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Abbreviations

AC Adenyl cyclase 
ACTB actin, beta 
AD Alzheimer’s disease 
APP Amyloid precursor protein 
A  Amyloid-beta 
cDNA Complementary DNA 
CERAD Consortium to Establish a Register for AD 
CNS Central nervous system 
DAG 1,2-diacylglycerol 
DNA Deoxyribonucleic acid 
DSM IV Diagnostic and Statistical Manual of Mental Dis-

orders, Fourth Edition 
EOAD Early-onset Alzheimer's disease 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
GDP Guanosine diphosphate 
GEF Guanine nucleotide exchange factors 
Gi G-protein, alpha-inhibiting activity polypeptide 1  
GPCR G-protein couples receptors 
G-protein Guanine-nucleotide-binding protein 
Gq G-protein, q polypeptide
GTP Guanosine triphosphate 
ICD-10 International Classification of Diseases,  

Tenth Revision
IP3 Inositol 1,4,5-trisphosphate 
IP4 Inositol 1,3,4,5-tetrakisphosphate 
ISC Intracellular signal cascades 
ITPKB inositol 1,4,5-trisphosphate 3-kinase B 
LOAD Late-onset Alzheimer’s disease 
MAOA monoamine oxidase 
MAOB monoamine oxidase B 
mRNA Messenger RNA 
NFT Neurofibrillary tangles 
NINCDS-ADRDA  
criteria

National Institute of Neurological and Communi-
cative Diseases and Stroke/Alzheimer's Disease 
and Related Disorders Association 



PCA Principal component analysis 
Pi Phosphate group 
PLC phospholipase C 
PRKA protein kinase, cAMP-dependent
PRKC protein kinase C 
RAB3A RAB3A, member RAS oncogene family 
RGS regulator of G-protein signalling 
RGS4 regulator of G-protein signalling 4 
RNA Ribonucleic acid
RT-PCR Reverse transcribed-polymerase chain reaction 
sAPP  Soluble APP alpha 
sAPP  Soluble APP beta 
SP Extracellular senile plaques 
VMT Vesicle-mediated transport 



11

Introduction

Alzheimer’s disease 
Alzheimer’s disease (AD) is the most common form of dementia in Europe, 
affecting around 5% of the population over 65 years of age (Lobo et al. 
2000). AD is classified in subgroups, depending on the age of onset. Most 
cases arise during advanced age and are termed Late-onset Alzheimer’s dis-
ease (LOAD) or sporadic AD. A small percentage of cases are inherited in a 
Mendelian autosomal dominant fashion, referred to as early-onset Alz-
heimer’s disease (EOAD) or familial AD. The investigations included in this 
thesis only involve the sporadic form of AD. 

Clinical features 
The first clinical feature of AD is progressive memory loss associated with 
an inability to speak and understand spoken or written words. The disease 
leads to cognitive impairment that progresses towards the final stage, in 
which the patient is totally dependent on care givers in all aspects of life. 
From the time of diagnosis, AD patients generally live 5-10 years, although 
many live for as long as 20 years after the diagnosis. 

Diagnostic criteria
Diagnoses of AD rely on clinical history and presence of symptoms includ-
ing among other things disrupted memory function. After death the diagnosis 
is confirmed by neuropathological examination for extracellular senile 
plaques (SP) and neurofibrillary tangles (NFT). Several sets of criteria have 
been developed for AD diagnosis, for example: National Institute of Neuro-
logical and Communicative Diseases and Stroke/Alzheimer's Disease and 
Related Disorders Association (NINCDS-ADRDA criteria) (McKhann et al. 
1984), Diagnostic and Statistical Manual of Mental Disorders, DSM I DSM 
IV (DSM IV), International Classification of Diseases, Tenth Revision (ICD-
10) and Consortium to Establish a Register for AD (CERAD) (Mirra et al. 
1991). The purpose of these tools is to clarify and unify the definition of AD, 
but also to enhance the quality of the diagnosis and to facilitate communica-
tion between clinicians and investigators. However, the current diagnostic 
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tools for AD are limited because the pathology may begin years before 
symptoms are externally expressed. 

Risk factors
The main risk factor for AD is age, where the rate of AD triples from the age 
of 75 to the age of 85 (Kukull et al. 2002). Other suggested factors are for 
example educational level, being female (Launer et al. 1999), and head 
trauma (Szczygielski et al. 2005). However, the possibility cannot be ex-
cluded that these factors are indicators of other agents and events.  

Different genetic factors have been reported for the two subgroups of AD. 
Early-onset Alzheimer's disease has been related in particular to three genes, 
amyloid precursor protein (APP) (Goate et al. 1991), presenilin 1 and prese-
nilin 2 (Rogaev et al. 1995; Sherrington et al. 1995). Mutations in these three 
genes affect the metabolism of amyloid-  (A ), the main component in SP 
(Shastry 2001). Apolipoprotein E has been highlighted as one of the major 
risk factors for LOAD (Corder et al. 1993). However, the genetic contribu-
tion to LOAD is less well studied than EOAD and probably more complex.  

Neuropathology  
Both EOAD and LOAD are strongly correlated to three pathological brain 
changes, SP, NFT and neurodegeneration. Senile plaques are composed 
mainly of A , whereas tangles are composed mainly of the cytoskeletal pro-
tein tau. Senile plaques is one of the first histopathological signs of AD, but 
the accumulated amounts of SP are not correlated to the severity of dementia 
(Blennow et al. 1996). On the other hand NFT appearance is strongly corre-
lated to the severity of dementia (Blennow et al. 1996). Neurodegeneration 
in AD is associated with both neuron loss and synaptic degeneration. Neuron 
loss is correlated to the formation of NTF and memory impairment (Gomez-
Isla et al. 1997), while synaptic degeneration is better correlated with demen-
tia than with the presence of SP or NFT (Terry et al. 1991). One dominant 
theory about the relationship between these lesions and AD is the amyloid 
cascade hypothesis (Hardy et al. 1991). This hypothesis states that AD is due 
to overproduction of A , which leads to amyloid accumulations that affect 
NFT formation. Senile plaques and NFT are then associated with neuron 
degeneration, which is reflected in memory impairment. However, the Amy-
loid cascade hypothesis is avidly debated and a possible relationship be-
tween A , tau and neuron degeneration in AD is currently not clear. 

Therapeutic approaches 
The majority of treatments for AD symptoms are cholinesterase inhibitors, 
aimed at blocking the enzyme degrading acetylcholine in the brain and 
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thereby improving cholinergic neurotransmission (Lanctot et al. 2003). Re-
cently, a new kind of drug that interferes with the brain glutaminergic trans-
mitter system has been approved for treatment of patients with severe AD 
(Gauthier et al. 2005). Other potential therapies are monoamine oxidase in-
hibitors, anti-inflammatory agents, antioxidants, oestrogen, NMDA and 
muscarinic receptor agonists, antagonists of apolipoprotein E4 and inhibitors 
of A  production and aggregation (Cutler et al. 2001). To be able to affect 
the progression of AD in an early phase and stop neurodegeneration and 
pathological changes in the brain, new drug targets are needed. Since age is 
the main risk factor for AD, it is quite likely that a drug delaying the age of 
onset by several years would decrease the incidence of AD substantially. 

