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Abstract  

Prion diseases are rare neurodegenerative disorders that can affect both humans and 
animals. The underlying event in prion diseases is a conformational change of the 
normal cellular prion protein (PrPC) into an aberrant isoform termed PrP-scrapie 
(PrPSc). PrPSc is thought to accumulate within the brain and is thought to lead to 
neurodegeneration and activation of glial cells.  

One aim of this thesis was to characterize putative cytopathological changes in-
duced by prion infection using in vitro cell culture models of chronically prion-
infected neuronal cells. Scrapie infection was shown to increase the expression of 
insulin receptor (IR). Additionally, a marked reduction of 125I-insulin binding sites in 
in prion infected cells was observed, although the binding affinity was unchanged. 
Insulin stimulation showed alteration in both IRβ-subunit tyrosine phosphorylation 
and basal extracellular signal regulated kinase-2 (ERK2) activity.  Furthermore, 
scrapie infection of neuroblastoma cells was shown to increase insulin-like growth 
factor-1(IGF-1) receptor (IGF-1R) expression, and receptor binding studies revealed 
a marked reduction of 125I-IGF-1-binding sites. Scrapie infection also reduced the 
binding affinity of 125I-IGF-1 to its receptor, and IGF-1 stimulation showed altered 
tyrosine phosphorylation of IGF-1R-β-subunit. The increased levels of neurotrophic 
receptors might represent a neuroprotective response to prion infection. However, 
scrapie infection instead leads to decreased function, decreased levels of functional 
receptors, or both, which could promote neurodegeneration in prion diseases, 
through attenuated neurotrophic support. 

Another aim of this thesis was to characterize the intrinsic signaling pathways 
involved in the survival of microglial cells and in the lipopolysaccharide (LPS)-
induced inflammatory response. In BV-2 microglial cells, LPS induced inducible 
nitric oxide synthase (iNOS) expression. The LPS-induced iNOS expression and 
subsequent NO production were mainly mediated through c-Jun N-terminal kinase 
(JNK) mitogen-activated protein kinase (MAPK) pathway. Antioxidant treatment 
during LPS-induced inflammation indicates that oxidative suppressing mecha-
nism(s) acts on JNK pathway possibly as a regulatory mechanism controlling the 
NO levels. The JNK pathway was also shown to play an important role in the sur-
vival of BV-2 cells. We demonstrated that BV-2 cells are protected from ongoing 
apoptosis by pro-survival activity mediated both by the JNK and p38 MAPK path-
way during LPS-induced inflammation. This is very interesting findings since it is 
very important for microglia to respond properly to a pathogen, without themselves 
being affected and undergo apoptosis.   
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Introduction 

A wide variety of neurodegenerative diseases such as Alzheimer’s disease (AD), 
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and prion disease are 
characterised by the progressive loss of neurons which underlies the clinical presen-
tations. In these diseases, the genetic and environmental factors that can initiate 
neuronal cell death may vary. However, some common features exist such as the 
accumulation of proteins/peptides within and/or around cells, oxidative stress and 
neuroinflammation. One hallmark of neuroinflammation is the presence of reactive 
glial cells. The focus in this thesis will be on alterations in signaling molecules 
and/or pathways in prion diseases and in one type of glial cells i.e. microglia.   

1 Prion diseases 

Prion diseases are fatal neurodegenerative diseases also referred to as transmissible 
spongiform encephalopathy (TSE). The underlying event in prion diseases is a con-
formational change of the normal cellular prion protein (PrPC) from mainly α-helical 
conformation to a β-sheet enriched isoform termed PrP-scrapie (PrPSc) or prion. 
When PrPSc is transmitted to another host this pathogen can induce a prion disease 
hence the term infectious PrPSc agent. Prion diseases affect both humans and ani-
mals. Scrapie is a prion disease affecting sheep, bovine spongiform encephalopathy 
commonly known as “mad cow disease” affects cattle, and chronic wasting disease 
affects deer and elk (Prusiner, 1998). 

Based on the etiology human prion diseases can be divided into three different 
categories; inherited, acquired by infection and sporadic (Prusiner, 1998). Familial 
Creutzfeldt-Jakob disease (fCJD), fatal familial insomnia (FFI) and Gerstmann-
Sträussler-Scheinker syndrome (GSS) are inherited as an autosomal dominant trait 
and comprise of about 15% of all prion cases (Gu et al., 2007). However, more then 
30 different point mutations in the PRNP gene segregate with these disorders (Gu et 
al., 2007). In addition, polymorphism at codon 129, encoding either methionine or 
valine, can profoundly influence the phenotype and susceptibility in different prion 
disease forms (Goldfarb et al., 1992). Iatrogenic CJD (iCJD), variant CJD (vCJD) 
and Kuru are caused by the transmission of infectious agent and account for about 1 
% of all cases. iCJD patients may have acquired infection from e.g. neurosurgery, 
corneal transplant, human pituitary hormones or human dura mater grafts (Will, 
2003). In 1996 Will et al. reported of a new variant of vCJD, which had a low age of 
onset and was suggested to be causally linked to BSE (Will et al., 1996). The sug-
gestion that the transmission of the infectious agent occurred from cattle to human 
was and still is under debate. However, there is one study supporting the hypothesis 
of transmission between species. In this study, transmission experiments to ma-
caques and mice indicating that the infectious agent is in fact the same in BSE and 
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vCJD (Hill et al., 1997). Taken into account that Kuru, affected the Fore people of 
Papua New Guinea, and that this disease was transmitted through ritualistic canni-
balism (Prusiner, 1998). This clearly indicates that the infectious agent can spread 
from the gut to the nervous system, and that this might indeed be the same route for 
BSE transmission to humans.  

Sporadic prion diseases are the fatal sporadic insomnia (FSI) and sporadic CJD 
(sCJD). sCJD is the most common human prion disease and the incidence is 1-1,5/1 
million per year which accounts for approximately 85% of the cases (Tschampa et 
al., 2007). Nevertheless, it is still a rare neurodegenerative disease. Sporadic occur-
rence of CJD could arise from somatic mutations making the normal protein prefer 
the abnormal conformation, or PrPC could spontaneously cross the energetic barrier 
that separates the normal from the abnormal conformation and since the latter is 
more thermodynamically stable it will not cross back (Cohen and Prusiner, 1998a; 
Baskakov et al., 2001). Another possibility for sporadic prion diseases is increased 
RNA mutagenesis that will promote the formation of the abnormal conformation 
(Garcion et al., 2004). All of the proposed mechansisms for sCJD can result in the 
formation of a small amount of PrPSc acting as a template for the conversion of PrPC 
to PrPSc.  

1.1 Pathway of prion transport 

The species barrier describes the difficulty for prions from one species to propagate 
in a different species, and this is thought to be attributed to the primary structure of 
the prion protein (Prusiner et al., 1990). In addition, other factors influencing the 
spread of PrPSc are the site of entry, the prion strain which is defined by differences 
in incubation time and the pathological lesions produced in the CNS (Telling, 2004), 
as well as the genotype of the host (Beekes and McBride, 2007). 

TSE infectivity naturally spreads from site of entry in the periphery to lymphoid 
tissues where it replicates (Beekes and McBride, 2007).  After replication, the infec-
tivity spreads to the central nervous system (CNS) (neuroinvasion) (Aguzzi, 2006), 
via the peripheral nervous system (PNS). There are however some requirements for 
rapid neural spread and for the neuroinvasion to occur. PrPC needs to be expressed in 
the peripheral tissue (Blattler et al., 1997), and it has been suggested that PrPC needs 
to be anchored to the cell membrane (Klingeborn et al., 2011). After neuroinvation, 
PrPSc has been shown to be localized in neurons, more specifically in synapses, in 
neuronal cell body, dendrites, and axons but also in astrocytes as well as microglia 
(Kovacs et al., 2005; Fournier et al., 2000). Additionally, PrPSc has been shown in 
association with endosomal and lysosomal compartments (Fournier et al., 2000).  

1.2 Mechanisms for prion-induced neurodegeneration 

In prion diseases some of the characteristic pathological features in the brain paren-
chyma is accumulation of PrPSc both intra- and extra-cellular, neuronal loss, reactive 
astrocytes, active microglia and spongiform degeneration. The spongiform changes 
are characterized by cluster of vacuoles either diffuse or focal distributed in neuro-
pils. However, the mechanism that actually causes the neurodegeneration in prion 
diseases is obscure, although it appears to be mediated through programmed cell 
death (PCD), such as apoptosis and/or autophagy (Liberski et al., 2004; Liberski et 
al., 2011).  Synaptic degeneration and loss are suggested to precede neuronal degen-
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eration and this might isolate neurons from e.g. trophic factors and electrical stimu-
lus (Fraser, 2002; Unterberger et al., 2005). Other plausible mechanisms involved in 
the pathogenesis might be dysfunctional proteolytic processing mediated by the 
ubiquitin-proteosome, chaperon and endosomal-lysosomal systems. Neurodegenera-
tion might also arise from a loss of function (e.g. antioxidant and anti-apoptotic 
functions) or gain of function (direct toxicity of PrPSc). Recent work suggests yet 
another model with a complex interaction between the toxic activity or PrPSc and the 
protective activity of PrPC. This interaction would switch the function of PrPC to 
pro-apoptotic instead of being anti-apoptotic (Rambold et al., 2008). The activation 
of astrocytes and microglia cell could also be a contributing factor in neurodegenera-
tion due to production of neurotoxic factors such as proinflammatory cytokines, 
reactive oxygen species (ROS) and reactive nitrogen species (RNS). Thus, neuronal 
degeneration in prion diseases may result from several parallel or interacting path-
ways. 

1.3 Structures and biochemical properties of PrPC and PrPSc 

NMR structure of the PrPC showed that the normal protein contains a flexible N-
terminal tail of residues 23-124 and a globular domain that extends from residue 
125-228 followed by a short flexible chain of residues 229-230 (Zahn et al., 2000). 

Within the globular domain there are three α-helices (α1, α2 and α3) and a short anti-
parallel β-sheet (β1 and β2) (Zahn et al., 2000), and overall the α-helices content is 
42% whereas the β-sheet is 3% (Pan et al., 1993) (see fig. 1). Despite the successful 
determination of the tertiary structure of PrPC the structural details of PrPSc remains 
unknown. PrPC and PrPSc share the same primary structure and posttranslational 
modifications (Cohen and Prusiner, 1998b). However, Pan et al. showed that in 
PrPSc α- and β-content differs being 30% and 43%, respectively (Pan et al., 1993). 
Thus, the conversion PrPC → PrPSc involves a major conformational transition. It has 
been debated which one of the three α-helices that participates in the β-sheet for-
mation of PrPSc, and it has been suggested to be the α2-helix (Ji and Zhang, 2010; 
Hosszu et al., 2009). In addition, PrPC and PrPSc differ remarkably in their biochemi-
cal properties. In contrast to PrPC, PrPSc is detergent insoluble and partially protease 
resistant. Digestion of PrPSc with proteinase K (PK) renders an N-terminal truncated 
protease-resistant core comprised of amino acid 90 to 231 designated PrP 27-30, and 
the GPI anchor (Prusiner, 1991). The N-truncated PrPSc is sufficient to transmit 
prion infection, and induce neurotoxicity. Furthermore, both the N-truncated and full 
length PrPSc aggregate easily (Abid and Soto, 2006) and are consider to be neurotox-
ic (Novitskaya et al., 2006). 
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Figure 1. The prion protein (a) Schematic structure of PrPC and its posttranslational modifica-
tions. The unstructured N-terminal domain contains a signal peptide (SP) and an octarepeat 
domain composed of four to five contiguous repeats of eight residue sequence; PHGGG-
WGQ. The globular domain consists of three α-helices and two β-sheets. A disulfide bond (S-
S) is formed between two cysteine residues 179 and 214, and asparagine-linked glycosylation 
(CHO) can occur at residue 181 and 197. The GPI-anchor is attached at serine 231 after the 
cleavage of the hydrophobic segment (HS). (b) Schematic model of the plausible tertiary 
structures for PrPC and PrPSc. The figure represents PrPC that lacks the unstructured N-
termini. This figure is adopted from The Cohen groups homepage; 
http:/www.cmpharm.ucsf.edu/cohen. 

1.4 Cellular biology of the prion protein  

The gene coding for PrP is highly conserved across mammalian species and the 
human gene (PRNP) is found on chromosome 20 whereas the mouse gene (Prn-p) is 
localized on chromosome 2 (Sparkes et al., 1986). In human Prp cDNA there is a 
single open reading frame encoding a 253 amino acids long protein (Wisniewski et 
al., 1998). PrPC expression begins early during embryogenesis (Manson et al., 1992), 
and in the adult brain it is present throughout the brain and spinal cord, where it is 
found in both cholinergic and noncholinergic neurons (Harris et al., 1993). In neu-
rons PrPC is highly concentrated at synapses and expressed both pre- and post-
synaptically (Fournier et al., 2000). Nevertheless, PrPC is quite ubiquitous expressed 
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and is found in glial cells in the CNS as well as in several peripheral tissue e.g. 
heart, kidney, spleen and muscle (Linden et al., 2008).  

The biosynthetic pathway of PrPC involves synthesis in the endoplasmic reticu-
lum (ER)-attached ribosomes, transit to the Golgi followed by delivery to the cell 
surface. PrPC is located at the exoplasmic leaflet of plasma membrane via a glycosyl-
phosphatidylinositol (GPI) anchor. In the ER cleavage of the N-teminal signal pep-
tide (aa 1-22) and the 22 amino acid COOH-terminal peptide yields PrPC that con-
sists of 209 residues (aa 23-231) (Prusiner, 1998) (Figure 1). The GPI anchor is 
attached at Ser231, and occurs after the cleavage of the C-terminal hydrophobic seg-
ment (Stahl et al., 1990). This facilitates its association with specific lipid membrane 
domains called rafts (see 1.5). Additional posttranslational modifications occur dur-
ing the biosynthesis in the ER such as the formation of a single disulfide bond be-
tween cysteine residues 179 and 214 (Zahn et al., 2000), which is thought to stabi-
lize the C-terminal of the protein. Additionally, within the ER N-linked oligosaccha-
ride chains are added either at asparagine residue 181 or 197, or both, and are subse-
quently further modified in the Golgi apparatus (Caughey et al., 1989). Thus, PrPC is 
a glycoprotein and is found as a mixture of un-, mono- or diglycosylated forms, that 
shows differences in the distribution depending on neuronal compartments 
(Russelakis-Carneiro et al., 2002). 

