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Abstract: 

Amyloidoses comprise a group of diseases where normal or mutated protein precipitates 
into amyloid fibrils. The deposition of fibrils causes dysfunction of organs and toxicity to nervous 
tissue. Up to date 24 different proteins and peptides are known to be able to form amyloid fibrils. 
The most well known are Amyloid beta peptide and Prione protein causing Alzheimer’s disease and 
Creutzfeld Jacob’s disease respectively.  

The aims of this thesis were to investigate the structural properties of cytotoxic amyloid 
and examine the mechanisms involved. The model protein mostly used in the studies was the plasma 
protein transthyretin (TTR). Familial Amyloidotic Polyneuropathy (FAP) is a hereditary, autosomal-
dominant neurodegenerative disease caused by point mutations in the TTR gene. One of the most 
common variants of FAP is a mutation in position 30 where alanine is exchanged for methonine. 
This gives rise to “Skellefteåsjukan” in Sweden. 

TTR is secreted into the plasma as a tetramer. Point mutations destabilize the tetramer 
leading to disassembled monomers, which undergo partial denaturation as an initiation step to 
aggregation and amyloid fibril formation. In vivo amyloidogenesis takes a long time and does not 
occur until late in adult life. Most of the clinical TTR mutations do not form amyloid in vitro under 
physiological conditions. We have created amyloidogenic TTR mutants that are prone to aggregate 
and form fibrils under physiological conditions. This provides us with a model system on the cellular 
level for studies of the mechanisms of amyloid associated cytotoxicity as we can control the 
aggregation process and capture defined stages in the TTR amyloidogenic pathway.  

We used Atomic Force Microscopy (AFM) to follow the morphology of aggregates during 
fibril formation. Initially, amorphous aggregates were formed that subsequently matured into fibrillar 
structures, denoted protofilaments. This observation was interpreted as an optimisation of ß-strand 
registers. In addition we identified a correlation between the presence of early-formed aggregates of 
TTR and cytotoxicity. The toxic response was mediated via an apoptotic mechanism.  

We were not able to more carefully determine the structure and size of the toxic TTR 
species. To address this problem we turned to another amyloidogenic protein, equine lysozyme (EL). 
Intermediate samples corresponding to the aggregation and growth phase of amyloid fibrils of EL 
were collected. These samples were subjected to cytotoxicity assays as well as monomeric starting 
material and mature amyloid fibrillar species. The results clearly showed that the soluble oligomers 
were cytotoxic in contrast to the monomers and fibrils. Our data indicate that the toxic properties of 
the oligomers are size dependent. 

In this thesis we asked the question whether all mutated forms of TTR can be expressed 
and secreted or if there is a selection against the most aggressive mutations in vivo? We transfected 
hematopoetic K562 cells with wild type or mutant TTR, with or without the N-terminal signal 
peptide, responsible for secretion, to generate both extra- and intracellular TTR. We show that the 
post-translational quality control of the cells does not allow intracellular mutant TTR outside the 
secretory pathway, possibly due to the cytotoxic effects, while translocated to the secretory pathway 
made it escape the quality control permitting secretion and amyloid formation outside the cells. 

We have further analyzed the cytotoxic mechanisms induced by TTR oligomers with a 
focus on intracellular apoptotic signalling pathways.  We show that TTR oligomers bind to the 
surface of the target cells but are not taken up, that is in contrast to mature fibrils that do not bind 
them at all. The apoptotic response occurred in a caspase-independent and a free radical dependent 
way. 
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INTRODUCTION 
_____________________________________________ 
 
 
 
 
AMYLOIDOSIS 
 
 
Protein folding and misfolding 
 
The majority of important processes in our body involves proteins. The 
biological function of a protein depends among other properties on the three-
dimensional structure, which is decided by the amino acid sequence. The 
newly synthesized protein folds into a native structure that corresponds to the 
most thermodynamically stable one under physiological conditions (Dobson, 
2004). The folding process is tightly controlled by the quality control of the 
cell in order to prevent non-native folded protein. Chaperons supervise the 
protein to attain proper folding. Misfolded proteins are normally recognized 
by the quality control and targeted to undergo degradation through the 
ubiquitin-proteasome pathway (Ellgaard et al., 1999).  
 