Proteolytic processing of the amyloid precursor protein 
The normal function of the membrane protein APP is unknown. APP is syn-
thesised in the endoplasmic reticulum and matures after post-translational 
modifications in the Golgi body. In neurons, APP is transported from the cell 
body to the nerve endings by axonal transport (Koo et al. 1990). Both during 
and after the trafficking through the secretory pathway, APP can undergo 
proteolytic cleavage by different secretases including -secretases, -
secretases and -secretases. APP can be cleaved in two different ways, the 
non-amylogenic and the amylogenic (Figure 1) (Mills et al. 1999). One way 
of APP processing (the non-amylogenic way) is through cleavage by - and 
-secretases. The cleavage by these enzymes releases a small segment called 

p3 and an N-terminal part of APP entitled soluble APP alfa (sAPP ). The 
other way of APP processing involves cleavage by - and -secretases (the 
amylogenic way). This way results in rapid formation and secretion of A
and soluble APP  (sAPP ) (Figure 1). APP processing can be regulated by a 
growing list of neurotransmitters, growth factors, cytokines and hormones 
(Mills and Reiner 1999). In AD the balance between the two ways of APP 
processing has been altered. This creates decreased levels sAPP  of and P3 
and increased levels of both sAPP  and A .
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Figure 1. The non-amylogenic (I) and the amylogenic (II) pathways of APP process-
ing. 

Alzheimer’s disease and altered signalling in and 
between neuronal cells
Efficient intra-neuronal communication requires intact synthesis, storage and 
release of neurotransmitters, but also continuous elimination of neurotrans-
mitters from the synaptic cleft. Furthermore, the neurotransmitter itself must 
produce a response in the post-synaptic cell that mimics the response pro-
duced by the pre-synaptic neuron. The response in the post-synaptic neurons 
depends on the subtype of receptors that are activated and the signalling 
pathways downstream of the activated receptors.  

In recent years, it has become increasingly apparent that pronounced dis-
ruption of vesicle-mediated signalling and of neuronal signal transduction 
occurs in the AD brain (Yao 2004; Cowburn et al. 2001). 

Loss of synapses as detected in AD most probably leads to progressive 
cognitive impairment (Scheff et al. 2003). Emerging evidence suggests that 
synapses are disrupted early in the disease, perhaps even before structural 
deterioration (Masliah et al. 2001). Several expression studies on AD have 
detected alterations in synapse-specific genes, including both exocytotic and 
endocytotic related genes (Sze et al. 2000)(Yao et al. 2003). 
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Disturbances in neurotransmitter signal transduction may occur at a num-
ber of levels, including: neurotransmitter/receptor recognition sites; coupling 
of receptors to the effector system; and the intracellular actions of the secon-
dary messengers. Neurotransmitter systems associated with AD are the cho-
linergic, serotonergic, noradrenirgic, glutamatergic and dopaminergic path-
ways (Garcia-Alloza et al. 2005; Matthews et al. 2002; Danysz et al. 2003; 
Storga et al. 1996). The majority of the receptors involved in these pathways 
are G-protein couples receptors (GPCR), transmitting the signals through 
guanine-nucleotide-binding proteins (G-proteins). GPCRs affect different 
signalling pathways such as those regulated by adenyl cyclase (AC) and 
phospholipase C (PLC), where the secondary messengers are cAMP, Inositol 
1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol (DAG) (Figure 2). In par-
ticular, the phosphoinositide hydrolysis pathway has been shown to be al-
tered at a number of levels in AD post-mortem brains, including impairment 
in the regulation of different G-proteins (Hashimoto et al. 2004), changes in 
PLC substrate availability (Jolles et al. 1992), and modifications in receptor 
sites for IP3 (Haug et al. 1996). Alterations in the DAG pathway have been 
also demonstrated, with a particular focus on phosphokinase C (PRKC) 
(Matsushima et al. 1996), since this enzyme has been related to APP proc-
essing by in vivo and in vitro studies, indicating that PRKC regulates -
secretase activity (Lanni et al. 2004).  

GPCR

PLC DAG PRKC

IP3

Release of intracelluar Ca2+

from the endoplasmic reticulum

Gq
GPCR GPCR

AC
Gs Gi

Protein 
phosphorylation

ATP cAMP

PRKA

Protein 
phosphorylation

Figure 2. Simplified diagram of the phosphoinositide hydrolysis and AC signalling 
pathways.
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Alzheimer’s disease has also been related to the mechanisms of neuro-
transmitter clearance from the synaptic cleft (Kennedy et al. 2003; Scott et 
al. 1995). The failure to clear excess transmitters by transporters or enzymes 
is not fully understood, and it is unclear whether these processes are in-
volved in the pathology of neurodegeneration or whether they are compensa-
tory effects due to other events in the cell.  

In conclusion, considerable cross-communication exists between different 
signal transduction mechanisms that are modified in AD, and alterations of 
activity in one pathway may modulate another, leading to high complexity of 
the disease.

G-protein coupled receptor signalling
G-protein coupled receptors 
G-protein coupled receptors are transmembrane proteins that wind back and 
forth through the plasma membrane seven times. Their ligand-binding site is 
exposed outside the surface of the cell, while their effector site extends into 
the cytosol. Binding of a ligand to a GPCR activates G-proteins associated 
with the cytoplasmic C-terminal, initiating the production of a secondary 
messenger that starts a series of intracellular events (Neves et al. 2002).  

Guanine-nucleotide-binding proteins 
G-proteins are named after their ability to bind guanosine triphosphate 
(GTP) and guanosine diphosphate (GDP). There are two different types of 
G-proteins, monomeric and heterotrimeric, and the heterotrimeric G-proteins 
transmit signals from GPCRs.  

Heterotrimeric G-proteins are composed of three different subunits that 
are associated with the inner surface of the plasma membrane and the GPCR. 
The three subunits are G , G  and G . The -subunit binds GTP and acti-
vates secondary messengers. The G  and G  subunits are linked as a dimer 
which also activates a large diversity of secondary messengers. The specific-
ity of each G-protein type resides in the -subunit as well as in the combina-
tion with different  and  subunits (Albert et al. 2002).  

The G-protein activity cycle is presented in Figure 3. In the inactive or 
basal state, GDP-G  forms a heterotrimeric complex with G . When recep-
tors are activated, the exchange of GDP for GTP is catalysed on the -
subunit, promoting dissociation of GTP-G  from G  and from the receptor. 
Both GTP-G  and G  can independently regulate effector proteins. The -
subunit has GTPase activity, and hydrolysis of GTP limits the time the -
subunit exists in the active state. Upon GTP hydrolysis, GDP-G  re-
associates with  to form the inactive heterotrimer (McCudden et al. 2005).  
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Figure 3. G-protein regulation and RGS interaction with the G  subunit.

Regulators of G-protein signalling 
The first regulators of G-protein signalling (RGS) proteins were identified 
ten years ago (Koelle et al. 1996; De Vries et al. 1995; Siderovski et al. 
1994). Since then, more than 20 mammalian RGS proteins have been charac-
terised. These proteins are divided into different subfamilies based on se-
quence similarity within the RGS domain (Ross et al. 2000). 

The functions of different RGS proteins are far from clear. Their best-
known function is to inhibit G-protein signalling by accelerating GTP hy-
drolysis more efficiently than the G  subunit dose. During the G-protein 
activity cycle, RGS reduces GPCR signalling by accelerating the rate of 
GTP hydrolysis (Figure 3). RGS interacts specifically with the -subunit of 
the G-protein, which leads to reassociation of -GDP with  dimer to form 
the inactive heterotrimeric G-protein (De Vries et al. 2000).  