In the ER, PrPC can be synthesized with at least three alternative topologies: a 
secreted form, SecPrP, and two that are integrated in the lipid layer facing the lumen 
of the ER with their N-terminus or C-terminus, NtmPrP, and CtmPrP, respectively (Ott 
et al., 2007). SecPrP is fully translocated into the ER lumen and represents the major 
GPI-anchored form of the cellular prion protien (Hegde et al., 1998).The physiologi-
cal role of transmembrane forms of PrP is not clear, however, there are some studies 
indicating that CtmPrP is neurotoxic. Hegde et al. showed that CtmPrP is indeed toxic, 
and is involved in neurodegeneration. Furthermore, this study demonstrated that 
certain mutations appear to favor the formation of CtmPrP (Hegde et al., 1998). In 
addition, a transgenic mice model, constructed by Stewart et al. that exclusively 
synthesized the CtmPrP showed development of a fatal neurological illness character-
ized by ataxia and marked neuronal loss in the cerebellum and hippocampus (Stew-
art et al., 2005). Thus, these studies support the suggested neurotoxicity of CtmPrP. 

The immature PrPC associates with cholesterol-rich rafts already in the ER and 
this facilitate correct folding of the protein (Sarnataro et al., 2004). After the post-
translational modification in the ER, PrPC is transported though the Golgi apparatus, 
from which PrPC containing vesicles bud of and fuse with the cell surface mem-
brane. Once the PrPC is located in the membrane it has a half-life of 3-6 hours 
(Caughey et al., 1989). Not all PrPC molecules remain at the cell surface some are 
constitutively cycled between the cell surface and endocytic compartments (Harris, 
2003a). In neuronal cells, a major pathway for internalization of PrPC appears to be 
through clathrin-mediated endocytosis (Sunyach et al., 2003). The final degradation 
of PrPC is thought to occur intracellularly in endolysosome and lysosomes (Caughey 
et al., 1989). 

1.5 Lipid raft localization of PrPC 

Lipid rafts are microdomains rich in sphingolipids and cholesterols (Simons and 
Toomre, 2000). Their unique lipid composition makes them insoluble in detergent 
such as Triton-X (Simons and Ikonen, 1997). These microdomains are thought to 
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form specilazed platforms within the plasma membrane that are important for cellu-
lar signaling (Simons and Toomre, 2000; Simons and Ikonen, 1997).  Furthermore, 
one important feature of lipid rafts is that they can either exclude or include protein 
to a variable extent, and GPI-anchored proteins like PrPC have a high affinity for 
these domains (Brown and London, 1998).  Several receptor tyrosine kinases (RTKs) 
have been shown to be located within lipid rafts, such as the epidermal growth factor 
receptor (EGFR) (Waugh et al., 1999), the platelet-derived growth factor (PDGFR) 
(Liu et al., 1996) and the insulin receptor (IR) (Mastick et al., 1995). The IR is con-
sidered to be a neurotrophic receptor, suggesting that lipid rafts can function as a 
concentration platform for neurotrophic signaling (Tsui-Pierchala et al., 2002). In 
addition to receptors, these domains contains several intracellular signaling mole-
cules such as trimeric and small GTPases (Anderson, 1998), Src family kinases 
(Resh, 1999), lipid second messengers and a variety of cytosolic signal transducers 
(Anderson, 1998).  

Thus, PrPC is considered to be a GPI-anchored protein that resides in lipid rafts 
and is involved in cellular signaling. The conversion of PrPC into PrPSc is also be-
lieved to occur within lipid rafts (see 1.9). Once PrPSc is formed it could by itself or 
in combination with PrPC interfere with /modulate the signaling events taking place 
within lipid rafts. However, to imagine the consequences one needs to understand 
the physiological function of PrPC.  

 

1.6 Neuroprotective and antioxidant properties of PrPC 

Since altered function of PrPC could play a role in the prion disease progression, it is 
important to elucidate and determine putative biological functions of the cellular 
prion protein in order to understanding the pathogenesis of prion diseases.  

PrPC has been shown to possess neuroprotective effects in different studies. In 
primary neuronal cultures, microinjection of a plasmid encoding Bax induced a 
rapid cell death. However, this was counteracted when co-injected with a PrP encod-
ing plasmid (Bounhar et al., 2001; Roucou et al., 2003). To further assess if the 
octarepeat region in PrPC was involved in neuroprotection they delited this part. 
They found that the neuroprotective effect was abolished after deletion of the oc-
tapeptide region of PrPC (Bounhar et al., 2001). Further evidence of neuroprotective 
effects of PrPC, was shown in a neuronal cell line derived from Prn-p0/0 mice, where 
PrPC expression rescued these cells from apoptosis induced by serum deprivation. In 
addition, an untranslocated cytosolic form of PrP has shown to protect primary hip-
pocampal and cortical neurons from undergoing apoptosis in response to apoptotic 
insult (Restelli et al., 2010). 

The expression of PrPC has also been suggested to play a role in protecting cells 
from oxidative stress. Levels of various markers of cellular oxidative damage such 
as lipid peroxidation and protein oxidation (Wong et al., 2001a), were elevated in 
brain lysate from Prn-p0/0 mice, compared to age match wild type counterparts. 
Also, Prn-p0/0 mice have been shown to possess increased susceptibility to oxidative 
stress compared to their wild type counterpart, shown by increased oxidative stress 
when cerebellar cells from transgenic mice were culture and treated with xanthine 
oxidase (Brown et al., 1997; Brown et al., 2002). Furthermore, it was shown that 
Prn-p0/0 mice displayed a reduced activity of copper/zink superoxide dismutase 
(SOD1). SOD1 is an important factor in the antioxidant system in cells. Brown et al. 
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further showed that PrPC, either as a recombinant protein or immunoprecipitated 
from brain tissue, endowed a SOD-like activity (Brown et al., 1999) that was abol-
ished upon deleting the octapeptide-repeat region. In contrast Jons et al. could not 
detect any SOD1 activity for recombinant PrPC (Jones et al., 2005)  arguing that if 
PrPC has any role in oxidative stress it may act indirectly as a regulator of protective 
cellular responses. 

 

1.7 PrPC and Copper interaction 

PrPC binds copper (Cu2+) at its N-terminal region (Brown et al., 1997; Kramer et al., 
2001). PrPC also binds zinc, nickel and magnesium but the binding affinity is lower 
than for Cu2+ (Jackson et al., 2001; Whittal et al., 2000). In the N-terminal part of 
PrPC each of the octapeptide-repeat regions alone binds one Cu2+ with a high affinity 
(Jackson et al., 2001). Furthermore, two additional binding site for Cu2+ where found 
located at histidine 96 and 111 (Jackson et al., 2001). The binding of Cu2+ was 
shown to be most effective at neutral pH (Kramer et al., 2001; Whittal et al., 2000) 
and at lower pH the affinity was reduced (Kramer et al., 2001; Whittal et al., 2000). 

This suggests that PrPC might function as a transporter for Cu2+, binding it during 
physiological conditions at the plasma membrane and then release some or all of the 
Cu2+ at acidic pH during endocytosis. As mentioned earlier, the PrPC has been re-
ported to be located at synapses, and in a Prn-p0/0 mouse model the copper content 
was reduced by 50% in the synaptosomal fraction in comparison to wild type levels 
(Herms et al., 1999). This indicates that an alteration of Cu2+uptake into synapto-
somes is due to PrPC depletion. In line with this Brown et al. showed that mice de-
pleted in PrPC exhibit a reduction in Cu2+content of membrane-enriched brain ex-
tracts, synaptosomal and endosomal-enriched subcellular fraction (Brown et al., 
1997). Furthermore, the SOD1 activity was also shown to be reduced. In addition, 
Cu2+ has been reported to stimulate endocytosis of PrPC from the cell surface (Pauly 
and Harris, 1998). Taken together, these studies indicate that the cellular prion pro-
tein is involved in the transport of Cu2+over the plasma membrane.  

1.8 PrPC Ligands 

A plethora of ligands has been suggested for PrPC, although in many cases the out-
come of the interaction is elusive. PrPC is believed to have a role in signaling pro-
cesses, and the use of yeast two-hybrid screens have resulted in the identification of 
several signaling molecules that bind to PrPC. Some of these signaling moleules are 
the adaptor protein Grb (Spielhaupter and Schatzl, 2001), the synaptic vesicle re-
lease regulator synapsin Ib (Spielhaupter and Schatzl, 2001), the anti-apoptotic pro-
tein Bcl-2 (Kurschner and Morgan, 1995), the laminin receptor precursor (LRP) 

(Rieger et al., 1997) and the laminin receptor (LR) (Hundt et al., 2001). The LRP/LR 
was shown to co-localize with PrPC and to function as a cell-surface receptor for 
PrPC on the plasma membrane of a neuroblastoma cell line (N2a) (Gauczynski et al., 
2001). Further studies reported that LRP/LR is important for PrPSc propagation in 
ScN2a cells (Leucht et al., 2003). A transgenic mice model expressing a mutant LR 
showed prolonged incubation time and lower amount of PrPSc in comparison to 
scrapie-infected wild type mice (Pflanz et al., 2009). 



 8 

In situ cross-linking in N2a cells lead to the discovery of a binding interaction be-
tween PrPC and the neural cell adhesion molecule (N-CAM) (Schmitt-Ulms et al., 
2001). The interaction of PrPC with N-CAM was consisten with a role of PrPC as a 
signal receptor (Schmitt-Ulms et al., 2001). In addition, this interaction was also 
shown in brain tissue from mice, where PrPC was co-immunoprecipitated with N-
CAM (Santuccione et al., 2005). In cultured hippocampal neurons this interaction 
leads to N-CAM recruitment into lipid-rich microdomains, activation of tyrosine 
kinas Fyn and neurite outgrowth (Santuccione et al., 2005). Additionally, the inter-
action of laminin, a exracellular matrix protein, with PrPC has been shown to induce 
neurite outgrowth, in hippocampal neurons and PC12 cells (Graner et al., 2000). 
Protein-protein interactions with PrPC may also result in pro-survivial effects. Stress-
inducible protein 1 (STI1) interacts with PrPC (Zanata et al., 2002), and in hippo-
campal neurons the STI1/PrPC interaction induced neuritogenesis and neuronal sur-
vival (Lopes et al., 2005) through ERK1/2 and PKA signaling pathways, respective-
ly. Furthermore, PrPC is suggested to play a role in synaptic structure, function 
or/and maintenance, and in cultured hippocampal neurons treatment with recombi-
nant PrPC increased the number of synaptic contacts (Kanaani et al., 2005) and en-
hanced differentiation of axons and dendrites. This suggests that the cellular prion 
protein is involved in the formation of synapses. Scrapie-infection in mice resulted 
in altered synaptic protein expression (Siso et al., 2002) compared to wild type mice. 
The alteration of synaptic proteins matched the distribution of spongiform degenera-
tion (Siso et al., 2002). Further evidence for a synaptic function was provided from 
studies on mice devoid of neuronal PrPC, which showed deficits in spatial learning 
and synaptic plasticity (Criado et al., 2005). 

PrPC has been suggested to function as a receptor for oligomeric amyloid-β (Aβ) 
with nanomolar affinity (Lauren et al., 2009; Balducci et al., 2010). Furthermore, 
PrPC is thought to function as a mediator in oligomeric Aβ-induced impairment of 
synaptic plasticity in hippocampal slices (Lauren et al., 2009), and in memory defi-
cits in a Tg AD mouse model (Gimbel et al., 2010). To the contrary, Balducci et al. 
show that Prnp+/+and Prnp0/0 mice are equally susceptible to oligomeric Aβ-induced 
memory impairment (Balducci et al., 2010), indicating that PrPC is not required for 
oligomer-induced memory impairment.  

1.9 Conversion models 

The protein-only hypothesis postulates that PrPSc is the infectious agent responsible 
for prion propagation, and that it can replicate by inducing the conversion of PrPC 
into its scrapie isoform (Prusiner, 1998). Büeler et al. showed that intracerebral 
inoculation with the infectious PrPSc in PrP0/0 mice displayed normal development 
and behaviour. However, these mice were resistant to scrapie infection (Bueler et al., 
1993). Furthermore, PrPC expression levels might be one factor rendering neurons 
more sensitive to PrPSc mediated toxicity. PrP0/+ mice expressing about half the nor-
mal levels of PrPC display a delayed onset of clinical signs (Bueler et al., 1994). Yet 
another study showing the importance of PrPC is grafting of neuronal tissue overex-
pressing PrPC into animals devoid of PrPC. The animals where intracerebrally inocu-
lated with PrPSc, and this showed that the grafts accumulates PrPSc, whereas the 
hosts were not clinically affected (Brandner et al., 1998). Thus, PrPC is absolutely 
necessary for the development of prion disease although it is not clear how the con-
version of PrPC into PrPSc occurs.  
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The conversion could take place at the exoplasmic part of the membrane, where 
the first contact of the endogenous PrPC and exogenous PrPSc occurs (Harris, 2003b).  
Caughey et al. showed that treatment of intact neuroblastoma cells with phosphati-
dylinositol-specific phospholipase C (PI-PLC) (from Bacillus cereus), induced the 
release of PrPC and prevented the formation of PrPSc (Caughey and Raymond, 
1991). Furthermore, it appears that the localization of PrPC to lipid rafts in the cell 
membrane is important since lovastatin depletion of cholesterol showed that the 
PrPC degradation was diminished and that the generation of PrPSc was attenuated 
(Taraboulos et al., 1995). In contrast to the previous model it has been suggested that 
the enodocytic pathway could be involved in the conversion of PrPC into PrPSc. 
Since PrPC is constitutively cycled between the cell surface and the endocytic com-
partment (Harris, 2003b; Prado et al., 2004) this would induce a shift from physio-
logical to acidic pH which might be a driving force for the conversion (Borchelt et 
al., 1992). Moreover, PrPSc can be cleaved at its N-terminus by endogenous proteas-
es in acidic compartments immediately after its generation (Borchelt et al., 1992; 
Caughey et al., 1991). However, PrPSc is not completely degraded in the lysosomes 
(Caughey et al., 1991), and insoluble PrPSc has been shown to accumulate in the 
endosomal lumen of scrapie-infected cells (Borchelt et al., 1992; Arnold et al., 
1995). Furthermore, the formation of PrPSc was inhibited through blockage of the 
endocytosis and internalization PrPC (Borchelt et al., 1992). Taken together, it seems 
that the conversion takes place either at the plasma membrane or along the endocytic 
pathway.    

There are two proposed conversion mechanisms; the seeding/nucleation and the 
template assisted/refolding models. The seeding/nucleation model proposes that 
PrPC and monomeric PrPSc are in dynamic equilibrium (Jarrett and Lansbury, 1993; 
Kocisko et al., 1994). However, monomeric PrPSc represents a minor and unstable 
isoform and becomes stabilized only when forming oligomers. These stabilized 
oligomers function as a seed recruiting monomeric PrPSc into polymers. This process 
is thought of as a nucleated polymerization and this process is much faster than the 
initial formation of the nuclei. The template assisted/refolding model proposes that a 
small number PrPC and PrPSc interact, possible along with an unknown protein (pro-
tein X). The PrPSc component impresses its conformation on the PrPC or on a partial-
ly converted intermediate (PrP*) and this process is catalyzed by protein X (Abid 
and Soto, 2006). A homodimeric PrPSc is thus formed and can later interact with 
other PrPSc homodimers and form large aggregates. It has been shown that PrPC 
indeed can adopt an alternative conformation rich in β-sheet structure at acidic pH, 
which might represent the PrP* intermediated form (Hornemann and Glockshuber, 
1998). In this model the infectious agent is a single PrPSc molecule. However, Sil-
veria et al. has challenged this model showing that oligomers composed of 14-28 
units of PrPSc contained the highest infectious potential whereas oligomers with less 
than 6 units were non-infectious (Silveira et al., 2005). 