The failure of a protein to fold properly, or to remain correctly folded, is 
associated with a wide range of diseases. In some cases due to loss of 
biological function of the protein and in some due to gain of a toxic effect of 
the misfolded protein (Thomas et al., 1995). The latter is an effect of escaping 
the quality control of the cell and start to form extra- or intracellular 
aggregates, which is coupled to a number of disorders (Koo et al., 1999). 
 
Amyloidoses comprise a group of diseases where a normally soluble protein, 
due to protein misfolding, aggregates into insoluble amyloid fibrils. The 
amyloid deposits are extracellular and depending on which protein involved 
they are found in various tissues and vital organs such as brain, liver and heart. 
The quantity of deposits vary from low to almost undetectable levels in 
localized neurodegenerative disorders such as Alzheimer’s disease (AD) and 
Creutzfeld Jakob’s disease (Dobson, 2004), while in systemic amyloidosis 
kilograms of protein deposits can be found (Hirschfield, 2004).  
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Amyloid 
protein/peptide 

Precursor Systemic (S) or 
Localized (L) 

Clinical syndrome or 
involved tissue 

AH Immunoglobulin 
heavy chain 

S, L Primary myeloma-
associated amyloidosis 

AL Immunoglobulin light 
chain 

S, L Primary myeloma-
associated amyloidosis 

Aβ peptides AβPP L Alzheimer’s disease 
AGel Gelsolin S Finnish hereditary 

systemic amyloidosis 
Aβ2M β2-microglobulin S Haemodialysis-related 

amyloidosis 
ATTR Transthyretin S FAP, SSA, FAC 
AIns Insulin L Injection-localised 

amyloidosis 
AFib Fibrinogen α-chain S Hereditary renal 

amyloidosis 
AApoA-I Apolipoprotein AI S Hereditary renal 

amyloidosis 
AApoA-II Apolipoprotein AII, S Hereditary renal 

amyloidosis 
ALys Lysozyme S Hereditary renal 

amyloidosis 
ACys Cystatin C S Hereditary renal 

amyloidosis 
ANF Atrial natriuretic 

factor 
L Atrial amyloidosis 

Calcitonin Procalcitonin L Medullary carcinoma of 
the thyroid 

AA Serum amyloid A S Secondary systemic 
amyloidosis 

PrP Prion Protein L Spongiform 
encephalopathies 

AMed Lactadherin L Senile aortic, media 
AKer Kerato-epithelin L Cornea 
ALac Lactoferrin L Cornea 
ABri ABriPP L Familial dementia, British 
Adan AdanPP L Familial dementia, 

Danish 
AIAPP Islet amyloid 

polypeptide 
L Typ II diabetes mellitus 

ANF Atrial natriuretic 
factor 

L Cardiac atria 

A--- without name L Pindborg tumors 
APro Prolactin L Prolactinomas 
 
Table 1. Proteins and peptides associated with human amyloidosis. 
 



In protein misfolding disorders with neurodegenerative features like 
Parkinson’s disease, Huntington’s disease and Amyotrophic lateral sclerosis 
(ALS), amyloid-like aggregates are found intracellularly (Johnson, 2000) and 
thus are not defined as amyloidosis. Up to date there are 24 different proteins 
found to be amyloidogenic and associated with disorders but the list is getting 
longer (Table 1) (Westermark et al., 2002). 
 