Regulators of G-protein signalling and the central 
nervous system 
RGS proteins have been shown to control essential neurological functions by 
modulating Gi- and Gq-mediated signalling. Different regions in the central 
nervous system (CNS) express distinct repertoires of RGS proteins. Fourteen 
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RGS genes have been detected in the human genome, of which five have 
highly enriched expression levels in brain, namely RGS4, RGS7, RGS8, 
RGS11 and RGS17 (Larminie et al. 2004). RGS proteins have been con-
nected to different CNS-related disorders, including Alzheimer’s disease 
(Emilsson et al. 2005a; Muma et al. 2003), schizophrenia (Mirnics et al. 
2001) Parkinson’s disease (Tekumalla et al. 2001), anxiety (Oliveira-Dos-
Santos et al. 2000), and regulation of pain signalling and sensitivity to mor-
phine (Garnier et al. 2003). 

AD related genes investigated in the present thesis 
In the present thesis, several genes with differential expression in AD were 
identified. Figure 4 shows a schematic representation of the main selected 
genes (RGS4, ITPKB, RAB3A, MAOA and MAOB) In the following sec-
tion, the function of these genes and their possible relation to AD are dis-
cussed.

MAOA & MAOB

RAB3A

ITPKB

IP3

IP4Ca2+

RGS4

GPCR

PLC DAG PRKC
Gq

Figure 4. Representation of the main genes with altered expression in AD. The loca-
tion of some of the gene products may be both pre- and postsynaptic, but they are 
represented in one terminal for simplicity. Genes with up-regulated mRNA expres-
sion levels in AD are surrounded by a white rectangle, while genes that are down-
regulated are inside black rectangles. 
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Regulator of G-protein signalling 4 (RGS4) 
RGS4 has been implicated in the control of essential neurological functions, 
including serotoninergic (Leone et al. 2000), dopaminergic (Taymans et al. 
2004), and metabotropic glutamate (Saugstad et al. 1998) signalling cas-
cades.

RGS4 is a prototypical member of the R4-RGS-subfamily (Ross and 
Wilkie 2000), primarily and densely expressed in different brain regions 
(Erdely et al. 2004). RGS4 is composed of an RGS domain flanked by N- 
and C-terminals, but lacking any additional protein motifs. The N terminus 
of RGS4 is responsible for its membrane attachment (Bernstein et al. 2000), 
a process tightly coupled with the ability of RGS4 to inhibit GPCR signal-
ling (Srinivasa et al. 1998). RGS4 can affect the signalling pathways of AC 
and PLC by modulating Gi- and Gq-mediated signalling, respectively 
(Huang et al. 1997).

The best established function of RGS4 is to negatively regulate G-
proteins, but other functions such as a scaffolding function within the recep-
tor complex have also been suggested (Bunemann et al. 1998). Data pre-
sented in this thesis (Papers III and IV) support previous reports of RGS4 as 
an AD-related protein (Muma et al. 2003). Muma and co-workers showed 
that RGS4 changes are related to the G-protein Gq, contributing to altera-
tions in the coupling of muscarinic M1 receptors. They also hypothesise that 
these changes may be involved in memory, cognitive and behavioural 
changes, as well as in APP processing, affecting A  production. In Paper V 
we present evidence that supports this hypothesis and demonstrates that 
RGS4 is involved in APP processing by altering PRKC protein levels. 

Inositol 1,4,5-trisphosphate (IP3) 3-kinase B (ITPKB) 
ITPKB affects calcium signalling downstream of PLC, via phosphorylation 
of IP3 to Inositol 1,3,4,5-tetrakisphosphate (IP4) (Irvine et al. 1986). ITPKB 
is one of three 1,4,5-trisphosphate 3-kinase (ITPK) isoforms (A, B and C), 
where the B isoform is the only one that is localised in the plasma membrane 
(Dewaste et al. 2003). The formation of IP4 is subsequently one way to stop 
signalling by IP3. However, the formation of IP4 is hypothesised to lead to 
additional signalling events related with calcium (Hermosura et al. 2000; 
Zhu et al. 2000; Sims et al. 1998; Soriano et al. 1997). It is suggested that 
mammalian ITPK isoforms may by regulated by different modulators includ-
ing calmodulin, calmodulin-dependent protein kinase II, PRKA and PRKC 
(Communi et al. 1997; Lin et al. 1993). PRKC has been suggested to be a 
negative regulator of ITPK activity in human platelets (Lin et al. 1990). 
However, little is known about the mechanisms behind these regulatory 
events and further investigations are needed to elucidate this question. 
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The biological function of ITPKB in the human brain is not known. How-
ever, the distribution of ITPKs in the human brain and in the rat brain have 
led to the suggestion that these enzymes might be involved in brain devel-
opment, memory and learning (Mailleux et al. 1992a; Mailleux et al. 1992b). 
In fact, spatial training in rats leads to increased RnIP3K-A levels (Kim et al. 
2004). In Drosophila melanogaster, IP3K1, a gene homologous to mammal-
ian IP3-kinases, is involved in oxidative damage, a process related to neu-
rodegeneration (Moreira et al. 2005; Monnier et al. 2002). Therefore, it 
seems plausible that ITPKB may be involved in similar functions in human 
neurons.

RAS associated protein 3 A (RAB3A) 
RAB3A is a low molecular weight protein that can modulate GTP-binding. 
This protein is found abundantly in the brain, where it is localised exclu-
sively to secretory vesicles (Fischer von Mollard et al. 1990). There is a hy-
pothesis that RAB3A is involved in the regulation of calcium-dependent 
exocytosis of neurotransmitters, by limiting secretory vesicle fusion to the 
plasma membrane (Geppert et al. 1997). Furthermore, RAB3A has been 
related to vesicle transport (Leenders et al. 2001), where reduced expression 
of RAB3A results in reduced recruitment of vesicles from the vesicle pool to 
the active zone of the synaptic plasma membrane. 

Altered levels of several synapse-specific markers have been observed in 
AD (Yao et al. 2003). Disrupted vesicle-mediated signalling can result in 
deposition of brain amyloid, through altered anterograde and retrograde 
transport of APP in the neuron (Koo et al. 1990; Marquez-Sterling et al. 
1997). The proposed relationship between changes in APP transport and A
deposition is based on reports of increased synaptic activity elevating A
secretion (Nitsch et al. 1993). This phenomenon seems to be part of a feed-
back loop where excessive A  can depress synaptic transmission (Kamenetz 
et al. 2003). However, it is possible that changes in retrograde transport re-
sult in A  deposition due to interrupted clearance of APP from the synapse. 