There are several factors that have been shown to increase the conversion process 
such as RNA molecules (Deleault et al., 2010), ionic concentration (Nishina et al., 
2004), temperature and sulphated glycans (Wong et al., 2001b). However, the intra-
cellular spreading of PrPSc leading to the propagation of the disease is not complete-
ly clear and neither is the spreading between cells. Veith et al. have observed that the 
release of PrPC/PrPSc occurs via exocytotic pathways i.e. exosomes (Veith et al., 
2009). Exosomes are formed within endosomes by invagination of the membrane, 
resulting in the formation of multi-vesicular bodies (MVB). Exosomes are then 
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released into the extracellular space where the MVB fuse with the cell membrane. 
Moreover it has been shown that exosomes containing PrPSc is infectious (Fevrier et 
al., 2004) which supports the mechanism on how PrPSc spread throughout the organ-
ism. Another proposed mechanism for the transfer of PrPSc infection, is through 
direct cell-cell contact as indicated by studies on cell cultures (Kanu et al., 2002). 

2 Receptor tyrosine kinases (RTKs) 

PrPC are localized to lipid rafts, where the conversion into PrPSc is thought to occur. 
In addition, RTKs such as insulin receptor (IR) are also localized to lipid rafts, to-
gether with their downstream signaling targets. Thus, scrapie infection might affect 
RTKs regulation and function, which may lead to neurodegeneration in prion dis-
eases. In humans there are 58 known RTKs which are divided into 20 subfamilies 
(Blume-Jensen and Hunter, 2001b). Many of the cell-surface receptors from this 
family are involved in proliferation, differentiation, cell survival, metabolism, cell 
migration, or cell cycle control (Blume-Jensen and Hunter, 2001b; Ullrich and 
Schlessinger, 1990). In this thesis, the primarily focus will be on members of the 
insulin receptor family.  

2.1 Insulin and insulin-like growth factor receptors 

The insulin receptor family includes insulin receptor (IR), insulin-like growth factor 
1 receptor (IGF-1R) and an orphan receptor called IR-related receptor (IRR). The IR 
is distributed throughout peripheral tissues and is involved in the regulation of lipid, 
protein and carbohydrate metabolism, and in the maintenance of glucose homeosta-
sis (Kitamura et al., 2003). IGF-1R is involved in normal cell growth and develop-
ment (Adams et al., 2000). However, the function of IRR remains elusive. 

2.2 Insulin and IGF-1 

In the islets of Langerhans within the pancreas insulin is produced and secreted from 
β-cells. Insulin is a 51 amino acid long hormone (mol wt 5.8 kDa), that is produced 
from the 84 amino acid long precursor, proinsulin, after the removal of the C-chain.  
Furthermore, proinsulin is a cleavage product from preproinsulin. Insulin consists of 
two peptide chains connected by two disulfide bonds. Within the brain little or no 
insulin is produced (Banks, 2004; Woods et al., 2003). Hence, insulin needs to enter 
the brain parenchyma in order to exert its action. Plasma insulin enters CNS via a 
saturable IR-mediated active transport system (Schwartz et al., 1990) located direct-
ly on the cells of the blood-brain barrier (BBB), which allows subsequent transcyto-
sis (Baura et al., 1993) into the brain. 

IGF-1 is produced in all peripheral tissues but predominantly within the liver, and 
it is also produced within the CNS. IGF-1 is a single chain hormone consisting of 70 
amino acids (mol wt 7.6 kDa) (Sara and Hall, 1990) with three intrachain disulfide 
bridges. IGF-1 is structurally similar to proinsulin.   

Each ligand binds to their cognate receptor with high affinity (~10-10M) 
(Tollefsen and Thompson, 1988; Werner et al., 2008b). However, both ligands can 
bind to the other´s receptor albeit with a different affinity: Insulin also binds to IGF-
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1R but with a lower affinity (10-8M) and IGF-1 binds to the IR with about 100- to 
500-fold lower affinity (Werner et al., 2008b). 

2.3 Structure and biosynthesis of IR and IGF-1R 

The IR gene is located on chromosome 19 in humans and due to alternative splicing 
of exon 11 IR exists as two isoforms (Seino et al., 1989). Both isoforms of the IR 
protein is synthesized as a proreceptor polypeptide, IR-A consisting of 1343 amino 
acids (lacking the amino acids encoded by exon 11) and IR-B consisting of 1355 
amino acids (containing the 12 aa encoded by exon 11) (Seino et al., 1989; Ebina et 
al., 1985; Ullrich et al., 1985). Within ER the proreceptor is N-glycosylated 
(Hirschberg and Snider, 1987) and subsequently further modified in the Golgi appa-
ratus. Additional posttranslational modifications occur in the ER, two proreceptor 
monomers dimerise, by formation of two interchain disulfide bonds (Tollefsen and 
Thompson, 1988; Lu and Guidotti, 1996). After maturation of the N-linked glyco-
sylation, the receptor undergoes proteolytic cleavage at the basic tetrapeptide se-
quence (Arg-Lys-Arg-Arg) to yield mature α- and β-subunits which are further 
linked together by disulfide bonds (Cheatham and Kahn, 1992). The mature IR ap-
pears at the plasma membrane as a heterotetramer with a of β-α-α-β conformation, 
where the α-subunit resides entirely extracellular (see fig. 2) (Olson et al., 1988) and 
the β-subunit contains an extracellular portion, a transmembrane domain, and an 
intracellular part that includes a tyrosine kinase domain.  

The IR has 18 potential sites for N-linked glycosylation, 14 on the α-chain and 4 
on the β-chain (Adams et al., 2000). The N-linked glycosylation is required for its 
tertiary and quaternary conformation (Olson et al., 1988) as well as for correct pro-
cessing and translocation (Ronnett et al., 1984) to the plasma membrane. 

The IR and the IGF-1R are very similar in biosynthesis, structure and function. 
The highest amino acid sequence homology is found in the β-subunit tyrosine kinase 
domain (84%) (Werner et al., 2008a). The IGF-1R gene is located on chromosome 
15 in humans and is synthesized as a single polypeptide chain that is processed to 
yield a glycoprotein that contains 1337 residues (Ullrich et al., 1986). The IGF-1R 
has 16 potential sites for N-linked glycosylation, 11 on the α-chain and 5 on the β-
chain (Ullrich et al., 1986).  

2.4 Hybrid receptors of IR/IGF-1R 

The IR and the IGF-1R are widely expressed in different tissues and are able to 
heterodimerize. The IR/IGF-IR hybridreceptor (HR) consists of one α- and β-subunit 
of the IR and one α- and β-subunit of IGF-1R (Moxham et al., 1989; Soos and Sid-
dle, 1989a). Assembly of the HR occurs in the ER when two proreceptors, are linked 
together by a disulfide bond. At first, HR expression were detected in several cell 
lines ((Moxham et al., 1989; Soos and Siddle, 1989a; Soos and Siddle, 1989b; Soos 
et al., 1990). Then Bailyes et al. showed that HR also occurred in mammalian (hu-
man and rabbit) peripheral tissues e.g. heart and muscles, but also within the brain 
(Bailyes et al., 1997).It has been shown that in various tissues the HR is the most 
represented receptor subtype (Bailyes et al., 1997), although, the biological role of 
the HR is not known. The HR binds both insulin and IGF-1, but they seem to re-
spond more readily to IGF-1 than insulin (Moxham et al., 1989; Soos et al., 1993), 
indicating that the HR have binding properties similar to the IGF-1R. Neuronal cells 
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essentially express the IR-A isoform (Heidenreich et al., 1983; Seino and Bell, 
1989), and Pandini et al. showed that the IR formed by the IR-A isoform had ap-
proximately 10-fold higher affinity towards insulin compared to the HR containing 
the isoform IR-A (Pandini et al., 2002). Furthermore, the HR with the IR-A isoform 
showed the same affinity as the IGF-1R for IGF-1(Pandini et al., 2002). This indi-
cates that neuronal cells expressing the HR have a tendency to respond more to IGF-
1 than to insulin. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Structure of IR, IGF-1R and IGF-1R/IR hybrid receptor. The α-subunit resides 
entirely extracellular and the β-subunit contains an extracellular portion, a transmembrane 
domain, and an intracellular part that includes a tyrosine (Y) kinase domain.  

 
 

2.5 Localization of IR and IGF-1R in the brain 

Within the brain parenchyma of rodents the expression of IR and IR mRNA is wide-
ly distributed, e.g. in olfactory bulb, hippocampus, cerebellum, amygdala, hypothal-
amus and cerebral cortex (Unger et al., 1989; Wozniak et al., 1993). At the cellular 
level IR is expressed both by neurons (Abbott et al., 1999) and astrocytes (Zhu et al., 
1990). Furthermore, neuronal IR has been shown to be present in synapses (Mielke 
et al., 2006) where it is mostly concentrated postsynaptically within lipid rafts (Ab-
bott et al., 1999; Wu et al., 1997). Within lipid rafts the IR co-localize with down-
stream signaling targets such as Grb2, Ras, Fyn, PI3K and ERK (Abbott et al., 1999; 
Wu et al., 1997).  

IGF-1R show similar distribution as IR (Moloney et al., 2010). However, to date 
no studies have reported that IGF-1R are localize in lipid rafts in neurons. Although, 
a recent study in oligodendrocyte progenitor cells (OPC) demonstrated that IGF-1R, 
together with its downstream signaling targets, is sequestered within lipid rafts 
(Romanelli et al., 2009). Additionally, this study showed that long-term inhibition of 
cholesterol biosynthesis resulted in a decrease in IGF-1-mediated survival of OPC 
(Romanelli et al., 2009). Another study using 3T3-L1 adipocytes showed that the 
localization of IGF-1R to lipid rafts is required for their differentiation (Hong et al., 
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2004). Taken together, in neurons lipid rafts harbors IGF-1R substrate molecules 
(Abbott et al., 1999; Wu et al., 1997) and lipid rafts are important in IGF-1R signal-
ing events. Thus, it seems likely that IGF-1R is located in lipid rafts also in neuronal 
cells.  

 

2.6 IR and IGF-1R signaling  

In the CNS, one important functions for both the IR and IGF-1R is the regulation of 
neuronal survival (Mielke et al., 2006; Valenciano et al., 2006; Matsuzaki et al., 
1999; Yamaguchi et al., 2001), and the receptors are very similar in signaling within 
a given cellular background (Weiland et al., 1991; Adamo et al., 1992; Lund et al., 
1994).  

Both IR and IGF-1R are expressed at the cell surface as disulfide linked dimers 
(αβ)2 (Ottensmeyer et al., 2000). Binding of insulin or IGF-1 to the α-subunits in-
duces a conformational change bringing the tyrosine kinase domains in the β-
subunits closer together inducing transphosphorylation on tyrosine residues (Ot-
tensmeyer et al., 2000). The phosphotyrosines can then serve as docking sites for 
downstream signaling molecules, containing src homology-2 (SH2) domains, that 
are recruited to the activated receptor (Lemmon and Schlessinger, 2010). The prima-
ry substrates binding IR and IGF-1R include insulin receptor substrate (IRS) 1-4 
(Patti et al., 1995; Lavan and Lienhard, 1993; Fantin et al., 1998), IRS p58/53 (Ab-
bott et al., 1999) and Shc (p46/p52/p66) (Pelicci et al., 1992). The IRS p58/53 has 
been found to co-localize with IR at synapses (Abbott et al., 1999) in the CNS. 
When IR and IGF-1R interact with IRS and Shc the kinase domain of the receptors 
will phosphorylated these substrates on tyrosine residues (Butler et al., 1998). The 
phosphotyrosine residues of IRS and Shc will in turn serve as docking site for other 
adaptor molecules and this will lead to the activation of PI3-K, ras/raf/mitogen-
activated protein kinase (MAPK) or PLCγ pathways. 

Phosphorylated IRS recruits the regulatory subunit p85 of PI3-K, leading to the 
activation of the catalytic subunit p110 and a subsequent formation of 
PtdIns(3,4,5)P3 from PtdIns(4,5)P2. The Akt/PKB will interact with these phospho-
lipids causing it to translocate to the plasma membrane where it will be activated by 
phosphoinositide-dependent kinase (PDK). PDK can also phosphorylate other sub-
strates than Akt/PKB e.g. p70S6K, p90RSK and PKCξ (Blume-Jensen and Hunter, 
2001a). In hippocampal neurons the activation of IGF-1R and subsequent activation 
of PI3-K/Akt improved neuronal survival against ischemic insult (Wine et al., 2009). 
Furthermore, in neuronal cells IGF-1R activation of the Akt pathway has been 
shown to result in increased proliferation (Morrione et al., 2000) and survival 
(Dudek et al., 1997). IR and its activation of PI3-K/Akt pathway have been shown to 
have neuroprotective effects against oxygen-glucose deprivation (Sun et al., 2010b). 

The phosphorylated Shc (p46/p52/p66) can recruit Grb2 which in turn will bind 
the nucleotide exchange protein SOS. Once recruited to the membrane SOS will 
catalyze the exchange of GDP to GTP on the small GTP-binding protein Ras. Acti-
vated Ras leads to the sequential activation of Raf, Mek and ERK1/2 (Seger and 
Krebs, 1995). The activation of IR and IGF-1R and subsequent activation of the 
ras/raf/ERK pathway induce proliferation (Ye et al., 2002) and differentiation (Mor-
rione et al., 2000).  
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Activation of PLCγ will lead to the hydrolysis of PtdIns(4,5)P2 at the plasma 
membrane and a subsequent generation of the second messengers Ins(1,4,5)P3

 (IP3) 
and diacylglycerol (DAG). DAG is an activator of PKC and IP3 and will trigger Ca2+ 
release from intracellular Ca2+ stores. Increased [Ca2+]i also function as a co-
activator of  PKC. 
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Figure 3. Pathways for IGF-1R and IR signaling.  

