD levels. Therefore it can be speculated that γ-secretase activity is 
not affected by RA since altered AICD levels most likely reflect the ex-
pression of the full length protein. 

In conclusion, RA increases proteolytic processing of all APP proteins. 

4.2.2 BDNF further increases RA-induced 
processing of APP and APLP2 

Previously it is demonstrated that RA treatment of neuroblastoma cells 
induces expression and activation of the TrkB receptor (Kaplan et al. 
1993). In addition, BDNF, a ligand to TrkB, is reported to induce APP 
promotor activity via Ras/MAPK and PI3-K/Akt signaling pathways 
(Ruiz-Leon and Pascual. 2001, Ruiz-Leon and Pascual. 2003, Ruiz-Leon 
and Pascual. 2004). Surprisingly, we found that RA differentiation to-
gether with BDNF did not result in increased levels of APP compared to 
RA treatment alone. However, significantly increased levels of secreted 
sAPPα most likely masked the increased synthesis of APP, since meta-
bolic labeling supported the hypothesis that BDNF stimulates the synthe-
sis of APP. In addition, prolonged RA treatment together with BDNF 
results in increased levels of both full length APP and sAPPα. This sug-
gests that BDNF further increases RA-mediated α-secretase processing. 

The increased levels of APP and sAPPα induced by RA for 6 days 
were not reflected by increased C99 levels. Instead, prolonged RA treat-
ment or RA together with BDNF significantly decreased C99, indicating 
a decreased β-secretase activity. 

Due to a significant decrease in membrane bound APLP2 when RA 
treated cells were co-treated with BDNF compared to RA alone, we spe-
culate that BDNF does not further alter the RA-induced synthesis of 
APLP2. However, both BDNF treatment protocols increased sAPLP2 and 
the CS-GAG modified sAPLP2 compared to RA alone. Thus, BDNF 
increased RA-induced APLP2 processing. 

As expected, BDNF alone had no effect on APP, APLP1 nor APLP2 
since no TrkB is expected to be expressed (cf. Kaplan et al. 1993, Enci-
nas et al. 2000). 

In conclusion, RA-induced processing of APP and APLP2 is further 
increased by BDNF. 
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4.2.3 IGF-1 increases processing of APP and 
APLPs 

Previous reports have shown that insulin treatment leads to increased 
APP processing and sAPP secretion (Solano et al. 2000). The affinity of 
insulin and IGF-1 for their specific receptors lies within the range of 0.1-
10nM (reviewed in Navarro et al. 1999). Treatment with insulin at con-
centrations within the affinity range for the insulin receptor did not result 
in any increase in sAPPα or sAPLP1. Treatment with IGF-1 for 18 hours 
within the affinity range for the IGF-1 receptor resulted in increased se-
cretion of sAPPα, sAPLP1 and sAPLP2 as well as decreased Aβ40 levels. 
Thus, we suggest that the insulin and IGF-1-induced processing of APP 
and APLPs are mediated via activation of the IGF-1 receptor. Neither 
insulin nor IGF-1 affected the levels membrane bound APP, APLP1 or 
APLP2. 

In conclusion, IGF-1 increases processing of the APP family and spe-
cifically the α-secretase processing of APP. 

 
Figure 3. Illustration of the effects of IGF-1 on the proteolytic cleavage of APP, 
APLP1 and APLP2 in SH-SY5Y cells based on results from this thesis. IGF-1 
affects the processing of all APP family proteins. Release of sAPPα is mediated 
by both cdk5 and PI3-K, and release of sAPLP1 is mediated by ckd5, PI3-K and 
MAPK, whereas the mechanism behind IGF-1-induced release of sAPLP2 is less 
certain. 