Monoamine oxidase A and B (MAOA and MAOB) 
MAO is a mitochondrial enzyme that catalyses the oxidative deamination of 
biogenic neurotransmitter amines, producing hydrogen peroxide (H2O2)
(Pizzinat et al. 1999). Humans and other mammals produce two MAO isoen-
zymes, MAOA and MAOB. Immunocytochemical localisation of these two 
isoenzymes shows that they are well distributed in the human brain and that 
they are active in different neurones with diverse physiological functions 
(Richards et al. 1992; Saura et al. 1992; Westlund et al. 1988). MAOA is 
found in neurones synthesising norepinephrine, catacholamine and dopa-
mine. MAOB is found in serotonergic neurons and in glia. 
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The ability of MAO to degrade neurotransmitters has made them attrac-
tive candidates in investigations of human behaviour and psychiatric traits, 
such alcoholism, aggressiveness, suicidal behaviour, sensation seeking, bipo-
lar disorders, schizophrenia and Parkinson’s disease (Balciuniene et al. 
2001). Several reports indicate that both the A and the B forms of MAO are 
altered in AD (Emilsson et al. 2002; Burke et al. 1999; Sherif et al. 1992; 
Jossan et al. 1991; Sparks et al. 1991) .

It is unclear whether the changes in MAO in AD are predisposing factors 
or a minor effect following other modifications in neurotransmitters. Intrigu-
ingly, Rasagiline, a MAOB inhibitor drug and its cholinesterase inhibitor 
derivatives TV3326 and TV3279, have been shown to regulate APP process-
ing in a PRKC-dependent manner (Bar-Am et al. 2004). Therefore, the com-
bined information on altered levels of MAO in AD and the effect of MAO 
inhibitors on APP processing indicates that MAO has possible implications 
in both neurodegeneration and SP formation in AD. 
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Aims

Overall aims
The overall aims of this study were to identify genes with differential mRNA 
expression in AD, to investigate possible mechanisms initiating these 
changes and to determine their relationship to the disease. An intermediate 
aim was to investigate functional polymorphisms that affect mRNA expres-
sion levels of AD-related genes. 

Specific aims
Paper I: To develop a strategy that enables detection of small differ-

ences in human brain autopsy samples and to evaluate 
whether post-mortem samples can be used to investigate gene 
expression changes in vivo. 

Paper II: To investigate whether increased protein levels of MAOA and 
MAOB in AD patients are regulated at a transcriptional level. 

Paper III To identify differentially expressed genes in human brain 
autopsy samples from AD patients, by combining global and 
high resolution strategies. 

Paper IV To investigate whether altered mRNA levels of RGS4 in AD 
patients are the result of changed expression in one or several 
splice variants and to evaluate whether RGS4 DNA variants 
affect mRNA expression levels. 

Paper V To investigate the function of altered RGS4 levels in cell sig-
nalling, APP expression and APP processing. 
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Significance

The molecular basis behind the development and progression of AD is un-
known. Small molecular changes in specific gene products can have a major 
impact on brain function. Therefore, it is important to use sensitive tech-
nologies in order to allow small changes in gene expression that are related 
to AD to be identified. The results from studies combining global and high 
sensitive methods to quantify brain mRNA levels were used here to discover 
genes and pathways altered in AD. This information is crucial for under-
standing the molecular mechanisms and pathological processes involved in 
AD, but also for detection of new markers for early diagnosis and drugs tar-
gets designed to halt the progression of the disease. 
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Present investigation 

Paper I. High-resolution quantification of specific 
mRNA levels in human brain autopsies and biopsies 
We evaluated the possibility of detecting small differences in mRNA expres-
sion levels in human brain autopsy samples, taking into account experimen-
tal and individual alterations. In addition, mRNA expression levels in human 
brain autopsies and biopsies were compared. 

Methods
Expression levels were measured by real-time RT-PCR of reverse tran-
scribed mRNA. RNA was extracted from 41 human brain autopsies and 13 
human brain biopsies. Identical replica plates were prepared, and used to 
measure the amount of cDNA copies for one gene at a time. Measured 
mRNA expression levels were 10-logarithmically transformed prior to AN-
COVA analysis, including the two reference genes actin  (ACTB) and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as covariates. 

Results
Using the analysis developed for real-time RT-PCR measurements we 
evaluated the difference in mRNA expression levels between different time  
post-mortem, sexes and ages at death. Fourteen genes were investigated. The 
mRNA level of CYP26A1 was affected by the post-mortem time, whereas 
the expression of 5-HT-1E and CYP1A was affected by sex and age, respec-
tively. The comparison between autopsies and biopsies revealed that autop-
sies had a general decrease in mRNA levels for all genes. However, after 
adjusting the mean for each gene with the expression values of the reference 
genes, no difference was detected between the two groups. A power calcula-
tion evaluating the number of individuals required to detect differences be-
tween two groups showed that at least 50 samples would be necessary to 
detect a 1.5 fold difference with a confidence of 95%. 
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Discussion
In this study we developed a strategy for measuring gene expression in hu-
man brain autopsies with high resolution, sensitivity, efficiency and repro-
ducibility. Furthermore, we showed that effects of factors such as time post-
mortem, sex and age at death can be determined during the analysis. Our 
results stress the importance of using sufficiently large numbers of individu-
als when mRNA levels are investigated, and of including time post-mortem, 
sex and age at death as covariates in the analysis. The comparisons between 
autopsies and biopsies showed a general decrease in measured mRNA levels 
in autopsy samples. This may be explained by a shutdown of mRNA produc-
tion at death. However there were no large differences between the general 
patterns of the genes investigated when they were normalised with reference 
genes. These results indicate that mRNA levels measured in brain autopsies 
can provide information about the brain in vivo and that the mRNA levels of 
most genes relative to reference genes seem to be preserved after death. We 
noted during the analysis that there were large differences in gene expression 
between individuals for the same gene. Power calculations showed that in 
most cases, sample sizes of 10 individuals only allowed a 5-fold detection 
level. For the detection of a 2-fold change, sample sizes of at least 50 indi-
viduals per group are needed.  

Conclusions
Autopsy samples can be used to reflect expression patterns in a living brain. 
However, it is important to include time post-mortem, sex and age at death 
as covariates in the analysis and to use large sample sizes to avoid variation 
due to non-pathological individual differences.  

Paper II. Increased Monoamine oxidase messenger 
RNA expression levels in frontal cortex of Alzheimer's 
disease patients 
MAOA and MAOB mRNA expression differences were investigated in 123 
post-mortem human brain samples. Both iso-enzymes have previously 
shown increased protein activity levels in patients suffering from AD. In this 
study we investigated whether MAOA and MAOB are regulated by a tran-
scriptional mechanism.  
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Methods
To investigate the mechanism behind the increased protein activity, we stud-
ied mRNA expression levels in 61 control and 62 AD samples using the 
strategy developed in Paper I. All samples included in this study were from 
neo-cortex of the frontal lobe, Brodmann areas 8 and 9. AD samples were 
from confirmed AD patients, according to the criteria of CERAD. 

Results
To analyse differences in total amount of mRNA in each sample, the MAO 
expression data were plotted against ACTB. This analysis showed a 1.3 
times higher expression value of MAOA in AD samples than in control sam-
ples and a much smaller difference in the expression of MAOB. When MAO 
was analysed by plotting expression values against MAP2, both genes 
showed a 1.6 times higher expression in the AD group compared to the con-
trol group. We used principal component analysis (PCA) to explore the 
overall expression pattern and the relationship between the five genes 
ACTB, GAPDH, MAP2, MAOA and MAOB. The major component of 
variation in mRNA expression between individuals was the variation in ab-
solute amount of mRNA molecules. The second component reflected varia-
tion in the relative expression of genes. AD patients had significantly higher 
scores along the second principal component than the control group 
(p=0.0001), reflecting that AD cases have relatively high expression of 
MAOA and relatively low expression levels of MAP2 in relation to control 
samples. 