2.7 IR and IGF-1R in neurodegenerative diseases 

Alzheimer´s disease is a neurodegenerative disease characterized by memory loss 
and cognitive decline (Hardy and Selkoe, 2002). Pathological hallmarks in AD are 
amyloid plaque, which mainly consists of aggregated Aβ peptides, formation of 
neurofibrillary tangles (NFTs), chronic inflammation and neuronal loss (Duyckaerts 
et al., 2009). In postmortem brain tissues from AD patients, mRNA and protein 
levels where reduced for both IR and IGF-1R compared to controls (Steen et al., 
2005). Although the expression levels of IGF-1R were decreased in AD brain tissue, 
increased expression levels have been detected surrounding Aβ-plaque (Moloney et 
al., 2010). Neurofibrillary tangles consist mainly of hyperphosphorylated tau. In 
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cultured human neurons treatment with insulin and IGF-1 resulted in dephosphoryla-
tion and increased microtubule binding of tau (Hong and Lee, 1997). Furthermore, 
in brain-neuron-specific IR knockout (NIRKO) mice, the levels of hyperphosphory-
lated tau where substantially increased (Schubert et al., 2004). Both studies indicate 
that IR/IGF-1R signaling inhibits a key event in the formation of neurofibrillary 
tangles. Additionally, insulin induced an upregulation of insulin-degrading enzyme 
(IDE) in primary hippocampal neurons through the PI3-K/Akt signaling pathway 
(Zhao et al., 2004). IDE is a metalloendopeptidase, that has been shown to degrade 
Aβ in neuronal cells (Vekrellis et al., 2000), both in cell lines and primary cultures. 
Further, both in AD and in an AD mouse model (Tg2576) IDE levels in the brain 
were decreased compare to controls (Zhao et al., 2004). Thus, this indicates that 
insulin might modulate the plaque formation within the brain parenchyma. Further-
more, it has been suggested that Aβ binds to the IR receptor (Zhao et al., 2004; Xie 
et al., 2002), and thereby decreases the relative amount of IR on dendrites of hippo-
campal neurons (Zhao et al., 2008), and causes neuronal oxidative stress (De Felice 
et al., 2009; De Felice et al., 2007). Noteworthy, pretreating hippocampal neurons 
with insulin reduced the Aβ-induced oxidative stress (De Felice et al., 2009).   

Parkinson disease´s (PD) is characterized by resting tremor, reduced voluntary 
movement, increased rigidity and bradykinesia. PD is caused by the progressive loss 
of dopaminergic neurons in substantia nigra pars compacta, a population that pro-
jects to putamen and caudate. Noteworthy is that alterations in IR and IGF-1R gene 
expression has been shown in postmortem brain tissue from patient suffering from 
PD. Indicating that alterations in these neurothrophic receptors occurs in several 
different neurodegenerative diseases. Furthermore, IGF-1R gene expression was 
increased in the frontal cortex (Tong et al., 2009), although bothe IR and IGF-1R 
were significantly reduced in the frontal white matter and amygdala (Tong et al., 
2009).IR mRNA levels and immunoreactivity have been shown to be decreased in 
substantia nigra from postmortem PD brain tissue (Takahashi et al., 1996; Moroo et 
al., 1994). In PD, neuroprotective property has been attributed to IGF-1 treatment. In 
substantia nigra treatment with 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine 
(MPTP) causes damage to dopaminergic neurons mimicking symptoms of PD. 
MPP+ (1-methyl-4-phenylpyridinium), the active metabolite of MPTP, inhibits ATP 
production and stimulates superoxide radical production. In a human neuroblastoma 
cell line, IGF-1 treatment protected against MPP+-induced cell death through the 
activation of the PI3-K/Akt pathway (Wang et al., 2010). Furthermore, in PC12 
cells, IGF-1 treatment protected against MPP+ induced toxicity (Sun et al., 2010a). 
Thus, IGF-1 is likely to exert neuroprotective effects in PD.  

Amyotrophic lateral sclerosis (ALS) is characterized by progressive loss of motor 
neurons in the motor cortex, brainstem and spinal cord. 10% of ALS is classed as 
genetically linked familial ALS (fALS) and out of those 20% is caused by a muta-
tion in the Cu/Zn superoxide dismutase (SOD1) gene (Nicaise et al., 2011). Some of 
the proposed mechanisms for motor neuron death in models using SOD1 mutations 
are oxidative stress, excitotoxicity caused by dysregulation of glutamate signaling, 
mitochondrial dysfunction and protein aggregation (Barber and Shaw, 2010). The 
accumulation of mutant SOD1 in ER could trigger oxidative stress and subsequent 
motor neuron degeneration (Kanekura et al., 2009). Noteworthy is that oxidative 
stress has been suggested to control the IGF-1R protein expression (Araujo et al., 
2007). A study by Vincent et al. showed that cultured motor neurons expressed high 
levels of functional IGF-1R (Vincent et al., 2004) and that co-treatment of IGF-1 
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with glutamate protected these neurons from glutamate induced cell death.  In addi-
tion, enhanced levels of the IGF-1R have been shown in the spinal cord of post mor-
tem tissue form ALS patients (Adem et al., 1994) in comparison to control tissue. 
Additionally, it has shown that IGF-1 delivery to the CNS, reduced the neuropathol-
ogy and significantly prolonged the life span, of mice with familial ALS compared 
to non-treated counterparts (Dodge et al., 2008).  

Taken together, alteration of IR and IGF-1R has been shown in a veriety of neu-
rodegenerative diseases that has some common features with prion diseases. Thus it 
is tempting to speculate that alterations in these two receptors or their signaling 
transduction pathways could be altered also in prion diseases.   

3 Inflammation in the CNS 

 
It is becoming more evident that CNS inflammation contributes to neurodegenera-
tive diseases (Lucas et al., 2006), such as prion diseases. Inflammation in the CNS is 
a response to stress, injury or infection in an attempt to defend the affected tissue 
and to facilitate its recovery. The brain is protected by the BBB, which only allows 
certain molecules to enter or exit the brain. However, the BBB properties can be 
altered and become more permeable, and this is seen during inflammation or injury 
(Guillemin and Brew, 2004; Lossinsky and Shivers, 2004). The brain parenchyma 
can then be infiltrated by peripheral immune cells such as macrophages/monocytes 
which can acquire a phenotype almost indistinguishable from microglia (Guillemin 
and Brew, 2004). Other features of CNS inflammation besides invasion of immune 
cells are e.g. glial activation and synthesis of inflammatory mediators (Lucas et al., 
2006).  

3.1 Microglia  

Microglia is the resident immune cells in the brain and is both a glial cell and a 
mononuclear phagocyte thought to be derived from myeloid-linage progenitors 
(Ransohoff and Cardona, 2010). However the origin of microglia is still controver-
sial. Microglia has been shown to migrate to the CNS during development, and once 
at the final destination microglia progressively acquires a ramified morphology 
(Navascues et al., 2000). Microglia accounts for more than 10% of the cells in the 
adult CNS, varying from 5% to almost 20% depending on the region (Ransohoff and 
Cardona, 2010).  

3.2 Microglial function 

In the healthy CNS, resting microglia have highly branched processes with a very 
dynamic plasticity. In vivo, two-photon imaging demonstrated that these processes 
are constantly protruding and retracting allowing microglia to scan the brain paren-
chyma every few hours (Davalos et al., 2005; Nimmerjahn et al., 2005). Additional-
ly, in vitro, highly ramified microglia has been shown to migrate at a velocity of 20-
35 μm/h overlaying confluent astrocytes (Rezaie et al., 2002). Thus, instead of being 
seen as resting cells microglia should be considered as motile cells that are survey-
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ing the brain for e.g. invading pathogen, cell debris or metabolic products (Hanisch 
and Kettenmann, 2007). The ramified state of microglia is sustained by inhibitory 
input mainly from neurons (Ransohoff and Cardona, 2010; Hoek et al., 2000).  It is, 
however, a reciprocal interaction since microglia provides neurons with neuropro-
tective factors such as brain-derived neurotrophic factor (BDNF) and nerve growth 
factor (NGF).    

 Following loss of inhibitory influence, injury or pathogen microglial cells be-
come activated and when fully activated adopts an amoeboid morphology. Further-
more, microglial cells can respond differently to the same stimulus, depending on 
whether another stimulus precedes or follows it (Schwartz et al., 2006). Like macro-
phages activated microglial cells can have different activation states (Colton CA, 
2009). Thus, the responses elicit from activated microglia show diversity e.g. it 
could lead to phagocytosis, release of nitric oxide (NO˙), ROS, cytokines, anti-
inflammatory or proinflammatory cytokines (Hanisch and Kettenmann, 2007; 
Hanisch and Kettenmann, 2007; Block et al., 2007). NO˙ and ROS are produced by 
iNOS and NADPH oxidase respectively, and can yield the formation of more reac-
tive radicals such as peroxynitrite (Cheret et al., 2008). Further, activated microglia 
can function as antigen presenting cells and will up-regulate the expression of major 
histocompatibility complex (MHC) molecules along with an array of surface mole-
cules (Block et al., 2007). Activation of microglial cells is of great importance and it 
leads to elimination of pathogen, dying cell, neurotoxic compounds, and it mediates 
neuronal survival. However, the beneficial outcome from activated microglia could 
become detrimental if the activation state is not kept in balance. Since activated 
microglia produce neurotoxic factors such as ROS and proinflammatory cytokines 
this could induce neuronal damage and/or neuronal death (Block and Hong, 2005). 
Additionally, microglia becomes highly reactive in response to neuronal damage and 
produces more neurotoxic factors (Block et al., 2007). Hence, a vicious cycle is 
formed. Microglial activation is believed to contribute to and/or exacerbate neuronal 
damage in neurodegenerative diseases (Block et al., 2007; Block and Hong, 2005). 

3.3 Microglia in Prion disease 

The neuronal loss in prion diseases is likely to be mediated through PCD as men-
tioned previously. Noteworthy is that in prion disease activated microglia has been 
observed both in humans (Sasaki et al., 1993) and in mice (Giese et al., 1998). 
Moreover, the activation of microglia is thought to precede neuronal death (Giese et 
al., 1998; Williams et al., 1997). Furthermore, neurotoxicity of human PrP frage-
ment PrP106-126 has been shown to be enhanced in the presence of microglia 
(Brown et al., 1996), and to stimulate microglia to secrete ROS. It has also been 
shown, in vitro, that the mouse PrP fragment PrP105-132, induces secretion of pro-
inflammatory cytokines in microglial cells (Veerhuis et al., 2002). Additionally, in 
the prion-infected brain tissues a number of cytokines (e.g. IL-1β, IL-6, TNF-α), and 
chemokines as well as their receptors was shown to be overexpressed (reviewed in 
(Riemer et al., 2009)). One other study has focused on the contribution of CNS in-
flammation in prion infection.  In a mice model, scrapie infection was induced 
through inoculation with scrapie brain homogenate and then also experimental auto-
immune encephalomyelitis (EAE) was induced (Friedman-Levi et al., 2007). EAE is 
an immune system-mediated model of CNS inflammation used primarily for studies 
on multiple sclerosis (Gold et al., 2006). The mice with scrapie and EAE died long 
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before the scrapie-infected mice without EAE succumbed to classical scrapie 
(Friedman-Levi et al., 2007). Additionally, the scrapie-EAE mice exhibited exacer-
bated CNS inflammation that did not correlate with PrPSc accumulation (Friedman-
Levi et al., 2007). However, since this is an in vivo study one cannot pinpoint mi-
croglia as the only source for the CNS inflammation. This might however, indicate 
that the immune cells in the brain are “primed” and that challenging the CNS with 
an inflammatory component promotes the neurodegenerative process. Microglia has 
not only been shown to contribute to or enhance the neurotoxicity of PrPSc. A study 
by Ciesielski-Treska et al. showed that PrPSc impedes the microglia to perform effi-
cient phagocytosis (Ciesielski-Treska et al., 2004) . Thus, maybe PrPSc prime the 
microglial cells, boosts the secretion of neurotoxic factor and further, hampers the 
ability to phagocyte.    
 

3.4 Microglia and Toll like receptors  

Microglia expresses different receptors that detect specific molecular patterns known 
as pathogen-associated molecular patterns (PAMPs) through pathogen recognition 
receptors (PRRs). There are several functionally distinct classes of PRR and the 
Toll-like receptor (TLR) family is one of them. TLRs are type 1 transmembrane 
glycoproteins characterized by the presence of a leucin-rich repeat and a Toll/IL-1 
receptor (TIR) domain (Bowie and O'Neill, 2000). TLRs can recognize PAMPs on 
the cell surface or the lumen of intracellular vesicles such as endosomes and lyso-
somes (Kawai and Akira, 2009; Kawai and Akira, 2007). PAMPs recognized by 
TLRs include lipids, lipoproteins, proteins and nucleic acids from a wide range of 
microbes as well as endogenous host molecules produced as a result of cell death or 
injury (Akira et al., 2006; Kawai and Akira, 2010). The number of TLRs identified 
in humans are 11 and in mice 13 (Okun et al., 2009). Human microglia cells express 
TLR1-9 (Jack et al., 2005) and the same TLRs have been reported in microglial cells 
derived from mice (Olson and Miller, 2004).  

3.5 LPS/TLR4 signaling pathway 

Lipopolysaccharide (LPS) is a potent activator of the innate immune system (Beutler 
and Rietschel, 2003) and usually results in severe inflammatory responses. LPS is 
often used to mimic bacterial infection both in vitro and in vivo. LPS is an important 
component of the outer membrane of Gram-negative bacteria. It is a glycolipid and 
is composed of mainly three parts; lipid A, a core oligosaccharide, and an O-specific 
chain (Raetz and Whitfield, 2002). Lipid A is the conserved molecular pattern that is 
recognized by the TLR4 and myeloid differentiation factor 2 (MD-2) (Raetz and 
Whitfield, 2002) that, together with TLR4, forms heterodimer complexes on the cell 
surface. Binding of LPS to a TLR4/MD-2 complex, results in the formation of an m-
shaped receptor complex composed of two copies of TLR4/MD-2/LPS (Park et al., 
2009) which can initiate signal transduction by recruiting adaptor proteins contain-
ing TIR domains. For the initiation of intrinsic signaling, LPS needs to be recog-
nized by the LPS binding protein (LBP) which facilitates association between LPS 
and cluster of differentiation (CD14). CD14 is a GPI-anchored protein but also ex-
ists in a soluble from (sCD14). CD14 facilitates the transfer of LPS to the 
TLR4/MD-2 complex (Akashi-Takamura and Miyake, 2008). LPS activation of 
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TLR4 leads to two main signaling pathways, the MyD88-dependent and the 
MyD88-independent pathways. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. LPS and TLR4 signaling leads to the production of proinflammatory cytokines, 
ROS and iNOS.  
 
 
At the membrane TIR, containing TIRAP (TIR-domain-containing adapter/MyD88 
adaptor-like) function as a sorting adaptor that recruits MyD88 to TLR4 and this 
initiates the early-phase response (Kawai and Akira, 2010; Kagan and Medzhitov, 
2006). The adaptor MyD88 has a C-terminal TIR domain and an N-terminal death 
domain (DD) (Wesche et al., 1997). The DD allows MyD88 to recruit and activate 
IL-1 receptor-associated kinase 4 (IRAK-4) through homotypic interaction. Subse-
quently, IRAK1 and IRAK2 will be activated leading to the interaction with TRAF6 
(TNF receptor-associated factor 6). The IRAK/TRAF6 complex will then bind to the 
regulatory components of the kinase TAK1 complex; TAB2 and TAB3, enabling its 
activation. The activated TAK1 complex simultaneously activates two distinct 
pathways, through phosphorylation, leading to the initiation of MAPK and NF-κB 
cascades (Kawai and Akira, 2007).  