One of the features of protein misfolding diseases is the prolonged period 
before clinical symptoms appear. It differs between the diseases, and even 
among the cases of one disease, but generally the onset occurs in middle or 
late life. The rate of misfolding and accumulation of amyloid aggregates seem 
to be important in aspect of disease onset. This is illustrated by the fact that 
inherited mutations in the amyloid forming protein imply an expected early 
disease debut. An example of this is the aggregation of wild-type Transthyretin 
(TTR) that causes Senile systemic amyloidosis (SSA) in late life, while 
accelerated aggregating mutated TTR causes Famialial amyloidotic 
polyneuropathy (FAP) in middle age life. 
  
Amyloid formation is a multistep process that is thought to be nucleation-
dependent (Rochet and Lansbury, 2000). The failure of a protein to maintain 
its native folding is the starting point of the amyloid formation pathway (fig.1). 
The equilibrium towards a partly unfolded state can be coupled to mutations,  
 
 
 

  
 
 
Figure 1.  Schematic figure over amyloid fibril formation. The mature fibrils usually 
consist of two to six protofilaments.   
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defects in processing, changes in environmental conditions such as pH and 
temperature or chemical modifications such as oxidation and proteolysis 
(Stefani and Dobson, 2003). The partly unfolded protein has exposed 
hydrophobic regions, which makes it prone to self-aggregate. Unstructured 
heterogeneous aggregates are formed, also defined as pre-fibrillar aggregates 
or soluble oligomers. The aggregates subsequently transform into 
protofilaments and mature amyloid fibrils that are constituted by several 
protofilaments. Concerning the aggregation of Amyloid beta (Aβ) peptides, 
the precursors in Alzheimer’s disease, are the fibrils formed via less defined 
fibrillar structures, denoted protofibrils (Nybo et al., 1999; Walsh et al., 1999). 
The protofibrils and protofilaments differ in that they are defined as kinetic 
intermediates and sub-structures of amyloid respectively (Rochet and 
Lansbury, 2000). The final step in amyloid formation pathway is considered to 
be essentially irreversible as the mature fibrils are stable. However, it has been 
reported that the amount of amyloid deposits decreases when the supply of 
precursor protein has been removed (Botto et al., 1997; Pepys et al., 2002). 
The aggregation process in amyloidosis is thought to occur extracellularly. 
However, in FAP it has been suggested that intracellular misfolding of TTR 
can take place in the acidic environment of the lysosomes (Colon and Kelly, 
1992). 
 
 
 
Common properties of amyloid fibrils 
 
There is no obvious structural or sequence homology among the proteins 
associated with amyloidosis. Despite the differences the proteins involved 
have in their native fold, amyloid fibrils show a similar three-dimensional 
structure.  This is dominated by a β-sheet structure, in which the strands run 
perpendicularly to the fibril axis. So far the detailed structure of the amyloid 
fibrils is unknown in all forms of amyloidosis. Examination of the 
morphology by electron microscopy (EM) and atomic force microscopy 
(AFM) has revealed that the fibrils are long, straight and unbranched. The 
diameter of the mature fibrils is typically 6-13 nm and they usually consist of 
two to six protofilaments, which have a diameter of 2-5 nm (Serpell et al., 
2000). The slender and sometimes curved protofilaments are supposed to 
twist around each other to form the mature fibril in a rope-like manner 
(Serpell et al., 2000) (fig.2), but isolated protofilaments have also been 
observed (Lashuel et al., 1999). 
 



 

           
   
 
Figure 2. The image shows schematic drawing of the structural organization of a 
fibril with four protofilaments (Stefani and Dobson, 2003). 
 
  
 
Two molecules, which specifically bind all kind of amyloid structure, are used 
in primary diagnostics to detect amyloid in histological tissue samples. Congo 
red produces a characteristic red staining under normal microscopy and a 
green birefringence when viewed under polarised light. Thioflavine emits a 
fluorescent signal upon binding to amyloid (LeVine, 1993).   