4.2.4 IGF-1-induced processing is mediated by 
different signaling pathways 

Activation of the IGF-1 receptor triggers phosphorylation of signal mole-
cules that initiate the activation of the PI3-K/Akt and Ras/MAPK path-
ways and regulates cell differentiation, proliferation or survival (reviewed 
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in Laviola et al. 2007, Dupont and Holzenberger. 2003). We observed 
that a PI3-K inhibitor blocked the IGF-1-induced sAPPα secretion and 
strongly reduced the sAPLP1 secretion. We also present evidence that 
treatment with the PI3-K inhibitor restored the lowered levels of both 
intra- and extracellular Aβ40. This is in agreement with a previous study 
that showed that PI3-K was involved in the sAPPα release caused by high 
concentrations of insulin (Solano et al. 2000).  

A bit surprising was that MAPK pathway did not seem to be involved 
in the IGF-1 mediated release of sAPPα, since it has previously been 
shown that both PI3-K and MAPK were involved in IGF-1-induced neu-
rite outgrowth in SH-SY5Y cells (Kim et al. 2004). Intriguingly, we de-
tected significantly reduced levels of IGF-1-induced sAPLP1 using a 
specific MEK inhibitor. 

Previous work has demonstrated that RA stimulates the MAPK path-
way and the expression of cdk5 in SK-N-BE(2)C neuroblastoma cell (Lee 
and Kim. 2004). Here we present evidence that ckd5 is involved also in 
the IGF-1-induced processing of APP and APLP1 since an inhibitor of 
cdk5 prevented sAPPα and sAPLP1 secretion. 

PI3-K, MAPK and cdk5 was shown to not be involved in the IGF-1-
induced secretion of APLP2. Today, our group has evidence that IGF-1-
stimulated secretion of all APP family of protein is mediated via a PKC 
dependent pathway (Jacobsen et al. unpublished). 

In conclusion, PI3-K and cdk5 are involved in the IGF-1-induced 
processing of APP and APLP1. MAPK is only involved in the ectodo-
main shedding of APLP1. 

4.3 Effects on expression of APP 
processing enzymes (paper III) 

α- and β-secretases are believed to compete for their substrate. Previous 
reports have shown that RA-mediated processing of APP favors the α-
secretase pathway. Here, we show that RA-induced increase of two puta-
tive α-secretases, ADAM10 and TACE, occurs via separate signaling 
pathways. 

4.3.1 RA increases expression levels of ADAM10, 
TACE and BACE 

Western blot analysis of cell lysate after treatment with 10µM RA for 6 
days showed that the proteolytically processed mature form of ADAM10 
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and TACE were increased approximately 5-fold compared to untreated 
cells. The human ADAM10 promotor contains a RA responsive element 
(Prinzen et al. 2005). A recent report by Tippmann and colleagues dem-
onstrated the involvement of the RA receptors in regulation of ADAM10 
transcription (Tippmann et al. 2009). Previous reports showed that RA 
increased both mRNA and protein levels of ADAM10 in SH-SY5Y cells 
and in other cell lines (Endres et al. 2005, Prinzen et al. 2005, Tippmann 
et al. 2009, Koryakina et al. 2009). However, and contradictory to our 
results, Endres and colleagues could not detect any RA-induced increase 
in the levels of TACE. Interestingly, a recent report demonstrated that 
subcellular location of α-secretases changed in response to RA; 
ADAM10 translocated to the cellular membrane whereas TACE translo-
cated to perinuclear compartments (Koryakina et al. 2009). This is in 
agreement with earlier studies (Schlöndorff et al. 2000). This suggests 
that RA-induced TACE-mediated ectodomain shedding may occur in an 
intracellular compartment in addition to the cell surface, thus competing 
with BACE for APP cleavage.  

We have reported a slight but significant increase, 60%, of BACE pro-
tein levels in RA treated cells. Other studies have shown that RA treat-
ment significantly increased BACE mRNA (Koryakina et al. 2009,  Satoh 
and Kuroda. 2000) and protein (Koryakina et al. 2009) levels, however 
not significantly. Koryakina and colleagues also showed that long term 
(6h or longer) of RA treatment resulted in BACE translocation to the 
plasma membrane. Thus, despite RA-induced increased levels of BACE; 
change in localization might impair APP cleavage by BACE. This goes 
hand in hand with our hypothesis that RA shifts the processing of APP 
towards the α-secretase pathway. 