The MyD88-independent pathway also referred to as the late-phase response is 
initiated by dynamin-dependent endocytosis of the TLR4/TIRAP/MyD88 complex 
(Kagan et al., 2008). Kagan et al. have proposed that during early endocytosis the 
TIRAP/MyD88 complex will be released enabling the bridging adaptor TRAM 
(TRIF-related adaptor molecule) to recruit the TIR-containing adaptor molecule 
TRIF to the TLR4 (Kagan et al., 2008; Tanimura et al., 2008).  TRIF can then recruit 
TRAF6 and activate TAK1 (transforming growth factor β activated kinase 1), in a 
similar fashion as the MyD88-dependent pathway, leading to the activation of 
MAPK and NF-κB cascades. Additionally, TRIF can recruit TRAF3 (Hacker et al., 
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2006) leading to the subsequent phosphorylation of IRF3 through TBK1/IKKi-
complex (Kawai and Akira, 2009). IRF3 translocate to the nucleus and initiate the 
transcription of interferon-β (IFN-β). 

Thus, LPS interaction with TLR4 will engage both an early and late response 
leading to the activation of MAPK and NF-κB signaling pathways (see figure 4). 
Furthermore, the activation of TLR4 ultimately induces the production of ROS, 
RNS and proinflammatory cytokines (Kagan et al., 2008; Blanco et al., 2005). 

3.6 MAPK 

The MAPK signaling cascade constitutes a large kinase network that regulates a 
variety of physiological processes e.g. cell proliferation, differentiation, inflamma-
tion and apoptotic cell death.  In cellular responses, the timing of activation, duration 
of stimuli, and inactivation of MAPKs is important and deregulation of MAPK ac-
tivity has been implicated in several pathological conditions. The MAPK family 
comprises three major subgroups: extracellular signaling-regulated kinase (ERK), 
p38 MAPK, and c-Jun N-terminal kinase (JNK). ERK1/2, p38 MAPK and JNK are 
the most characterized pathway of the MAPK family. Additionally, ERK5 which is 
also referred to as big mitogen-acivated protein kinase 1 (BMK1), is less character-
ized (Hayashi and Lee, 2004). Only ERK1/2, p38 MAPK and JNK will be described 
since they are within the scope of this thesis.  

Each of the addressed MAPK signaling pathways operate in a cascade fashion 
with a MAP kinase kinase kinase (MAPKKK) phosphorylating and activating a 
MAP kinase kinase (MAPKK) which in turn phosphorylates and activates MAP 
kinase (MAPK). Activation of ERK1/2, p38 MAPK and JNK, by dual-specificity 
MAPKK (also termed MKK or MEK), requires the phosphorylation of two residues, 
a threonine and a tyrosine within a conserved Thr-Xxx-Tyr motif. Once activated all 
three signaling pathways exert their cellular function though specific serine and/or 
threonine phosphorylation of target substrates.  

The ERK1/2 pathway is mainly activated in response to mitogens and growth 
factors and the pathway is associated with cell proliferation and survival. Once 
ERK1/2 is activated it can phosphorylate several different substrates such as tran-
scription factors (TF) e.g. c-Fos and c-Myc. However, ERK1/2 is also able to phos-
phorylate other kinases (McCubrey et al., 2006). 

The JNK pathway is mainly activated by cellular stress stimuli and cytokines. 
The activation of JNK can mediate apoptosis, proliferation or survival, depending on 
the stimuli, duration of stimuli as well as the cellular condition. Activated JNK will 
lead to the phosphorylation of downstream target such as the TF c-Jun, which is the 
most classical substrate for JNK, and a component of AP-1. It should be mentioned 
that there are three JNK genes (JNK 1-3) and that different splicing gives rise to at 
least a total of 10 isoforms (Gupta et al., 1996).  

The p38 MAPK pathway is activated in response to an array of inflammatory cy-
tokines as well as pathogens and environmental stress. Phosphorylated p38, target a 
number of TF such as ATF1 and Elk-1(McCubrey et al., 2006). There are four splice 
variants of the p38 family that have been identified, named p38α-δ (Zarubin and 
Han, 2005).   
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3.7 Inducible nitric oxide synthase and nitric oxide  

Activation of the innate immune response leads to the production of cytokines and 
antimicrobial proteins and peptides, which plays an important role in orchestrating 
the host defenses. The activation of TLRs has been shown to result in the transcrip-
tion of the gene encoding inducible nitric oxide synthase (iNOS), which has an im-
portant role, in antimicrobial defense (Thoma-Uszynski et al., 2001). LPS challenge 
to microglial cells has been shown to induce the expression of iNOS (Li et al., 
2005).  

 There are three major NOS isoforms, iNOS, neuronal NOS (nNOS), and endo-
thelial NOS (eNOS) which all synthesize nitric oxide (NO˙). NOS activity requires 
the formation of a homodimer and each monomer have distinct binding sites for the 
co-substrates i.e. NADPH, oxygen and L-arginine. In addition, the NOS isoforms 
need several cofactors; flavin adenine mononucleotide (FMN), flavin adenine dinu-
cleotid (FAD), iron protoporphyrin IX (heme), calmodulin (CaM) and tetrahydrobi-
opterin (BH4) (Knowles and Moncada, 1994). NOS isoforms catalyze two succes-
sive steps of oxidation of L-arginine (Santolini, 2011) in the production of NO˙. 
Both eNOS and nNOS are Ca2+-CaM dependent enzymes constitutively expressed 
and able to give rise to a transient NO˙ production lasting a few minutes. To the 
contrary, iNOS is Ca2+-independent and the regulation is dependent on de novo 
synthesis, hence the name inducible. The formation and activation of iNOS leads to 
production of high amounts of NO˙ lasting hours to days.  

NO˙ is a highly reactive diatomic gas which is implicated in a wide range of 
physiological processes. NO˙ can diffuse up to 10 cell lengths/sec (1 cell being 50-
300μm) (Thomas et al., 2008) and can exert its function well beyond the cell of 
origin. The cellular functions of NO˙ is concentration-dependent, where low to mod-
erate levels are involved in e.g. neurotransmission and vasodilation (Jaffrey and 
Snyder, 1995), whereas high concentrations are involved in e.g. cell-cycle arrest and 
apoptosis (Thomas et al., 2008; Brune et al., 1998). Furthermore, the chemical biol-
ogy of NO˙ can be divided into two categories; direct (low concentrations) and indi-
rect effects (high concentrations) (Wink et al., 1996; Wink and Mitchell, 1998). 
Direct effects are when NO˙ by itself reacts with the biological targets. To the con-
trary, the indirect effects are those where reactive intermediates react with the bio-
logical targets (see fig. 5). Reactive intermediates are formed when NO˙ reacts with 
oxygen or superoxide to form RNS (Wink et al., 1996). RNS formation can mediate 
either oxidative stress e.g. lipid peroxidation and protein oxidation, or nitrosative 
stress e.g. thiol nitrosylation (Wink and Mitchell, 1998).  
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Figure 5. Schematic picture of the chemical biology of NO. Picture is adopted from (Thomas 
et al., 2008).   

3.8 Apoptosis 

Apoptosis is a physiological process that is required for normal development and 
tissue homeostasis (Vaux and Korsmeyer, 1999). As mentioned earlier, activation of 
signaling pathways such as JNK, p38 MAPK and production of NO˙ can lead to 
apoptosis. During apoptosis cells display distinct morphological and biochemical 
features. The characteristic hallmarks are chromatin condensation, rounding of the 
cell, cytoplasmic shrinkage, phosphatidylserine exposure as well as the formation of 
apoptotic bodies (Leist and Jaattela, 2001). The plasma membrane is intact during 
apoptosis in contrast to necrosis. Caspases play an important role in the regulation 
and execution of apoptosis and are members of the cysteine protease family. Caspa-
ses are synthesized as zymogens, and are fully activated through proteolytic pro-
cessing (Strasser et al., 2000). Caspases are characterized by the cleavage of specific 
substrates after an aspartic acid residue. Furthermore, caspases can be divided into 
inflammatory and pro-apoptotic and the latter can be further grouped into effectors 
and initiators (Kaufmann and Hengartner, 2001; Budihardjo et al., 1999). Apoptosis 
is initiated by pro-apoptotic signals leading to activation of initiator caspases (e.g. 
caspase-8 or -9) with a subsequent activation of downstream caspases such as caspa-
se-3 (Thornberry and Lazebnik, 1998). Caspase-3 is an important and central execu-
tor in apoptosis and its activation leads to proteolytic processing of certain vital 
cellular proteins.  
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Aims of the study 

In prion diseases the neurochemical changes that contributes to neuronal death re-
mains largely unknown. In prion diseases as well as other neurodegenerative diseas-
es microglia is thought to contribute to the neuronal death through the production of 
neurotoxic factors. The studies in this thesis can be divided in two major parts. The 
aim in the first part was to study molecular changes induced by prion infection in the 
hope of finding alterations that might explain the neuronal death seen in prion dis-
eases. In the second part, the aim was to elucidate the contribution of different in-
trinsic signaling pathways both in a LPS-induced inflammatory response and in the 
survival of microglial cells.     

 
 
 
More specifically the aims were to: 
 
 
 Characterize if scrapie-induced infection alters the regulation, function and 

mitogenic responses of IR and IGF-1R (paper I and II)  
 
 Characterize the involvement of MAPK signaling in LPS-induced iNOS 

expression in the BV-2 microglial cell line. Furthermore, to elucidate if an 
oxidative mechanism contributes to the iNOS expression (paper III) 

 
 Characterize the importance of MAPK pathways in the survival of BV-2 

cells during normal conditions and during LPS-induced inflammatory con-
ditions (paper IV) 
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Methodological considerations  

4 Cell Lines 

 

4.1 N2a, N1E-115 and BV-2 

The N2a and N1E-115 cell lines are clones of the same tumour cell line, C1300, 
which was established from a spontaneous brain neuroblastoma from an albino 
mouse (Amano et al., 1972). The N2a and N1E-115 cell lines were chosen since 
they can be persistently infected with scrapie. Additionally, N2a cells are commonly 
used when studying metabolism and expression of PrPC. They were used in paper I 
and II. The BV-2 cell line was generated by infecting a primary microglial cell cul-
ture with recombinant J2 retrovirus which carries v-raf and c-myc oncogenes. When 
activated this cell line exhibit phenotypical, morphological and functional properties 
of reactive microglial cells (Blasi et al., 1990).  The BV-2 microglial cells where 
used in paper III and IV.  
 

4.1.1 Scrapie-infected cell lines 

Cell lines exposed to infected brain homogenates from scrapie-infected animal show 
continued de novo formation of PrPSc. Thus, prion-infected cell lines represent a 
good model for studying molecular and cellular event leading to the formation of 
PrPSc. However, neither ScN2a cells nor ScN1E-155 show any obvious signs of 
apoptosis which might seem odd in comparison to observed pathological changes in 
prion disease i.e. neurodegeneration. There are several possible explanations for this 
divergence. ScN2a and ScN1E-115 cells are constantly dividing, opposed to 
postmitotic neurons. Thus, PrPSc may not accumulate to the same extent in these cell 
lines as in prion-induced neurons and perhaps a certain amount of PrPSc is needed in 
order to induce apoptosis. Furthermore, PrPSc per se might not be toxic but instead 
induce an immune response within the brain, with the subsequent production of 
proinflammatory cytokines, ROS and NO. This response could then lead to neuro-
degeneration. If this is the case one would not expect ScN2a and ScN1E-115 to 
undergo apoptosis since the cell cultures lack glial cells.  

Albeit these cells do not exhibit apoptosis, differences have been observed be-
tween ScN2a and N2a. Alterations have been shown in expression and/or function of 
several proteins and in the membrane fluidity (Kristensson et al., 1993; Wong et al., 
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1996b), although these abnormalities do not seem to change the viability of ScN2a 
cells. Thus, scrapie-infected cell lines represent a good model for studying discrete 
molecular and cellular damages induced by PrPSc. During experimental procedures 
both ScN2a and ScN1E-115 cell lines were continuously checked for infectivity (see 
4.1.3). 

4.1.2 Generation of scrapie-infected cell lines 

The ScN2a cell line was generated as previously described (Butler et al., 1988) and 
was kindly provided by Prof. S.B Prusiner. The ScN1E-115 cell line was generated 
in our laboratory. Cells were infected according to the infection of ScN2a cells (But-
ler et al., 1988). Briefly, N1E-155 was inoculated with brain homogenate from CD-1 
mice infected with the Rocky Mountain Laboratory strain of mouse prions, derived 
from Chandler isolate (RML prions). The main difference between ScN2a and 
ScN1E-115 cells is that the latter has not been subcloned before or after infection, 
thereby offering a reliable cell culture model for prion-induced alterations. Subclon-
ing of ScN2a was performed because initially, when N2a cultures were exposed to 
prions only low levels of PrPSc were produced, probably because only a small per-
centage of the cells were infected. To obtain a persistently infected cell line that 
produced higher levels of PrPSc prion-infected N2a cells were subcloned (Butler et 
al., 1988). Differences between N2a and ScN2a might just be due to cloning artifacts 
or selection during infectivity and to circumvent this problem ScN1E-115 were 
generated enabling reproduction and confirmation of prion-induced changes.   

4.1.3 Detection of PrPSc 

PrPSc, but not PrPC, is partially resistant to proteinas K (PK) digestion and detergent 
insoluble, and forms a N-terminal-truncated prion protein, PrP27-30. The biochemi-
cal differences enable researchers to distinguish PrPC from PrPSc. However, prote-
ase-resistant PrP is not always detected in samples that contains prion infectivity 
(Lasmezas et al., 1997; Manuelidis et al., 1987) and conversely, not all protease-
resistant PrP species are associated with prion infectivity (Shaked et al., 1999). To 
correlate prion infectivity with protease-resistant PrP from cell line, animals has 
been inoculated and assess for the clinical presentation of prion disease. To detect 
PrPSc in cell cultures there are several methods, with different sensitivity, that can be 
used, such as ELISA, dot blot, cell blot and Western blot. We chose to detect prote-
ase-resistant PrP with Western Blot because this method is both qualitative and 
quantitative i.e. individual glycosylation pattern and the molecular mass of PrPC and 
PrP27-30 can be determined. Briefly, the cellular lysate was divided into two parts, 
where one part was treated with PK whereas the other was not. This followed by 
Western blot analysis using the anti-PrP antibody D13 (see fig.6). It is important to 
routinely check for infection since scrapie-infected cell lines do not propagate the 
infectious particle indefinitely. 
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Figure 6. Detection of the PK-resistant core of PrPSc using Western blot and the 
anti-prion antibody D13. Protein lysate from PK-treated (+) or not treated (-) N2a, 
ScN2a, N1E-115 and ScN1E-115 cells were separated on a 12% polyacrylamide gel, 
transferred to a nitrocellulose membrane and then immunoblotted.   