 
Further supporting the common biochemical and biophysical properties for 
amyloid is that several molecules have been found to decorate tissue extracted 
fibrils independently of precursor protein (Kisilevsky, 2000). Serum amyloid P 
component (SAP) is a human acute phase protein that binds amyloid in a 
calcium dependent manner. The role of SAP as a protector of amyloid 
deposits from proteolytic degradation has been implied. Usage of a drug 
inhibiting the binding of SAP to amyloid deposits and transgenic SAP 
knockout mice both reduced the amyloid burden (Botto et al., 1997; Pepys et 
al., 2002). Preliminary data from our group have shown that SAP can block 
the toxic effect of TTR oligomers in vitro (Andersson et al., unpublished data). 

 
Another protein associated to amyloid deposits is Apolipoprotein E (ApoE), 
which is mainly involved in the transport of cholesterol and triglycerides to 
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various organs including the nervous systems. Three isoforms of ApoE exist 
(ApoE2, ApoE3, ApoE4), where ApoE4 is thought to be associated with an 
increased risk of developing AD and ApoE2 is thought to have a protective 
effect as reviewed in Stoppini et al., 2004.  

 
Proteoglycans (PGs) are macromolecules that are found in amyloid deposits. 
Covalently attached to the proteoglycans are glycosaminoglycans (GAGs), 
which constitutes are polysaccharide chains that are responsible for the 
binding to amyloid precursors and possibly to promote amyloid formation. 
Administration of peptides that inhibit binding of GAGs to amyloid has been 
shown to impair the fibril formation (Kisilevsky and Szarek, 2002). 

 
 

 
 
TRANSTHYRETIN (TTR) 
 
 
Function and structure 
 
TTR, previously known as prealbumin, is a 127 amino acids long protein that 
have a tetramer conformation under native conditions (Kanda et al., 1974). 
The crystal structure of wild type TTR shows that it is dominated by β-strands 
that build up two β-sheets in each monomer (Blake et al., 1978). Two 
monomers are non-covalently to form a dimer with continuous β-sheets 
(fig.3A). The tetramer, which consists of two dimers associated back to back, 
is held together by hydrogen bonding and hydrophobic actions (fig.3B). 
 
TTR is mainly synthesized in the liver by hepatocytes (Felding and Fex, 1982) 
and because of a N-terminal signal peptide it is secreted into the blood stream. 
A minor production occurs in secretory cells in the choriod plexus of the 
brain (Aleshire et al., 1983), which release TTR into the cerebrospinal fluid 
(Dickson et al., 1985) and in retinal pigment cells (Inada, 1988), which release 
TTR into the vitreous body of the eye. The formation of tetramers occurs in 
the ER and is dependent of a functional signal peptide (Bellovino et al., 1998).  
     



               
           
         A.  
 

       B.  
  
 
Figure 3.  Ribbon model derived from crystal structures of TTR. A, TTR-dimer. B, 
TTR-tetramer with thyroxin-binding channel in the middle. 
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The half life of TTR is approximately 48 hours in plasma (Vahlquist et al., 
1973). The plasma concentrations of TTR are usually 0.2-0.4 g/l and in the 
ceberospinal fluid about 10 times lower.   
 
TTR is a transport protein of thyroid hormones (T3 and T4), a function it 
shares with thyroxin-binding globulin and albumin (Palha, 2002) (Larsson et 
al., 1985). The tetramer forms a hydrophobic channel that constitutes the 
thyroxin-binding sites. TTR is also a transporter of retinol (vitamine A) 
through the complex formation with retinol binding protein (RBP) 
(Goodman, 1976). The name transthyretin derives from its functions, 
transporter of thyroxin and retinol.  
 
 
 
TTR-associated amyloidosis 
 
 
Senile systemic amyloidosis (SSA) 
 
TTR is associated with two different clinical forms of systemic amyloidosis. In 
SSA wild type TTR exclusively forms amyloid deposits (Christmanson et al., 
1991). SSA is an age related disease since around 25% of all individuals over 
80 years of age are affected and it is rarely seen in individuals younger than 70 
years. SSA is usually a mild disease with few clinical symptoms (Westermark et 
al., 1990). 
 