In conclusion, RA-induced α-secretase cleavage could be explained by 
upregulated protein levels of mature ADAM10 and TACE. However, 
notably protein levels of BACE were increased. 

4.3.2 RA-dependent increase of secretase levels 
are counteracted by BDNF 

We had previously reported that RA-induced processing of APP and 
APLP2 was further increased with BDNF. Therefore, we were surprised 
to find that RA-dependent increase of secretases was instead counteracted 
by BDNF. Western blot analysis revealed that the RA-induced increases 
of mature ADAM10, TACE and BACE were significantly inhibited. 
However, this is in agreement with a previous study that showed no al-
tered levels of BACE upon BDNF treatment (Satoh and Kuroda. 2000). 
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One can speculate that enhanced α-secretase cleavage upon RA treatment 
occur via upregulation of secretases whereas the effect of BDNF on α-
secretase cleavage instead involved other mechanisms like posttransla-
tional modifications of secretases or substrates. 

In conclusion, BDNF counteract RA-dependent increase of mature 
ADAM10, TACE and BACE. 

4.3.3 RA-induced effects on secretases are 
mediated by different signaling pathways 

In order to further investigate the mechanism involved in RA-induced 
effects on expression levels of ADAM10, TACE and BACE, cells were 
exposed to different inhibitors during the last 24 hours of RA-treatment. 
RA-induced increase of mature ADAM10 was reduced by a specific PI3-
K inhibitor. However, on the mRNA levels no effect was observed indi-
cating that involvement of PI3-K in the up-regulation of ADAM10 is 
downstream of transcription. Interestingly, PI3-K has been shown to be 
involved in the RA-induced differentiation of the same cell line as used 
here (Lopez-Carballo et al. 2002). Yet unpublished results from our 
group also indicate that PI3-K is involved in the RA stimulated secretion 
of sAPPα (Jacobsen et al. unpublished). 

Neither TACE nor BACE protein levels were affected by inhibition of 
PI3-K. However, inhibition of PKC blocked the RA-induced increase of 
TACE. Indeed, RA has been shown to increase both protein levels and 
activity of PKC (Gruber et al. 1995, Lopez-Andreo et al. 2005). Activa-
tion of PKC has been shown to stimulate proteolytic processing of APP 
and the secretion of sAPPα (reviewed in Bandyopadhyay et al. 2007). As 
already mentioned PKC is involved in RA-stimulated APLP2 secretion 
(Jacobsen et al. unpublished). 

It seems that RA-induced α-secretase processing of APP is mainly 
mediated via PI3-K dependent maturation of ADAM10, whereas the 
PKC-dependent effects on TACE play a minor role in APP processing. 

In conclusion, RA-induced upregulation of ADAM10 and TACE in-
volves PI3-K and PKC, respectively. 
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4.4 Effects on Fe65 upon neuronal 
differentiation (paper IV) 

In our previous studies we have observed increased levels of AICD and 
ALID1. Endogenous AICD is quickly metabolized but can be stabilized 
by overexpressed Fe65 (Kimberly et al. 2001). Here we present data 
showing that RA and NGF increase both maturation of Fe65 and its bind-
ing to APP. 

4.4.1 RA and NGF increase Fe65 maturation 
A previous report proposes that the 97 kDa Fe65 can be processed and 
mature into a 65 kDa fragment (Hu et al. 2005). After 6 days of RA 
treatment, Western blot analysis revealed that both the uncleaved, pre-
sumably inactive form of Fe65, as well as the cleaved mature active form 
of Fe65, was significantly increased. Fe65 is shown to stimulate libera-
tion of AICD followed by the translocation of the complex to the nucleus 
(Kimberly et al. 2001, Wiley et al. 2007). Indeed, we detected increased 
levels of mature Fe65 in the nuclear fraction. RA is a developmental fac-
tor that is involved in neuronal differentiation, motor axon outgrowth and 
neuronal patterning (reviewed in Maden. 2007). NGF is another neuro-
trophic factor (reviewed in Skaper. 2008) that we used for the neuronal 
differentiation of PC6.3 cells. After NGF-induced differentiation we de-
tected increased levels of mature Fe65 both in the cytosolic and the nuc-
lear fraction. 