4.2 Proliferation study 

N2a and ScN2a cells were used in proliferation studies. Cells were seeded in a 6-
well and left for 24h befored treatment. 48h prior to treatment with IGF-1 or insulin, 
the cell cultures were serum-deprived in order to obtain quiescent and synchronized 
cells, i.e. cells in the same phase of the cell cycle (G0/G1). Measurements of 3H-
thymidine incorporation in serum-deprived cells in relation to 3H-thymidine incor-
poration in cells grown in serum supplemented medium was made in order to verify 
that the serum-deprived cells were in a quiescent state. The ratio to define quiescent 
cells is <0.05 i.e. the DNA synthesis of the serum-deprived cells is less than 5% that 
of the cells grown in serum supplemented medium.  

4.3 Western blotting  

Western blotting is a quantitative method used to detect steady state levels of pro-
teins within the cell. Proteins are denatured and given a net negative charge and 
separated according to size on a denaturing polyacrylamide gel. Proteins are then 
electrotransferred to a membrane, which can be probed with a primary antibody 
against the protein of interest. An enzyme-linked secondary antibody targeting the 
primary antibody is used to detect the protein bands on the membrane. Western blot 
detects differences in protein levels in response to certain experimental conditions. 
However, it does not reveal whether the difference is due to altered translation or 
degradation of the protein. 

 To yield quantitative results it is important to consider the concentration of the 
sample but also the specificity and the concentration of the antibodies. In all experi-
mental setups protease inhibitors were added to avoid proteolytic degradation. Fur-
thermore, in paper III and IV we also added a mixture of phosphatase inhibitors to 
avoid dephosphorylation of MAPKs that were analyzed.  
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4.4 RT-PCR 

RT-PCR (reverse transcriptase-polymerase chain reaction) is a sensitive technique 
for the detection of mRNA levels. Total RNA is extracted from cells and analyzed 
spectrophotometrically to determine the concentration and purity. The total RNA is 
then transcribed to cDNA using reverse transcriptase and oligo dT primers. The 
cDNA is thereafter exponentially amplified by PCR, using specific primers for the 
gene of interest. The PCR products are then separated by agarose gel electrophoresis 
and visualized by ethidium bromide staining. In PCR, amplification of the gene 
occurs exponentially. Therefore, it is important to optimize the number of cycle to 
verify that the amplification is within the linear range. RT-PCR is considered a 
semi-quantitative method and it is important to have an internal control. Internal 
standards should have a constant level of expression in all samples irrespectively of 
the experimental settings. In paper I and II, GAPDH (glyceraldehyd-3-phosphate 
dehydrogenase) was used as an internal standard.    

4.5 Nitrite detection assay 

NO˙, under physiological conditions, is rapidly oxidized to nitrite (NO2
-) and nitrate 

(NO3
-). Nitrite and nitrate are stable end products and accumulates in the cell culture 

media. The nitrite levels were analyzed using the Griess reagent system which is 
based on a diazotization reaction. The colored azo compound is analyzed with a 
plate reader using a 540 nm filter. It is important to do a representative nitrite stand-
ard reference curve with the same matrix as the sample since the nitrite sensitivity 
depends on the matrix. LPS treatment of cells will induce an inflammatory response, 
hence, NO˙ production, so in order to avoid any synergistic or additive effects from 
fetal bovine serum (FBS) an FBS with very low levels of endotoxins was chosen as 
supplement in the medium. 

4.6 Lectin batch purification and immunoprecipitation 

The IR and IGF-1R were purified using two different approaches, lectin column 
purification using wheat germ lectin-spharose (WGA)-beads and immunoprecipita-
tion using antibody directed to the receptor in conjugation with protein G-spharose.  
WGA is a lectin with a high affinity to N-acetylglucosamine (GlcNAc), which is a 
carbohydrate common in membrane glycoproteins such as the IR and IGF-1R. WGA 
will specifically purify hybrid- or complex-type oligosaccharides, containing large 
numbers of GlcNAc residues and a quantitative change in the amount of IR or IGF-
1R might just be a result of altered N-linked glycosylation. In order to rule out al-
tered glycosylation as the mere factor for the increased amount of receptors and to 
verify our result from the purification using WGA-beads, we performed immuno-
precipitation.  

Briefly, cells were lysed and centrifuged to obtain supernatant containing pro-
teins. WGA-beads or antibody directed to the protein of interest, were added to the 
protein mixture. G-sepharose beads were added to the antibody/protein mixture, 
leading to the formation of complex consisting of the antibody, protein and bead. 
The lectin precipitated or immunoprecipitated proteins were washed, solubilized and 
analyzed by Western blotting. 
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4.7 Equilibrium Binding Studies 

To determine the number of binding sites and the affinities of insulin and IGF-1 to 
their cognate receptor, competitive binding studies were performed. The binding of a 
single concentration of 125I-labeled insulin or IGF-1, with increasing concentration 
of unlabeled insulin or IGF-1, were used to obtain competitive binding curves. This 
was performed using either a crude membrane preparation (P2) or attached cells. 
Furthermore, BSA and protease inhibitors were added to the mixture in order to 
minimize unspecific binding and receptor/ligand degradation. Unbound tracer was 
removed by filtration trough polyethyleneimine-soaked Whatman GF/C membranes.  
KD values were obtained by the correction of Cheng-Prusoff (Cheng and Prusoff, 
1973). The binding studies were performed at 4°C for 6 hours in order to exclude 
internalization of the receptor/ligand complex. 

Saturation binding studies measures the total and non-specific binding of increas-
ing concentrations of a radioligand. From these values the specific binding can be 
calculated. The number of 125I-bindning sites for insulin and IGF-1 were derived by 
extrapolation of the specific binding at tracer concentration used (40 pM for 125I-
insulin and 20 pM for 125I-IGF-1) according to B=Bmax [L*]/ (KD+ [L*] (Bmax; 
maximal binding, [L*]; tracer concentration, KD; dissociation constant). The Bmax 
obtained from extrapolation could be less accurate.  

4.8 Apoptosis/Necrosis detection assay 

We have used Annexin-V and propidium iodide to detect early apoptotic and necrot-
ic cells. Phosphatidyl serine (PS) has an asymmetric distribution in normal living 
cell, where it is located to the cytoplasmic leaflet of the plasma membrane. In the 
early stage of apoptosis PS  translocates to the exoplasmic leaflet were in can be 
detected by Annexin-V. Annexin-V is a phospholipid-binding protein that has a high 
affinity for PS. Propidium iodide (PI) is impermeable to live and apoptotic cells. 
However, during necrosis the plasma membrane becomes disruptured and PI can 
enter the cell and bind to nucleic acid. Annexin-V and PI stained cells were analyzed 
by immunofluorescence. Immunofluorescence enables visualization of fluorescent 
dye-labeled proteins or antigens in cells or tissue sections.  
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Results and discussion  

5 Paper I and II 

In these two studies we investigated if prion infection alter the regulation, function 
and mitogenic responses of the neurotrophic receptors IR and IGF-1R, and thereby 
contribute to neurodegeneration in prion diseases.  

 

5.1 Elevated expression of IGF-1R and IR in scrapie-infected neuroblastoma cells  

 
Given the implicated importance of IR and IGF-1R in neuronal survival and brain 
functions we hypothesized that alterations in these receptors could contribute to 
neuronal death in prion diseases. Indeed we found that the expression of both recep-
tors was altered compared to non-infected cells, which was very exciting. Western 
blot of WGA-purified proteins showed a 2- and 4-fold increase in the levels of IR 
and IGF-1R, respectively, in ScN2a cells compared to N2a cells. The observed dif-
ference between ScN2a and N2a cells might be due to cloning artifacts or a selection 
artifact during the prion infection. To exclude the possibility that the increased IR 
and IGF-1R levels were due to clonal artifacts of ScN2a cells, an independently 
prion-infected neuroblastoma cell line, ScN1E-115, was generated. Indeed, both IR 
and IGF-1R levels were significantly increased in ScN1E-115 cells compared to 
non-infected cells which confirmed the results obtained in ScN2a. Another possible 
explanation for the increased protein expression could arise from the anti-apoptotic 
properties of IR and IGF-1R leading to a “survival-selection” of the cells upon scra-
pie infection. Noteworthy, both ScN2a and ScN1E-115 cell lines lost their infectivi-
ty returning the increased IR/IGF-1R levels to the same as in non-infected cells. This 
supports that the scrapie-infection is responsible for the differences in receptor level 
observed between scrapie-infected and non-infected cells. Taken together this 
strongly supports that the observed increase in IR/IGF-1R protein levels is a result 
of the scrapie infection per se and not due to any clonal- or selection artifact.  

Since both IR and IGF-1R are glycoproteins, changes in the glycosylation pat-
tern could contribute to the increased protein levels when purifying with WGA-
beads. To exclude that the altered protein levels were just a mere response to the 
method, we performed immunoprecipitation followed by immunoblotting against 
both α- and β-subunits for IR and IGF-1R, in N2a and ScN2a cells. The same in-
crease for both α- and β-subunits was observed, indicating that scrapie-infection 
induced the increased IR and IGF-1R protein levels, and that it was not due to dif-
ferences in the glycosylation.  
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In order to determine if the elevated levels of IR and IGF-1R was due to an in-
crease in gene transcript numbers or altered post-transcriptional/translational pro-
cessing we performed RT-PCR. The increased expression of IGF-1R was shown to 
be due to a 2-fold increase in gene expression in ScN2a cells compared to N2a cells. 
However, the IR gene expression was not altered by the scrapie-infection, suggest-
ing a post-transcriptional up-regulation of the IR. It has previously been reported 
that scrapie-infected neuronal cells displayed an up-regulation of receptors without 
an increased gene expression (Wong et al., 1996a; Diez et al., 1997). 

 Scrapie-infected cell might increase IGF-1R and IR levels in order to initiate 
clearance of PrPSc. As mentioned in section 2.7, insulin induces an up-regulation of 
IDE, which has been shown to degrade Aβ in neuronal cells. Another factor that has 
been suggested to participate in the control of IGF-1R expression, is oxidative stress 
(Araujo et al., 2007), and ROS has been suggested to directly induce IGF-1R tran-
scription (Delafontaine and Ku, 1997). Thus, a change in the levels of ROS could 
explain the increased IGF-1R levels in ScN2a and ScN1E-115 cells. Both in vitro 
and in vivo studies of scrapie-infected neuronal cells has shown increased levels of 
ROS and RNS (Guentchev et al., 2000; Milhavet et al., 2000) suggesting that the 
redox state of infected neuronal cells is altered. In addition, a PrPC knock-out mice 
model displayed increased oxidative damage to proteins and of lipids as compared to 
wild type mice (Wong et al., 2001a). This indicates that the cellular antioxidant 
capacity is impaired, possibly through reduced ameliorated effect of PrPC (Anantha-
ram et al., 2008). Thus, scrapie-infected neurons might increase the expression of 
trophic receptors such as IGF-1R and IR, as a neuroprotective adaptive response to 
oxidative stress. Noteworthy, is that other neurodegenerative diseases has shown 
alterations in neurotrophic receptors. In a study by Maloney et al. using post mortem 
tissue from AD patients, increased levels of IGF-1R were detected both surrounding 
Aβ-plaque and in NFT immunoreactive dystrophic neuritis (Moloney et al., 2010). 
Additionally, increased levels of IGF-1R have been detected in post mortem tissue 
from the frontal lobe of PD patients, and the spinal cord of ALS patients. 

Furthermore, we observed that the IRβ-subunit in ScN2a cells, exhibited an in-
creased electrophoretic mobility with an apparent molecular weight around 85 kDa 
compared to 95 kDa in non-infected cells. However, the non-processed IR precursor 
did not display any changed mobility in ScN2a cells compared to N2a cells. In addi-
tion, in ScN1E-115 cells, the IRβ-subunit showed a similar but not as significant 
shift compared to N1E-115 cells. These findings indicate a change in the post-
translational processing of the IR in ScN2a cells. Further studies excluded altered 
phosphorylation and proteolytic processing as the causative factor for the decreased 
molecular mass of IRβ-subunits. Instead it might be caused by aberrant glycosyla-
tion, shown in an earlier study using combined enzymatic and chemical deglycosyla-
tion (Nielsen et al., 2004). Notwithstanding, altered glycosylation of ScN2a cells did 
not affect the WGA-bead binding affinity towards the receptor. 

 
 

5.1.1 IGF-1- and insulin-induced cell growth in N2a and ScN2a 

To investigate the functional consequence of the increased levels of IR and IGF-1R 
in scrapie-infected neuroblastoma cells compared to non-infected cells, we per-
formed proliferation studies. Since the increased expression of IGF-1R and IR has 
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been shown to be involved in cancer biology (Papa et al., 1997; Rubini et al., 1997), 
we thought that ScN2a would exhibit a higher proliferation rate because of the in-
creased IR and IGF-1R levels. These studies were performed in serum-free medium 
complemented with IGF-1 (0-100 ng/ml) or insulin (0.1-5 μg/ml) as the only mito-
gens. Both N2a and ScN2a cells showed a dose-dependent stimulation of cell 
growth although this growth-rate was approximately 30% of that in serum supple-
mented medium. There was no significant difference in the number cells between 
N2a and ScN2a for IGF-1 (0.1 μg/ml) or insulin (0.1 μg/ml) at 24 hr or 48 hr. Ram-
bold et al. recently showed that PrPSc do not significantly interferer with cell viabil-
ity, since the proliferation rate was shown to be the same in N2a cells compared to 
ScN2a cells (Rambold et al., 2008). This is in line with our results. However, the 
conflicting data between the increased IGF-1R and IR levels and the unchanged 
proliferation rate in ScN2a cells was not anticipated. Thus, the proliferation studies 
imply that the initiation and/or signaling cascades for IR and IGF-1R somehow are 
functionally impaired due to scrapie-infection. This has been shown in post mortem 
tissues from the temporal cortex of AD patients, where both IR and IGF-1R together 
with their downstream key proteins were defected, indicating insufficient and com-
prised signaling (Moloney et al., 2010).  