Discussion
Investigations of MAO in brain tissue are important, due to previous reports 
suggesting separate MAOB control systems in brain as opposed to blood 
(Young et al. 1986). An increased gene expression, as observed here for 
MAO, cannot be explained by a general effect in a degenerative disease, 
since neuron loss should produce a decrease rather than an increase in gene 
expression of a specific gene. We argue in Paper II that the mRNA expres-
sion level of MAP2, a neuronal marker, could be an indication of the amount 
of intact neurons in the tissue samples investigated. Based on this specula-
tion, MAO levels were normalised with MAP2 as a reference gene. How-
ever, it is also possible that decreased MAP2 levels are not related to neu-
ronal loss, but rather to specific changes due to the disease. This hypothesis 
was supported by results obtained in investigations of several genes with 
neuron specific expression (i.e MAPT, PSEN2, APBB1) that presented simi-
lar mRNA levels to the reference genes (ACTB and GAPDH) in all indi-
viduals (data not shown). The possible effect of MAP2 does not change the 
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conclusions regarding MAOA stated in Paper II, since normalisation with 
ACTB indicated altered mRNA levels of the gene in AD. However, to dem-
onstrate that MAOB has elevated mRNA levels in AD would require a larger 
sample size than that included in the present study. 

Conclusions
The increased protein activity for MAOA and possibly MAOB in AD is due 
to a transcriptional regulation mechanism.  

Paper III. Alzheimer’s disease: mRNA expression 
profile of multiple patients show alterations of genes 
involved with calcium signalling 
To find genes with large expression differences in AD, the mRNA expres-
sion levels of several thousand genes were compared in pools of AD and 
control samples using cDNA microarrays. In a second step, the expression 
levels of ten genes were quantified for each individual separately with the 
same real-time RT-PCR strategy used in Papers I and II.  

Methods
This study included a large collection of cortical human brain samples previ-
ously used in Paper II, with the modification that 9 control samples were 
excluded due to young age. cDNA microarray screening was based on two 
different manufactured cDNA microarrays, holding 7762 and 20000 cDNA 
clones, respectively. Two different experimental designs were used; for the 
first set of arrays (7762 clones), an AD pool and a control pool were hybrid-
ised independently with a reference pool on four cDNA arrays. For the sec-
ond set of arrays, the AD pool was hybridised with the control pool on 5 
arrays. The MICROMAX TSA TM labelling and detection kit (NEN ® Life 
Science Products, Inc.) was used to hybridise and label the samples. The 
robust scatter plot smoother ‘lowess’ (Proc loess, SAS v.8.2) was used to 
perform a sub-array intensity normalisation. To identify genes that showed a 
large and consistent expression difference between AD and controls on the 
microarrays, we ranked the genes with respect to their penalised t-statistic 
(Smyth et al. 2003). Replica plates produced for Paper II, holding 114 re-
versed transcribed mRNA samples, were used to confirm the expression 
pattern of 10 genes from the array experiments with real-time RT-PCR. For 
analysis we used an ANCOVA type of model, with disease and plate as main 
factors and the geometric mean of the two reference gene expression values 
as covariates. To account for variation in mRNA due to pH, age at death, 
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time post-mortem and PCR-efficiency (sample set), we also included these 
factors as covariates in the analysis. 

Results
Microarray analysis of both sets of arrays revealed three genes (RAB3A, 
ITPKB and RGS4) with large and consistent average expression differences 
between AD and control samples. These three genes and seven additional 
genes were analysed with real-time RT-PCR, using the same procedure de-
veloped in Papers I and II. 

Discussion
Pooling samples for array analysis could involve a high risk of reducing the 
potential to detect false positives due the possibility that a single sample can 
dominate the expression of a pool. However, this risk is limited when cDNA 
microarray analysis is performed in pools of large sample sets (Glass et al. 
2005) (Kendziorski et al. 2005). In such cases, extreme values for single 
individuals are diluted in the mix, noise due to biological variation is re-
duced and the number of arrays needed can be dramatically reduced. How-
ever a more informative way of pooling would be to perform sub-pools in-
cluding more than six individuals, enabling detection of biological changes 
on top of experimental variation. Since the aim of the present study was to 
perform a first stage screen with cDNA arrays to detect large AD differences 
and altered pathways in a large population, this was a reasonable design. 
Validation experiments on each individual separately with real-time RT-
PCR for ten genes further supported the use of this strategy. Eight out of ten 
genes were confirmed with real-time RT-PCR, indicating that a sufficiently 
large number of individuals was included in each mRNA pools to make the 
average expression difference insensitive to the influence of a few individu-
als with extreme expression levels. Two false positives out of ten investi-
gated genes is a low false positive rate considering the possibility of signals 
due to cross-hybridisation to different members of gene families with high 
sequence similarity. It has been shown that agonal state (which modifies 
brain pH) and other post-mortem factors such as age at death and post-
mortem time may have a great impact on gene expression profiles (Tomita et 
al. 2004), and these variables were included as covariates in our statistical 
analysis. In summary, the mRNA differences reported in this study can be 
interpreted as the disease effect on top of the effects of age, pH and lower 
mRNA quantities in AD samples investigated. 

Three genes (ITPKB, RGS4 and RAB3A) presented low and consistent 
mRNA expression levels in the patients. These genes point toward altered 
vesicle-mediated signalling and neuronal signal transduction in AD. RAB3A 
has been known to be altered in AD for a long time, while the connection 
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between RGS4 and AD was reported recently. However, Paper III was the 
first time that the combined differential expression of ITPKB and RGS4 was 
reported in connection with AD. It points toward disrupted intracellular cal-
cium levels, with possible implications for multiple physiological and patho-
logical events, including among others APP processing, tangle formation and 
synaptic vesicle function (Stutzmann 2005). In the case of RGS4, this pro-
tein also regulates other signalling pathways in the cell with possible affects 
on DAG- and AC-coupled secondary messengers and their effector proteins. 

Conclusions
ITPKB, RGS4 and RAB3A are three genes with clear and large differential 
expression in AD.  

Paper IV. Low mRNA levels of RGS4 splice variants in 
Alzheimer’s disease 
Several different splice variants of RGS4 have been reported in public data-
bases, and three out of five mRNA variants are translated into the same 
polypeptide. We tested several splice variants independently for their ex-
pression levels in AD patients and controls to investigate whether the low 
levels of RGS4 in AD are a consequence of changed expression in one or 
several splice variants. The allelic association between SNP polymorphism 
and gene expression was also investigated. We used polymorphisms previ-
ously detected by scientists evaluating the relationship between RGS4 and 
schizophrenia (Chowdari et al. 2002).  

Methods
Three designs of primers and probes were performed to quantify gene ex-
pression of different RGS4 splice variants. One of these primer and probe 
designs measures the combined expression of the three variants coding for 
the same RGS4 polypeptide. Real-time RT-PCR experiments were per-
formed according to the methods described in Papers II and III. DNA for 
genotyping was purified from the same samples as those used for mRNA 
quantification. Four SNPs were genotyped by sequencing. Haplotypes were 
estimated using the PHASE software (Stephens et al. 2003; Stephens et al. 
2001).
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Results
All RGS4 splice variants tested showed lower expression levels in AD com-
pared to control samples. We did not detect any allelic association between 
AD and any SNP or haplotype, nor did we detect any association between 
the expressions of any splice variant or SNPs. Interestingly, one rare haplo-
type was associated with a decreased mRNA expression level of all splice 
variants in both cases and controls. 