In conclusion, Fe65 maturation increases in parallel with neuronal dif-
ferentiation. 

4.4.2 RA and NGF increase interaction between 
Fe65 and APP 

Several reports show that phosphorylation of APP modify the docking of 
intracellular adaptor proteins to APP (reviewed in Jacobsen and Iverfeldt. 
2009). Phosphorylation of APP at position Thr668 causes a structural 
change and thereby Fe65 is released (Ando et al 2001, Nakaya et al 2009, 
Radzimanowski et al 2008 and Zhou et al 2009). In agreement with this, 
we observed that RA decreased the phosphorylation of APP Thr668. Im-
munoprecipitation with a Fe65 antibody of cell lysates from untreated or 
RA-treated SH-SY5Y cells, followed by Western blot analysis using 
antibodies recognizing APP or APLP1, demonstrated that RA treatment 
increases the interaction between Fe65 and APP or APLP1. Similarly, 
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immunoprecipitation studies using APP antibody followed by Western 
blot analysis with Fe65 antibody, also showed increased NGF-induced 
interaction between Fe65 and APP in PC6.3 cells. Therefore we speculate 
that RA causes dephosphorylation of APP that enables Fe65 interaction 
and AICD stabilization. 

In conclusion, neuronal differentiation increases interaction between 
Fe65 and APP. 

 
Figure 4. Illustration of the effects of RA in on APP, APLP1 and APLP2, the α-
secretases ADAM10 and TACE, and the adaptorprotien Fe65 in SH-SY5Y cells 
based on results from this thesis. RA uppregulates the synthesis and processing 
of all mammalian APP family proteins. The PI3-K dependent RA-induced in-
crease of ADAM1 0  is most lik ely the main  candid ate for the α-secretase clea-
vage of APP. The effect of the PKC-dependent RA-induced increase of TACE is 
less certain. However there are indications that APLP1 is a substrate for TACE. 
RA also increases the levels of the adaptor protein Fe65 that could function as a 
stabilizer for AICD and ALID1. 
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4.5 RA affects posttranslational 
modifications  

Throughout our studies we have observed that RA causes electrophoretic 
mobility shifts of several proteins. In paper II we presented data that RA 
changed the mobility of APLP1 and this shift was counteracted by 
BDNF. Enzymatic deglycosylation revealed that the mobility shift was 
caused by N-linked glycosylation of APLP1. Previous reports by Eggert 
and colleagues show that APLP1 has three possible N-glycosylation sites. 
Glycosylation of these sites seems to be important for the formation of 
ALID1 (Eggert et al. 2004). Furthermore, the authors proposed that 
BACE cleavage of APLP1 is dependent on N-glycosylation.  

As seen in paper III, RA induced a dramatic mobility shift of TACE 
on Western blot analysis. Preliminary data from our group indicating that 
also TACE undergo RA-induced N-linked glycosylation.  

As mentioned above RA also decreased phosphorylation of APP at 
Thr668 (see section 4.4.2 and paper IV). 

In conclusion, RA affects posttranslational modifications of several 
proteins. 
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5 Conclusion 

The major findings of this thesis are listed below 
 

 RA increases both expression and processing of APP, 
APLP1 and APLP2 
 

 BDNF increases RA-dependent proteolytic processing of 
APP and APLP2 
 

 IGF-1 increases processing of APP, APLP1 and APLP2 
 

 Processing of APP, APLP1 and APLP2 is regulated via 
different signaling pathways 
 

 Upregulation of the APP processing α-secretases 
ADAM10 and TACE  upon RA-differentiation acts via 
different signaling pathways 
 

 RA- and NGF-induced neuronal differentiation increase 
the maturation of the adaptor protein Fe65 as well as its 
interaction with APP 
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5.1 Populärvetenskaplig sammanfattning 
på svenska 

Alzheimers sjukdom är idag den vanligaste demenssjukdomen. I Sverige 
har ca 100 000 personer Alzheimers sjukdom. De tidiga symptomen är 
nedsatt minne, tankeförmåga, förmåga att hitta och svårigheter med språ-
ket. Dessa symptom uppstår ofta tillsammans med ångest och sömnsvå-
righeter. Sjukdomen har ett stegrande förlopp och patienten får med tiden 
svårt att klara sig själv. Överlevnaden är vanligtvis 5-15 år efter diagnos, 
beroende på i hur tidigt skede man upptäcker sjukdomen. 