5.1.2 IGF-1R and IR binding studies 

Since we could not detect any difference in the proliferative response between in-
fected and non-infected cells we sought to investigate if the number of ligand-
binding sites and if the receptor affinity for IR and IGF-1R were altered. Despite the 
significant increase in IR/IGF-1R protein levels, the maximal specific binding on 
attached cells were decreased by 30% in ScN2a cells compared to N2a cells, when 
125I-IGF-1 (20pM) and 125I-insulin (40pM) were used as tracers. Correlating the 
number of binding sites to the increased expression of IR/IGF-1R the 125I-insulin- 
and 125I-IGF-1 binding sites decreased 65% and 80%, respectively. One possible 
explanation for the observed reduction in binding sites would be if PrPSc interact-
ed/interfered with IR and IGF-1R, with a subsequent alteration in the number of 
binding sites. However, displacement binding studies of the IGF-1R showed a 7-fold 
decrease in binding affinity in ScN2a cells (KD=4.2 nM) compared to N2a cells 
(KD=0.6 nM) which explains the decrease in binding sites. Displacement studies 
revealed no change in the IR binding affinity apparent by very similar KD (1nM) 
values in both ScN2a and N2a cells, which could indicate the interac-
tion/interference of PrPSc or yet another possibility, the presence of two IRs popula-
tions. One population that is normally expressed, processed and functional, shown 
by unchanged receptor affinity whereas the second population no longer recognizes 
and binds 125 I-insulin but is detected by the anti-IR β-subunit specific antibody. 
Another, possible explanation for the observed increase of IR levels in ScN2a cells 
albeit the lack of 125insulin-binding could be abnormal processing or trafficking of 
the receptors. However, Nielsen at al. could exclude the possibility of aberrant pro-
cessing or trafficking since they could not detect any differences in the ratio of sur-
face-localized IR compared with the total amount of IR between N2a and ScN2a 
cells (Nielsen et al., 2004). In addition, they showed that N2a cells expressed signif-
icant levels of IR/IGF-1R hybrid receptors (HR) and that these HR levels were twice 
as high in ScN2a cells (Nielsen et al., 2004). Taken together, neurons predominantly 
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express IR-A (see 2.5) and HR with this isoform show a reduced affinity toward 
insulin (see 2.4), since a 2-fold increase of HRs were detected in the ScN2a cells, it 
is tempting to suggest that the “second” unresponsive IR population in ScN2a cells 
is in fact HRs. This would give a plausible explanation for the decrease in 125I-
insulin binding sites.  

5.1.3 Tyrosine phosphorylation of IR and IGF-1R 

To further characterize the functional properties of IR and IGF-1R we analyzed the 
tyrosine phosphorylation in response to insulin and IGF-1, respectively. Extracellu-
lar ligand binding to the α-subunits of IR or IGF-1R leads to a conformational 
change bringing the β-subunits closer together allowing the catalytic domain to 
trans-phosphorylate tyrosine residues, thus, initiating activation and downstream 
signaling (see 2.6). In N2a and ScN2a cells, using β-subunit directed immunoprecip-
itation, both insulin (10-1000 ng/ml) and IGF-1 (1-100 ng/ml) induced a dose-
dependent tyrosine phosphorylation on the IR- and IGF-1R-β-subunit, respectively. 
Taking into account the fact that both IR and IGF-1R expression levels in ScN2a 
cells were increased compared to N2a cells, the cells/immunoprecipitation was ad-
justed to yield the same amount of β-subunit/lane. Furthermore, quantification of the 
IR- or IGF-1R-β-subunit tyrosine phosphorylations in comparison to the amount of 
receptors in each lane was performed using WGA-purified IR or IGF-1R. The quan-
tifications revealed no significant difference in the dose response of IR β-subunit or 
IGF-1R β-subunit phosphorylation between N2a and ScN2a cells, even though 125I-
insulin – and 125I-IGF-1 binding sites were decreased by 65% and 80%, respectively, 
in ScN2a cells. The divergence between these results may reflect an increased activi-
ty of the trans-phosphorylation of both receptors or it could result from increased 
phosphorylation of IR- β-subunits or IGF-1R-β-subunits.  

There are several putative mechanisms that could lead to increased tyrosine 
phosphorylation. In lipid rafts, PrPC co-localize with e.g. Src-family tyrosine kinases 
(SFKs) (Mattei et al., 2004; Morel et al., 2004). Furthermore, within these special-
ized microdomains the formation of PrPSc is thought to occur, thus the formation of 
PrPSc could alter SFK activity. In scrapie-infected cell lines including ScN2a, the 
activity and expression of SFK i.e. Src, was significantly increased compare to non-
infected cells (Gyllberg et al., 2006). Additionally, it was shown that this elevated 
kinase activity of Src was associated with increased levels of protein tyrosine phos-
phorylations (Gyllberg et al., 2006). Thus, an increase in STK might increase the 
phosphorylation of IR- and IGF-R β-subunits. In addition, the reduced activity of 
calcineurin, a Ca2+/calmodulin-dependent Ser/Thr phosphatase, was observed during 
a proteome study in a Tg(PG14) mouse model of inherited prion disease (Biasini et 
al., 2006). Reduction in protein phosphatases activities could also contribute to in-
creased tyrosine phosphorylation of IR- β-subunits or IGF-1R-β-subunits in scrapie-
infected cells. 

Furthermore, it has been suggested that intracellular ROS e.g. H2O2 can function 
as an initiator of IRβ-subunit tyrosine phosphorylation and subsequent downstream 
signaling (Schmid et al., 1998; Mahadev et al., 2001). The initiation or “priming” of 
the β-subunits will lead to increased insulin-stimulated tyrosine phosphorylation 
(Mahadev et al., 2001).  In addition, H2O2 can inhibit the function of protein tyrosine 
phosphatases (PTP) through oxidation of cysteine residues, and PTPs de-
phosphorylates the IR and downstream target PtdIns (3,4,5)P3 (Droge, 2005). Thus, 
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scrapie-infection might lead to oxidative stress (as mentioned earlier) and this in turn 
will lead to increased tyrosine phosphorylation. 

In retrospect, the twofold increase of HRs in ScN2a cells compared to N2a cells 
might explain the reduction in binding sites for inslulin and also the increased tyro-
sine phosphorylation. Noteworthy, the insulin concentration in these two experi-
mental setups differed. The insulin concentration was lower in the binding study 
than in the tyrosine phosphorylation study. Thus, HR having a lower affinity to-
wards insulin than IR, would not recognize insulin at 40 pM (binding study). Higher 
insulin concentrations (tyrosine phosphorylation study) would be able to induce 
tyrosine phosphorylation of IR β-subunit (at least concentrations above approx. 10 
nM). Thus, regarding the concentrations, HRs would be undetectable in the binding 
study but detectable in the tyrosine phosphorylation study. 

5.1.4 Insulin-induced phosphorylation of ERK2  

Upon IR activation intrinsic signaling cascade is induced with the subsequent activa-
tion of ERK through phosphorylation. ERK is a MAPK and is associated with cell 
proliferation and survival (see 3.6). In order to evaluate if scrapie-infection some-
how alters the IR signaling transduction, the phosphorylation of ERK were analysed. 
Insulin (1-100 nM) treatment induced a dose dependent increase in ERK2 phosphor-
ylation in both cell types, although the basal level of phosphorylated ERK2 was 
significantly elevated (8.8±1,7-fold) in ScN2a cells. The total amount of ERK2 did 
not differ in N2a cells versus ScN2a cells, however, insulin-induced (100nM) phos-
phorylation of ERK2 was increased 11-fold in N2a cells and only 2-fold in ScN2a 
cells. The activation of ERK2 in ScN2a cells was significant but in comparison to 
N2a cells, the activation levels were reduced. The reduced activation of ERK2 in 
ScN2a cells compared to N2a cells could be due to the already increased basal levels 
of phosphorylated ERK2.  

One known substrate for SFK is ERK1/2, and since Src kinase activity was 
shown to be increased in ScN2a cells this could explain the increased basal phos-
phorylation of ERK2 in ScN2a cells compared to N2a cells. In addition, oxidative 
stress leads to increased activation of ERK1/2. The outcome of activated MAPKs 
has been shown to be dependent on cell type, stimulus and duration of the stimuli. 
Persistent or prolonged activation of ERK1/2 has been suggested to be toxic in a 
hippocampal cell line and in immature primary cortical neurons (Stanciu et al., 
2000), in response to glutamate. Furthermore, in hippocampal slice cultures, treat-
ment with a serine/threonine protein phosphatases inhibitor induced rapid and sus-
tained ERK1/2 activation with subsequent neuronal degeneration (Runden et al., 
1998). Taken together, increased or prolonged basal ERK activation as a result of 
prion-infection could function as a stressor for cells that might trigger cell death. In 
this scenario PrPSc per se is not toxic but induces responses that in the long run may 
lead to neuronal degeneration. 
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5.2 Paper III 

In several neurodegenerative diseases, including prion diseases, microglial activa-
tion is thought to contribute and/or exacerbate neurodegeneration through the pro-
duction of proinflammatory cytokines, ROS or/and RNS. Microglia recognizes e.g. 
pathogens, and endogenous host molecules produced as a result of cell death or 
injury, through PRRs such as TLR4. The activation of TLRs leads to the initiation of 
MAPK signaling cascades and a subsequent production of e.g. iNOS. Activated 
iNOS catalyzes the formation of the free radical NO˙. In this study we sought to 
investigate the involvement of MAPK signaling pathways during inflammatory 
conditions. The murine microglial cell line, BV-2, was used as an in vitro model.  

5.2.1 LPS induced iNOS and CD14 expression 

Several neurotoxic molecules, such as Aβ and MPTP (Saha and Pahan, 2006) have 
been suggested to induce the expression and activation of iNOS in glial cells. Active 
iNOS results in high amounts of NO˙ lasting for hours to days, thus it could promote 
neurotoxicity in cells or in tissue. LPS, a component of the outer membrane of 
Gram-negative bacteria, which exerts its effect through TLR4 in concert with CD14 
(see 3.5), can induce iNOS. LPS is commonly used to mimic bacterial infection that 
induces inflammation, both in vitro and in vivo. When challenging BV-2 cells with 
LPS a 1.5-fold increase in CD14 expression was induced, indicating that these cells 
activate an immunological response towards an inflammogen. LPS treatment signif-
icantly induced iNOS expression and NO˙ production compared to untreated BV-2 
cells. This is in line with a recent study by Hwang et al. showing that iNOS expres-
sion is induced during LPS treatment in BV-2 cells (Hwang et al., 2009).  

To elucidate the involvement of MAPK pathways during LPS-induced inflamma-
tion, we used the inhibitors PD98059 (ERK1/2), SB203580 (p38) and SP600125 
(JNK). BV-2 cells were treated with either PD98059, SB203580 or SP600125 to-
gether with LPS, and then the iNOS expression and NO˙ production were analyzed. 
Co-treating BV-2 cells with LPS and SP600125 completely abolished the LPS in-
duced iNOS expression and NO˙ production. This indicates that the JNK pathway is 
involved in the regulation of the LPS induced iNOS expression. Furthermore, a 
slight reduction in iNOS expression was observed after co-treatment with LPS and 
SB203580 although it was not statistically significant. However, even though 
SB203580/LPS treatment lowered the expression of iNOS it did not affect its cata-
lytic activity evident by the equal production of NO˙ in LPS compared to LPS and 
SB203580 treatment. These result do not clarify if the regulation exerted by JNK on 
LPS-induced iNOS expression is direct/indirect or at a transcription/translation lev-
el. JNK has been suggested to regulate human iNOS expression through a post-
transcriptional mechanism by stabilizing iNOS mRNA (Cao et al., 2003; Korhonen 
et al., 2007; Fechir et al., 2005). The mRNA stabilization was proposed to be indi-
rect via a tristetraprolin (TTP)-dependent mechanism. TTP is an RNA-binding pro-
tein which regulates mRNA stability or translation or both (Lai et al., 2003), alt-
hough the exact mechanism(s) for this is not known.   
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5.2.2 Antioxidant enhances LPS induced iNOS levels 

In microglia NADPH oxidase is activated in response to LPS leading to a robust 
production of ROS, and ROS is believed to alter the expression of iNOS in glial 
cells. To further elucidate the mechanism(s) behind the LPS induced iNOS expres-
sion the antioxidant N-acetyl-L-cysteine (NAC) were used. NAC is a cell permeable 
analog to cysteine, the precursor of glutathione. NAC also functions as a scavenger 
for reactive oxygen intermediates. NAC treatment was used to elucidate if an oxida-
tive mechanism contributes to the LPS-induced iNOS expression in BV-2 cells. In 
control cells, NAC did not exert any effect on the iNOS expression, however, NAC 
together with LPS further augmented the expression compared to LPS treatment 
alone. This clearly indicates that ROS somehow suppress LPS induced iNOS ex-
pression in cells and that antioxidant treatment releases this inhibitory effect. Previ-
ously it has been shown, that co-treatment of NAC or glutathione together with 
cytokine increased iNOS mRNA, iNOS protein levels and the NO production com-
pared to cytokine treatment alone (Jiang et al., 1999). In rat vascular smooth muscle 
cells treatment with IL-1β induced iNOS expression, which was enhanced upon co-
treatment with catalase (Guikema et al., 2005).  This indicates that H2O2 is involved 
in suppressing signaling pathways leading to iNOS expression, which is in agree-
ment with our results.  

Co-treating BV-2 cells with NAC/LPS and one of the inhibitors for ERK1/2, p38 
or JNK showed that all three of the MAPKs are involved in the NAC/LPS induced 
iNOS expression. Although the inhibition of JNK together with NAC/LPS treatment 
nearly abolished the iNOS expression, whereas inhibition of ERK1/2 or p38 lowered 
the iNOS expression to LPS induced levels.  

 We further analyzed the NO˙ production in BV-2 cells treated with LPS or 
NAC/LPS, alone or with one of the MAPK inhibitors. Noteworthy is that the exper-
imental setup was differed from to the previous study when we analyzed the NO˙ 
production. Here we only used 40 000 cell/cm2 (compared to 80 000 cell/cm2) in 
order to avoid the risk of saturation of the nitrite assay. This explains the difference 
in NO˙ concentrations upon LPS treatment. Using two different NAC concentra-
tions, 1mM and 10mM, we showed that the LPS-induced NO˙ production was dose-
dependently increased in these cells. Co-treatment with LPS and NAC (10mM) 
further increased the NO˙ production, compared to LPS treatment alone. This is 
consistent with the augmented iNOS expression in respons to LPS/NAC treatment 
compared to LPS treatment alone. Inhibiting JNK together with LPS and NAC 
(1mM or 10mM) decreased the levels of NO˙ back to control levels. Neither one of 
SB203580 and PD98059 affected the NO˙ production upon treatment with LPS and 
NAC (1mM or 10mM).  Again, it was shown that the JNK MAPK pathway was 
involved in the LPS-induced iNOS expression and NO˙ production. In addition, a 
redox sensitive suppression on JNK effects iNOS expression and NO˙ production. 
Albeit the NAC/LPS treatment combined with ERK1/2 or p38 inhibitors, decreased 
the augmented iNOS expression, it does not seem as these inhibitors (with 
LPS/NAC) affect iNOS activity, shown by the lack of reduction of NO˙ production 
in BV-2 cells.  
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5.2.3 NAC/LPS treatment enhanced the phosphorylation of JNK  

In order to be active, JNK needs to be phosphorylated on threonine and tyrosine 
residues within a conserved motif. To further corroborate that LPS treatment acti-
vated the JNK MAPK pathway we analyzed the activation of JNK, hence, the phos-
phorylation.  JNK, p46 and p54, was constitutively phosphorylated in control cell, 
and LPS treatment further increased the phosphorylation of JNK (p46). Challenging 
the BV-2 cells with LPS together with different concentration of NAC (1mM, 3mM 
and 10mM) further enhanced the phosphorylation of p46, compared to control cells. 
The increased levels of JNK (p46) in relation to LPS/NAC treatment compared to 
LPS, further indicates that redox sensitive mechanism(s) suppress the JNK signaling 
pathway during LPS-induce inflammation.   