Discussion
The previously detected down-regulation of RGS4 in AD is not due to a 
dominant splice variant but rather the combined decrease of all variants in-
vestigated. Identification of functional polymorphisms that affect mRNA 
expression levels of candidate genes is important, because these can be used 
to predict expression levels in the brain through the analysis of blood sam-
ples. The detection of a rare haplotype regulating RGS4 expression levels 
indicates that there might be a functional variant of the RGS4 gene that sig-
nificantly affects its expression. However, due to the small number of indi-
viduals carrying this haplotype, this information needs to be confirmed in a 
set of independent samples. 

Conclusions
An altered RGS4 expression level in AD is a consequence of decreased 
mRNA levels in several RGS4 splice variants. This probably indicates an 
alteration in the transcriptional activation of the gene. Furthermore, one rare 
haplotype was associated with a general decrease in RGS4 mRNA levels. 
However this haplotype could not explain expression differences detected 
between AD and control samples. 

Paper V. RGS4: A novel mediator of APP processing 
To investigate the affect of altered RGS4 levels in AD, RGS4 was overex-
pressed in human neuroblastoma cells. Earlier studies have shown that APP 
processing is regulated by PRKC activity. Furthermore, PRKC is a protein 
active downstream of RGS4 and GPCRs. Therefore, the PRKC signalling 
pathway was examined to detect possible connections between RGS4 and 
APP.
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Methods
Plasmid (MycRGS4pCB6+) was obtained from the laboratory of Dr Mumby 
at the University of Texas Southwestern Medical Center, USA, and stable 
transfected SH-SY5Y cells overexpressing RGS4 were produced. These 
cells were used for analysis of mRNA and protein expression levels of APP 
and different isoforms of PRKC. Western analyses were performed on a 
10% SDS-PAGE, while real-time RT-PCR was performed using SYBR 
Green PCR core reagents. Since several PRKC isoforms are calcium de-
pendent, and since RGS4 can affect intracellular calcium release through IP3 
regulation, intracellular calcium levels were measured in the transfected 
cells.

Results
Immunoblot analysis revealed low levels of APP and high levels of secreted 
sAPP  in cells overexpressing RGS4. Furthermore, the expression of mRNA 
coding for APP was decreased in the transfected cell. Three isoforms of 
PRKC were analysed, one calcium-dependent (PRKC ) and two calcium-
independent (PRKC  and PRKC ). PRKC  protein levels were decreased, 
while the protein levels of both PRKC  and PRKC  increased slightly. Basal 
calcium levels in the cells were not affected by overexpressed RGS4.  

Discussion
Studies based on AD post-mortem brain samples have shown disturbances in 
intra-cellular signalling pathways. It has also been shown that altered PRKC 
activity affects APP processing, possibly prior to the final stage of the dis-
ease (Masliah et al. 1991). The combined data on down-regulated mRNA 
and protein RGS4 levels in AD patients (Emilsson, Saetre and Jazin 2005a; 
Emilsson et al. 2005b; Muma et al.2003) and on RGS4 up-regulated trans-
fected cells presented in this study suggest that AD involves changed levels 
of RGS4. This in turn affects APP processing, possibly through modulation 
of PRKC levels and activity. The pronounced decrease in PRKC  while 
sAPP  levels are increased in RGS4 transfected cells is in contradiction to 
earlier reports where increased PRKC activity has been reported with in-
creased sAPP  levels and decreased A  levels (Racchi et al. 2003). Accord-
ing to our current hypothesis, the low PRKC  levels observed in this study 
may be coupled to a high activity of PRKC , which in turn results in a high 
production of sAPP .

The basal level of calcium in the transfected cells was unchanged. How-
ever, unpublished data from our laboratory show altered calcium levels upon 
receptor stimulation with Carbachol. The drug Carbacol mimics the action of 
acetylcholine and stimulates muscarinic receptors. Loss of cholinergic neu-
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rons has been detected in AD (Geula et al. 1989), and has furthermore been 
correlated with impaired cognitive function (Minger et al. 2000). This sug-
gests that RGS4 might affect memory function and behaviour in AD patients 
in a calcium-dependent manner. 

Conclusions
RGS4 is a novel regulator of APP processing. 

General discussion 
The data presented in this thesis indicate that AD involves alterations in 
vesicle-mediated transport and intracellular signal cascades, as well as neu-
rotransmitter uptake and metabolism. All three mechanisms have previously 
been reported as altered in AD. Figure 5 shows a model based on the com-
bined data from Papers II, III and V. MAOA and MAOB catalyse the oxida-
tive deamination of several neurotransmitters. We detected increased mRNA 
levels of MAOA and possibly MAOB in AD. In our previous work, we have 
also investigated a possible genetic control mechanism for MAO expression 
in control samples (Balciuniene et al. 2002). Information about functional 
DNA variants can in a future perspective be of importance in deciding 
treatments and drug doses for each individual. If the MAO activity in the 
human brain is genetically regulated, information about DNA variant control 
versus protein activity can be used to administer MAO-inhibitors. Figure 5 
also shows one gene (RAB3A) in the presynapse related to vesicle-mediated 
transport (VMT). However, three genes involved in VMT (RAB3A, synap-
togyrin 3 (SYNGR3) and syntaxin 1A (STX1A), are altered in AD according 
to Paper III. RAB3A is involved in vesicle transport (Leenders et al.2001), 
while both SYNGR3 and STX1A are active in the process of exocytose 
(Sugita et al. 1999) (Wu et al. 1999). The lower part of Figure 5 represents 
the postsynapse of a neuron, and includes altered genes and proteins in-
volved in intracellular signal cascades (ISC). As discussed earlier in this 
thesis, RGS4 and ITPKB affect PLC signalling by regulating IP3 and DAG 
cascades (Saugstad et al. 1998), with functional implications for intra-
cellular calcium levels and PRKC phosphorylation. One haplotype was asso-
ciated with functional differences in RGS4 mRNA expression, unrelated to 
disease. These data are based on very limited numbers of individuals, and 
validation studies will be needed before a general association can be dis-
cussed. Three additional genes presented in Paper III, with altered mRNA 
expression levels in AD are gamma-aminobutyric acid (GABA) A receptor, 
delta (GABRD), stathmin 1/oncoprotein 18 (STMN1) and protein kinase C, 
zeta (PRKCZ) (not included in Figure 5). GABRD and STMN1 have previ-
ously been described in connection with AD (Mizukami et al. 1998) (Cheon 
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et al. 2001). The results on altered AD expression of PRKCZ can be related 
to the findings described in Paper V showing altered protein levels of three 
additional family members of PRKC in human neuroblastoma cells overex-
pressing RGS4. These experiments related RGS4 activity to PRKC , PRKC
and PRKC . Expression of PRKC  and PRKC  is furthermore linked to the 
non-amylogenic pathway of APP processing (Lanni et al. 2004). In sum-
mary, data presented in this thesis indicate disturbed vesicle-mediated sig-
nalling and intracellular signalling cascades in AD, with implications on 
APP processing. The most novel findings are the combined alterations of 
ITPKB and RGS4 in AD brains, and the functional connection between 
RGS4 expression and APP processing in neuroblastoma cells.  