Typiska kännetecken för sjukdomen är ökat antal döda nervceller och 
så kallade presenila plack i hjärnan. Presenila plack består av amyloid-β 
peptider (fragment av proteiner) som klumpat ihop sig. Amyloid-β pepti-
der bildas i sin tur genom klyvning av ett större protein, det amyloida 
prekursor proteinet (APP). Den normala funktionen av APP och dess 
klyvningsprodukter är idag inte helt klarlagd. Forskning har dock visat att 
de olika fragmenten verkar vara involverade i olika funktioner i nervcel-
ler. Data pekar på att APP normalt är involverat i stimulering av nervcel-
lers bildande av utskott, tillväxt och migrering (förflyttning) samt i pro-
grammerad celldöd och skydd av nervceller mot skador. 

Det finns idag inget botemedel mot Alzheimers sjukdom. Behandling 
som erbjuds patienterna är endast mot sjukdomens symptom. Idag riktas 
en stor del av forskningen just mot att hitta läkemedel som påverkar 
klyvningen av APP. Det är därför viktigt att få en komplett bild av vad 
som reglerar klyvningen av APP. Ett läkemedel riktat mot till exempel ett 
sådant klyvningssteg kan mycket väl tänkas påverka en slags jämvikt som 
finns i cellen, likväl är det viktigt att ta reda på hur manipulering av de 
enzymer som klyver APP även påverkar funktionen av andra proteiner 
som normalt finns i nervcellen. 

Vid Alzheimers sjukdom har man även observerat en minskning av 
vissa s.k. neutrofa ämnen som är inblandade i nervcellers tillväxt och 
deras bildande av utskott. I den här avhandlingen ville vi undersöka hur 
dessa neutrofa ämnen påverkar APP, två andra närbesläktade proteiner 
och även några av de enzymer som kan klyva APP. 

När APP klyvs kan det ske på två olika sätt. Det ena sättet leder till 
bildning av amyloid-β och det andra sättet s.k. α-klyvning utesluter istäl-
let bildandet av amyloid-β. α-Klyvning anses vara den klyvningen som är 
involverad i de positiva effekterna av APP. I ett modellsystem har vi ob-
serverat att flera neutrofa ämnen ökar mängden fragment som bildas vid 
α-klyvning av APP och minskar amyloid-β. Vi har även vi sat att om vi 
hindrar nervcellers förmåga att bilda utskott blockerar vi även α-
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klyvningen av APP. Genom att tillsätta de neutrofa ämnena till vårt mo-
dellsystem har vi även detekterat ökade nivåer av två enzymer som är 
ansvariga för α -klyvningen av APP, nämligen α -secretaserna ADAM10 
och TACE.  

Tidigare har forskningen visat att APP binder till olika typer av protei-
ner. Dessa proteiner anses kunna styra APPs olika funktioner. I vårt mo-
dellsystem har vi observerat att APP binder starkare till ett av dessa pro-
teiner samtidigt som nervcellerna bildar utskott. Slutligen har vi lagt en 
pusselbit till att förstå vilka signalvägar i cellen som påverkar klyvningen 
av APP och två andra närbesläktade proteiner. Vi har då blockerat doku-
menterade signalvägar och observerat hur detta påverkar klyvningen. 

Sammanfattningsvis visar våra resultat att signaler som stimulera 
nervcellers bildande av utskott samtidigt stimulerar α-klyvning av APP 
som utesluter bildning av amyloid-β. 
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