5.3 Paper IV 

In this paper we further analyzed what functional properties MAPK pathways have 
on the cellular survival in BV-2 microglial cells, both during inflammatory and non-
inflammatory conditions.   

 

5.3.1 Apoptosis in BV-2 cells 

MAPKs signaling cascades regulate a variety of physiological processes such as cell 
proliferation, differentiation, inflammation, and apoptotic cell death. What the cellu-
lar outcome will be upon MAPKs activation is dependent on several factors such as 
cell type, stimulus, and the duration of the stimuli. To elucidate the importance of 
JNK, p38 and ERK MAPK signaling pathways in BV-2 cells we used LPS and 
MAPKs inhibitors; PD98059 (ERK1/2), SB203580 (p38) and SP600125 (JNK).  
Treating BV-2 cells with SB203580 or SP600125 alone or combined with LPS re-
sulted in a decreased number of cell in the culture dish. This effect was most promi-
nent for the inhibition of JNK both during non- and LPS-induced inflammatory 
conditions. Furthermore, during LPS-induced inflammation the inhibition of p38 
MAPK resulted in a decreased number of cells, although not to the same extent.  

During the early stage of apoptosis, cells display different biochemical and mor-
phological features (see 3.8), and the plasma membrane is intact in contrast to necro-
sis.  BV-2 cells were stained with Annexin-V and PI in order to detect early signs of 
apoptosis or necrosis after treatment with inhibitors PD98059 (ERK1/2), SB203580 
(p38) or SP600125 (JNK), alone or together with LPS. None of the treatments in-
duced any PI positive staining thus, ruling out necrosis as the mechanism behind the 
observed cell death. Inhibiting the p38 MAPK pathway during LPS-induced in-
flammation induced a slight increase of Annexin-V positive staining, whereas inhib-
iting the JNK pathway induced a clear increase in Annexin-V positive cells. The 
latter effect was observed both in resting and LPS-activated BV-2 cells. These re-
sults indicate that JNK pathway has a pro-survival effect in both resting and activat-
ed BV-2 cells, whereas p38 possesses pro-survival effect in activated BV-2 cells. 

Caspase-3 is an important member of the caspase protease family that is involved 
in the execution-phase of apoptosis (see 3.8).  The activation of caspase-3 is initiated 
through proteolytic processing, and cleaved caspase-3 is an indicator of apoptosis. 
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Activated caspase-3 is involved in the cleavage of cellular substrates that induces the 
biochemical and morphological characteristics of apoptosis. LPS activated BV-2 
cells showed no signs of caspases-3 activation. However, caspase-3 activation was 
detected both during normal and inflammatory conditions when the BV-2 cells were 
treated with the JNK inhibitor, SP600125. Furthermore, inhibiting the p38 MAPK 
pathway with SB203580 during LPS-induced inflammation resulted in significant 
amounts of cleaved caspase-3. However, the caspase-3 activation was less pro-
nounced compared to SP600125 treatment. It is important to mention that caspase-3 
activation is not always associated with apoptosis; however, in this study we con-
clude that the loss of cells was in fact due to apoptosis, shown by Annexin-V posi-
tive staining together with caspase-3 activation. Thus, it appears as if both JNK and 
p38 MAPK pathway are important in the survival of microglial BV-2 cell, although 
during different cellular conditions.   

SP600125 has been used in several studies both in vitro and in vivo (Bogoyevitch 
and Arthur, 2008; Wang et al., 2007; Xu et al., 2011), and it has been shown that the 
JNK signaling pathway is of big importance in cell survival, which is in line with 
our results. Further, it has been shown that JNK has the capacity to protect cells 
from oxidant-induced cell death through phosphorylation of Nrf2 with subsequent 
transcription of anti-oxidant responsive genes (Owuor and Kong, 2002). Thus, even 
though the JNK signaling pathway has mainly been associated with cell death in 
response to cellular oxidative stress, it is becoming more evident that this signaling 
pathway also plays an important role in cell survival.  

5.3.2 c-Jun and p38 activation in BV-2 cells 

It has been shown that LPS treatment of microglial cells induced activation of JNK 
with a subsequent phosphorylation of c-Jun, a component of AP-1 (Hidding et al., 
2002). In order to analyze if the MAPKs inhibitors affected phosphorylation of c-
Jun, we treated BV-2 cells with PD98059 (ERK1/2), SB203580 (p38) or SP600125 
(JNK), alone or together with LPS. Phosphorylated c-Jun was shown by a weak but 
detectable band in control cells, and LPS significantly enhanced the phosphoryla-
tion. Furthermore, in LPS-activated BV-2 cells the inhibition of p38 significantly 
increased the phosphorylation of c-Jun compared to LPS treatment alone. Addition-
ally, co-treating BV-2 cells with LPS and SP600125 reduced the phosphorylation of 
c-Jun, showing that the SP600125 is functional. Thus, in BV-2 cells, LPS induces 
the activation of JNK and p38 (data not shown), resulting in increased phosphoryla-
tion of c-Jun, hence, both JNK and p38 MAPK pathways are concomitantly activat-
ed in response to LPS. It appears as if a reciprocal communication exists between 
JNK and p38 MAPK signaling pathways, and this may have evolved in order to 
increase different responses without altering the number of “players”. 

To elucidate if the inhibition of JNK would lead to increased activity of p38 we 
analyzed the phosphorylation of p38 MAPK. Inhibiting the JNK pathway both dur-
ing normal and inflammatory conditions resulted in a significant increase of phos-
phorylated p38 i.e. increased activity, in BV-2 cells. Activated p38 is thought to 
regulate the expression and activation of the pro-apoptotic protein Bax, leading to 
mitochondrial membrane permeabilization, and phosphorylation of the anti-
apoptotic protein Bcl-2 leading to its decreased biological activity (De Chiara et al., 
2006; Kim et al., 2006). Hence, modulation of both Bax and Bcl-2 by activated p38 
will lead to apoptosis. In vitro, SP600125 was shown to induce caspase-3 activation 
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and apoptosis, whereas overexpression of Bcl-2 reduced this effect (Moon et al., 
2008).    

Taken together, the pro-survival effect of JNK in BV-2 cells might be due to the 
abolishment of a potential apoptotic signal through the p38 MAPK pathway. This 
was proposed because the inhibition of JNK resulted in 1) increased levels of acti-
vated p38, and 2) PS translocation together with caspase-3 activation. In addition the 
p38 MAPK signaling pathway seems to be pro-survival during LPS-induced in-
flammation. Inhibiting p38 induced 1) PS translocation and caspase-3 activation 2) 
increased phosphorylation of c-Jun, indicating that during LPS-induced inflamma-
tion the p38 MAPK pathway might suppress apoptotic signaling acting through 
JNK. However, the p38 MAPK signaling pathways do not appear to be essential in 
the survival of BV-2 cells, during non-inflammatory conditions. Thus, it appears that 
both p38 and JNK pathways exert anti-apoptotic effects during inflammatory condi-
tions in BV-2 cells, and blocking the activity of either one will lead to apoptosis 
possibly through the disruption of a reciprocal interaction. 
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6 Conclusions  

Paper I and II  
Alterations in neurotrophic receptors and/or their intrinsic signaling pathways   
could contribute to neurodegneration in prion diseases. We chose to look at the IR 
and IGF-1R since they have shown alterations in a variety of neurodegenerative 
diseases. We found that the expression of both receptors were increased which might 
represent a neuroprotective response to prion-infection. In addition, the scrapie-
infection affected IGF-1R affinity and signal transduction, as well as, the number of 
binding site for insulin and IR signal transduction. In conclusion, several factors 
could contribute to the neurodegeneration in prion diseases: PrPSc could be neuro-
toxic per se, the ameliorated effects of PrPC towards oxidative stress might be re-
duced, and the alterations in receptors such as IR and IGF-1R could result in attenu-
ated neurotrophic support. If neuronal cells exhibited one of these changes, they 
might survive, but the additive or perhaps the synergistic effect could lead to neuro-
degeneration.  

 
Paper III  
We showed that LPS treatment in a microglial cell line, BV-2, induced an immuno-
logical response seen by CD14 and iNOS expression. The expression and activation 
of iNOS is an antimicrobial defense mechanism in microglial cells, which results in 
high amount of NO˙. The iNOS expression was shown to be dependent on the JNK 
MAPK signaling pathway during LPS-induced inflammation in these cells. The JNK 
pathway and subsequent iNOS expression was further shown to be regulated 
through redox sensitive mechanism(s). Mechanism(s) suppressed the activation of 
JNK, and hence, the expression levels of iNOS and subsequent NO˙ production. 
Thus, in microglial cells a redox sensitive suppressive mechanism could consequent-
ly maintain NO˙ production within a safe concentration range favoring lower neuro-
toxicity and neurodegeneration.   

 
Paper IV 
We demonstrated that BV-2 cells are protected from undergoing apoptosis by pro-
survival activity mediated both by the JNK and p38 MAPK pathway during LPS-
induced inflammation. This is very interesting findings since it is very important for 
microglia to respond properly to a pathogen, without themselves being affected and 
undergo apoptosis.   
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Populärvetenskaplig sammanfattning på svenska 

Vissa neurodegenerativa sjukdomar så som Alzheimers sjukdom, Parkinsons 
sjukdom, men även prionsjukomar uppvisar likheter i form av progressiv nervcells 
död, oxidativ stress, ansamling av proteiner/peptider i och runt celler samt 
neuroinflammation. Prionsjukdomar är en ovanlig sjukdom som kan drabba både 
människor och djur och som tyvärr har dödlig utgång. Prionsjukdomar innefattar en 
grupp av sjukdomar med olika etiologier så som infektiösa, ärvda och sporadiska. I 
prionsjukdomar bildas det hålrum i hjärnan, vilket resulterar i bland annat kognitiva 
störningar. Den kliniska bilden skiljer sig dock mellan olika former av 
prionsjukdomar. Den vanligaste formen är Creutzfeldt-Jakobs sjukdom som varje år 
drabbar ca 1 person/miljon människor. Under 1990-talet kom den så kallade ”galna 
kosjukan” i medialt fokus. Galna kosjukan syftar på en prionsjukdom som drabbar 
nötkreatur som senare visade sig kunna överföras till människor via infekterat 
nötkött.   

Gemensamt för prionsjukdomar är att ett protein, det så kallade prionproteinet 
(PrPC), ändrar sin tredimensionella struktur. Det förändrade prionproteinet brukar 
kallas ”scrapie” (PrPSc) eller prion. PrPC finns i de flesta celler i människan och i 
djur. Man vet dock inte riktigt vilken funktion PrPC har men man har hittat många 
troliga roller så som involvering i signalering. Man har även visat att PrPC hjälper till 
att skydda nervceller mot fria syreradikaler och påvisat dess roll i transport av 
metaller så som koppar. När PrPC väl har ändrat struktur till PrPSc så förändras dess 
egenskaper. PrPSc har en förmåga att klumpa ihop sig till s.k. aggregat som har visats 
vara svåra för cellen att bryta ner. Dessa aggregat har även visat sig kunna aktivera 
hjärnans immunförsvar.  

Ett av syftena i denna avhandling var att se om det fanns några molekylära 
förändringar som inducerats på grund av prioninfektion i nervceller från möss. Delar 
av dessa cellkulturer har prioninfekterats. Icke infekterade cellkulturer har fungerat 
som kontrollceller, så att eventuella skillnader vid prion infektioner har kunnat 
hittas. Vi tittade på två s.k. neutrofa receptorer då dessa har visat sig vara viktiga för 
överlevnaden av bl.a. neuronala celler. De visade sig att scrapie infekterade celler 
hade fler insulinreceptorer (IR) och insulin-lika 1 (IGF-1) receptorer. Signalvägarna 
i de sjuka cellerna var också förändrade. Således, ett tänkbart scenario är att cellerna 
försöker att anpassa sig till infektionen genom att öka antalet IR och IGF-1R för att 
kunna överleva. Tyvärr verkar det som om att prioninfektioner påverkar dessa 
receptorers funktion, och/eller antalet fungerande receptorer vilket motverkar den 
skyddande effekten och kan leda till att nervcellerna dör.  

Ett annat scenario är att prioninfektioner aktiverar microgliaceller. 
Microgliaceller är del av hjärnans immunförsvar och dessa celler är mycket viktiga 
för neuronala cellers överlevnad. Microgliacellerna skannar hela tiden hjärnan i jakt 
på döda celler, bakterier eller andra saker som kan påverka cellerna i hjärnan på ett 
negativet sätt. När dessa celler är aktiverade kommer de att producera ämnen som 
kan vara toxiska för nervcellerna speciellt vid långvarig exponering.  Ett sådant 
ämne är kvävemonoxid (NO).  

I den andra delen av avhandlingen har vi använt en microglia cellinje kallad BV-
2, för att se vilka signalvägar som är involverade i produktionen av NO. För att 
aktivera migrogliacellerna använde vi ett ämne som är en beståndsdel utav det yttre 
cellmembranet i gram-negativa bakterier. En signalväg som oftast är associerad med 
celldöd visade sig vara mycket viktig för produktionen av NO. Därtill fann vi att 
denna signalväg kontrollerades av en mekanism som var känslig för hur mycket fria 
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syreradikaler det fanns inne i cellen. Vidare så tittade vi på vilka signalvägar som 
var viktiga för överlevnad av BV-2 celler. Två signalvägar visade sig vara av 
yttersta vikt för överlevnad vid inflammation. Dessa studier visar bl.a. på en 
mekanism som troligtvis fungerar som ett skydd så att microgliacellen inte 
producerar för höga koncentrationer av NO. För höga koncentrationer av NO skulle 
kunna leda till att cellen självt dör. Studierna visade även vilka signalvägar som 
troligtvis är viktiga för överlevnad vid inflammation i BV-2 celler.  

Båda delarna i avhandlingen var ämnade till att finna och förstå eventuella 
skillnader som uppkommit på grund av infektion eller inflammation i celler. Många 
gånger behöver man studera celler under s.k. normala förhållanden för att kunna 
förstå vad som händer under patologiska förhållanden. På sikt kanske man kan finna 
botemedel eller ämnen som hämmar nervcellers död vid neurodegenerativa 
sjukdomar så som prionsjukdomar.  
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