ISC

VMT
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IP3

IP4
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Ca2+
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Figure 5. llustration of the combined data of Papers II, III and V. Genes with up-
regulated mRNA expression levels in AD are surrounded by a white rectangle, while 
genes that are down-regulated are inside black rectangles. Stars represent proteins 
whose expression has been investigated with Western blotting in RGS4-
overexpressing SH-SY5Y cells. White stars indicate up-regulated protein levels, 
while black stars specify down-regulated protein levels. The top section of the figure 
represents a presynaptic end of a neuron, and include one gene related to vesicle 
mediated transport (VMT). The lower part of the figure represents a post-synaptic 
terminal and includes genes involved in intracellular signal transduction (ISC.) 
However, the location of the response in gene product may be both pre- and postsy-
naptic. For simplicity, all genes are represented in the same terminal. 
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Future perspectives 
The continuation of the present study should include functional investiga-
tions of ITPKB, since this protein is novel for the field of AD, but also since 
it can affect both intracellular and extra-cellular signalling cascades (Xia et 
al. 2005). Furthermore, efforts should be made to determine whether low 
(instead of high) RGS4 levels can affect APP processing, in a manner pre-
dicted to promote production of A . The function of RGS4 in cellular signal-
ling should also be addressed and the possibility of this protein as a potential 
drug target should be investigated. Existing possible experiments include 
down-regulation of RGS4 in cell lines, applying the technology of siRNA 
silencing. Furthermore, in vivo studies in Drosophila melanogaster can be 
used to investigate APP processing, neuron degeneration, vesicle transport, 
production of senile plaques, etc. (Bier 2005; Mudher et al. 2004; Greeve et 
al. 2004). In a long-term perspective, the information obtained by investiga-
tions in drosophila can direct research in more expensive and complex model 
systems such as the laboratory rat. 

Even if RGS4 is relatively abundant in the brain, the endogenous levels of 
RGS4 are low in the cell (Davydov et al. 2000). Sensitive and specific pro-
tein analyses are needed for further functional analysis of RGS4 in AD. Cur-
rently there is a limited number of high quality RGS-antibodies. An alterna-
tive approach would be to optimise the technology of proximity ligation 
(Gustafsdottir et al. 2005), where the features of PCR are used to investigate 
proteins.

In Paper II we showed that increased protein expression of MAOA and 
MAOB is due to increased mRNA levels. Preliminary results from our labo-
ratory show drastic changes in MAO expression in SH-SY5Y cells over-
expressing RGS4 (data not shown). MAO might be related to APP process-
ing, through PRKC (Bar-Am et al. 2004). Intriguingly, this is the same path-
way relating RGS4 and APP processing in Paper V. My speculation is that 
RGS4 and MAO are related in a way that affects APP processing. However, 
MAO measurements in RGS4-overexpressing cells are preliminary and need 
to be verified by repeated measurements in RGS4-overexpressing cells, as 
well as in RGS4-silenced cells, before any robust conclusions can be drawn 
and further investigations planned. 
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Closing remarks 
The work presented in this thesis suggests that alterations in RGS4 expres-
sion may lead to increased formation of SP. If this hypothesis is confirmed, 
RGS4 will become an interesting candidate for drug development, since 
RGS4 can regulate agents that modulate neuron signalling in a manner ana-
logous to GPCR agonists or antagonists. Furthermore, RGS4 belongs to a 
family of proteins with tissue-specific distribution and high structural diver-
sity (Sterne-Marr et al. 2003; Zhong et al. 2001). Based on this evidence, it 
is likely that RGS4 will provide new opportunities for the development of 
drugs with beneficial effects for AD patients.
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Summary in Swedish 

Alzheimers sjukdom: en sjukdom som drabbar 
kommunikationen inom och mellan nervceller 
Alzheimers sjukdom 
Alzheimers sjukdom (AD) är en neurodegenerativ sjukdom som karakterise-
ras av sviktande minnesfunktioner, personlighetsförändringar och ofta för-
vrängd verklighetsuppfattning. I slutstadiet av sjukdomen får den demente 
allt svårare att röra sig, blir allt mer passiv och svår att få kontakt med, tills 
patienten varken kan kommunicera med omvärlden eller förflytta sig själv. 
Patienter lever mellan 5-20 år från det att diagnosen har fastställts. Idag ba-
seras diagnostiseringen framför allt på patientens sjukdomshistoria och 
symptom, och kan endast verifieras genom obduktion via identifiering av 
specifika patologiska förändringar i hjärnan, s.k. senila plack (SP) och nerv-
trådsnystan (NFT).  

Det finns två varianter av AD, den familjära formen och den betydligt 
mer vanliga sporadiska formen. Familjär AD är en ärftlig form av sjukdo-
men med mutation i någon av tre möjliga proteiner: APP (amyloidprekur-
sorprotein), presenilin 1 eller presenilin 2, vilket resulterar i ökad bildning av 
SP. I den sporadiska formen är den genetiska bakgrunden mer komplex med 
flera föreslagna kandidatgener, framförallt ApoE (apolipoprotein E). Den 
största riskfaktorn för att utveckla AD är dock stigande ålder där risken för-
dubblas var femte år, från 1-2 % vid 65 års ålder till mer än 35 % vid en 
ålder över 85. Andra föreslagna faktorer är kön, skallskada och bristande 
intellektuell stimulering. Det är dock möjligt att dessa faktorer är indikatorer 
på andra orsaker. 

De sjukliga förändringarna i hjärnvävnaden vid AD består sammanfatt-
ningsvis av proteinaggregat (SP), störning av nervcellens inre organisation 
(NFT) och förlust av kontaktapparaten mellan nervceller (degeneration av 
synapser). Det är möjligt att dessa förändringar sedan leder till förlust av 
nervceller, minne och kognitiva funktioner. Nervcellernas degeneration kan 
ha flera förklaringar och den fullständiga bilden av hur nervcellerna försvin-
ner är inte känd. 
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Förändrad metabolism av APP leder till bildning av senila plack 
SP bildas via förändrad klyvning av det membranbundna proteinet APP. 
Nedbrytning av APP sker normalt via två vägar (Figure A.). Den vanligaste 
vägen för metabolism av APP sker med hjälp av två enzymer, -sekretas och 
-sekretas (Figure A. I). Dessa två enzymer klyver APP så att peptiderna P3, 

och sAPP  bildas. Vid den mindre förekommande nedbrytningsvägen sker 
klyvningen via -sekretas och -sekretas, och då bildas peptiderna Abeta och 
sAPPbeta (Figure A. II). Vid AD är det obalans i sekretasaktiviteten som 
klyver APP. Detta leder till minskade mängder av P3 och sAPPalfa, men 
ökade mängder av sAPP . Framförallt ökar mängden A , vilket är det prote-
in som fälls ut i SP. 

N’ C’
APP

sAPP
p3

Cellmembran

A

sAPP

Figur A. Två möjliga vägar för nedbrytning av APP 

Förändrad signalering inom och mellan nervceller vid 
Alzheimers sjukdom 
Effektiv kommunikation i det centrala nervsystemet är beroende av funktio-
nell syntes, lagring och utsöndring av signalsubstanser, men även av elimi-
nering av dessa ämnen från den synapsiska klyftan. I en frisk nervcell sam-
verkar dessa processer så att signaler/information kan skickas från en cell till 
en annan. Reaktionen hos den mottagande cellen beror på vilka receptorer i 
den postsynaptiska terminalen som aktiveras.  
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AD involverar bland annat förändringar i vesikeltransport och i intracellu-
lär signalering. Förlust av synapser leder med största sannolikhet till försäm-
rad minnesfunktion och förändrat kognitivt beteende. AD-patienter har färre 
synapser än jämnåriga kontrollindivider, men förändringar i synapserna star-
tar långt innan synapsförlusten är mätbar. Expressionsstudier har till exem-
pel visat på förändrade nivåer av flera olika synapsspecifika gener, involve-
rade i bland annat endocytos och exocytos.  

Patologiska förändringar i olika neurotransmittorsystem har rapporterats 
vid AD. Många av dessa är så kallade G-proteinkopplade receptorsystem. 
Det är framförallt förändringar i de G-proteiner som reglerar PLC-aktiviteten 
(fosfolipas C) som är påverkade. I cellen omvandlar PLC PIP2 (fosfatidyli-
nositol 4,5-bisfosfat) till de sekundära signalämnena IP3 (inositol 1,4,5-
trisfosfat) och DAG (diacylglycerol). IP3 i sin tur påverkar nivåerna av in-
tracellulärt kalcium medan DAG reglerar PRKC-aktiviteten (proteinkinas 
C). PRKC fosforylerar proteiner som är involverade i andra signalvägar, 
bland annat har PRKC dragit till sig stort intresse då det visat sig att detta 
protein sannolikt påverkar metabolismen av APP så att SP kan bildas. 

Avhandlingens mål och resultat
I denna avhandling har målet varit att undersöka mRNA-skillnader mellan 
patient och kontrollindivider för att detektera gener med differentierat ut-
tryck i AD. Målet har även varit att undersöka den normala funktionen hos 
de protein vars mRNA-nivåer varierar, samt hur förändringar i proteinhalter 
påverkar utvecklingen av sjukdomen.  

I en människa kan små skillnader i genaktivitet för specifika genprodukter 
ha stor betydelse för hjärnans funktion. För att studera molekylärbiologiska 
förändringar i neurologiska sjukdomar som t.ex. AD är det därför viktigt att 
kunna mäta små rubbningar i cellen. En real-tids PCR-baserad strategi har 
utvecklats som möjliggör analyser av små mängder mRNA i hjärnprover 
från avlidna patienter. Vi visar att post mortem-prover kan användas för att 
ge en bild av cellulära förlopp i en levande hjärna och vi tillämpar en statis-
tisk analys för att justera de slutgiltiga resultaten för icke-patologiska varia-
tion som orsakas av ålder vid dödstillfället, pH och post mortem-tider. Vi 
visar även att relativt stora provmaterial ( 50 individer i varje analysgrupp) 
är nödvändiga för att kunna upptäcka patologiska förändringar i mRNA-
nivåer mot bakgrund av normal mRNA-variation. 

Detta är den strategi som har använts för att visa att tidigare kända skill-
nader i nivåerna av proteinerna MAOA (monoaminoxidas A) och MAOB 
(monoaminoxidas B) vid AD regleras via transkription. Framförallt har den-
na strategi använts för att verifiera resultat från cDNA mikroarrayer där tre 
gener: RGS4 (regulator of G-protein signaling 4), ITPKB (inositol 1,4,5-
trifosfat 3-kinas B) och RAB3A (RAB3A, member RAS oncogene family), 
detekterades med hög signifikans och uppvisade stora skillnader i patient-
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proverna. Ytterligare sju gener verifierades från microarraystudien för att 
visa att identifierade skillnader inte berodde på systematiska förändringar i 
provmaterial eller analys. Det nedreglerade mRNA-nivåerna för RGS4 var 
enhetliga då flera splitsningvarianter av denna gens mRNA undersöktes. En 
ovanlig haplotyp visade sig även påverka genuttrycket för detta protein.  

För att undersöka funktionen hos RGS4 och proteinets möjliga koppling 
till AD, så skapades en human neuroblastoma-cellinje med överuttryck av 
RGS4. Dessa experiment visade att förändringar av RGS4 verkligen påver-
kar metabolismen av APP, sannolikt via reglering av PRKC-proteinnivåer. 

Sammanfattning
I dagsläget finns det inga läkemedel som kan bota eller definitivt bromsa 
utvecklingen av AD. Därför bedrivs en intensiv forskning för att kartlägga 
sjukdomens orsaker och identifiera faktorer som kan hindra utvecklingen av 
AD. I figur B har resultaten från artikel II, III och V sammanfattats. Hos 
patienter med AD har förändringar rapporterats i både vesikulär transport 
(VMT) och intracellulära kaskadsystem (ISC). I denna studie har ett stort 
provmaterial analyserats, vilket gett oss möjligheten att identifiera föränd-
ringar relaterade till AD som inte beror på normala interindividuella varia-
tioner. Våra resultat indikerar att AD omfattar en förändring i vesikeltrans-
port i cellen, som i samband med andra faktorer påverkar transporten av 
neurotransmittorer i synapsen och metabolismen av membranproteiner (Fi-
gure B.). De viktigaste resultaten omfattar det förändrade genuttrycket av 
ITPKB och RGS4, samt den påverkan på APP-processningen, via förändrade 
PRKC-nivåer, som RGS4 sannolikt har.  

För närvarande känner vi inte till om låga nivåer av RGS4 i AD (artikel 
III och IV) verkligen leder till förändrad APP-processning och en ökad pro-
duktion av SP (artikel V). För att undersöka detta måste ytterliggare studier 
genomföras för att klarlägga den cellulära processen bakom RGS4s påverkan 
på APP-processning via PRKC-nivåer. 

Avhandlingen lyfter fram vikten av ett väl fungerande signalsystem inom 
och mellan neuroner för att undvika utvecklingen av AD. Resultaten antyder 
att störningar i de kaskadsystem som involverar PRKC-fosforylering kan ha 
en nyckelroll för utvecklingen av AD. Framförallt presenterar avhandlingen 
två nya kandidatgener för AD, RGS4 och ITPKB. Av betydelse är också de 
goda möjligheterna att basera nya läkemedel på RGS4, då ämnen som på-
verkar detta protein har möjlighet att modulera nervcellsignalering på ett 
komplementärt sätt och möjligen mer specifikt sätt än de läkemedel som 
verkar genom att hämma eller stimulera signaleringen från G-
proteinkopplade receptorer. 
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Figur B. Den övre delen av denna bild representerar en presynaptisk terminal och 
inkluderar en gen relaterad till vesikulär transport. Den nedre delen visar en postsy-
naptisk terminal och omfattar gener och proteiner involverade i intracellulär signale-
ring. Gener med uppreglerade mRNA-nivåer omges av en vit fyrkant medan nedreg-
lerade gener omges av en svart fyrkant. Hos gener som är markerade med en stjärna 
har protein nivåer undersökts i en cell-linje som överuttrycker RGS4. Vit stjärna 
indikerar uppreglerade proteinnivåer medan en svart indikerar nedreglerade nivåer. 
Det är viktigt att understryka att en del av dessa proteiner kan vara lokaliserade i 
båda de synaptiska terminalerna.  
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