 
Familial amyloidotic polyneuropathy (FAP) 

Familial TTR amyloidoses, including FAP, are autosomal dominant 
neurodegenerative disorders, which in contrast to SSA are associated with 
mutations in TTR. More than 85 different amyloiod-associated point 
mutations in TTR has been reported (Saraiva, 2004). One of them is the 
Val30Met mutation (Saraiva et al., 1984) recognized as “Skellefteå-sjukan” in 
Sweden. The clinical feature of FAP is peripheral neuropathy that is lethal 
within a 5-15 years period depending on mutation involved. The age of onset 
for Swedish FAP patients is usually 50-60 years (Sousa et al., 1993) although 
the disease onset of carrier of the same mutation is considerably lower in 
Portugal and Japan, indicating a role of unidentified genetic and/or 
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environmental factors. Also the age of onset is depending on the mutant 
involved. 

Point mutations in TTR destabilize the tetrameric conformation of the 
molecule. The starting point of TTR amyloidogenisis is tetramer dissociation, 
which is considered as a rate-limiting step. The produced monomers have a 
high propensity to unfold into non-native state which is thought to be the 
precursors of fibrils (Colon and Kelly, 1992; Lai et al., 1996) (Quintas et al., 
1999; Quintas et al., 2001) (Jiang et al., 2001). In vitro experiments examining 
the tetramer stability in wild type and mutated TTR revealed that the 
dissociation rate fits well with the clinical manifestation (Hammarstrom et al., 
2002). Further supporting this was the examination of a mutation 
(Thr119Met), known to abolish or attenuate the clinical symptoms of 
Val30Met in individuals with both mutations (Alves et al., 1993). The 
Thr119Met mutated TTR turned out to have higher stability and lower 
dissociation rate than wild type TTR.  
 
 
 
Therapeutic strategies in amyloidosis 
 
The therapeutic possibilities for FAP are few. Since TTR is mainly synthesized 
in the liver, transplantation is used today as the only clinical curative treatment 
of FAP. By the elimination of the production site of the pathogenic protein 
one can arrest the progression of the neurological symptoms (Holmgren et al., 
1993) (Adams et al., 2000). 
  
A therapeutic approach under development is stabilization of the tetramer. 
The binding of the natural ligand of TTR, thyroxin, has been shown to inhibit 
the fibril formation in mutated TTR by stabilizing the tetramer (Miroy et al., 
1996). In 1998 Peterson and co-workers reported that flufenamic acid had the 
ability to inhibit TTR fibril formation by binding to the thyroxin sites 
(Peterson et al., 1998). This has been followed by several reports on tetramer 
stabilizers (Baures et al., 1998) (Baures et al., 1999) (Oza et al., 2002) (Almeida 
et al., 2004). The concern that the stabilizers might inhibit the binding of the 
natural ligand is not relevant since there are two other transporters of thyroxin 
in plasma. 
 
Another therapeutic strategy implied in FAP is the removal of amyloid fibril 
associated proteins and molecules. As described above inhibitors of SAP 
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binding to TTR amyloid deposits have been shown to decrease the amyloid 
burden in patients (Botto et al., 1997; Pepys et al., 2002) and blockers of 
GAGs have been shown to impair fibril formation in Amyloid protein A (AA) 
amyloidosis and AD (Kisilevsky and Szarek, 2002). 
  
AD is the most well known amyloidosis and by far the most studied. 
Proteolytic cleavage of the transmembrane protein Amyloid precursor protein 
(APP) generates the Aβ peptide, which consists of 39-43 amino acids, that is 
prone to aggregate and form fibrils. The accumulation of Aβ peptide is 
thought to be the primary influence driving AD pathogenesis. Inhibitors of 
the proteases responsible for the cleavage of APP have been demonstrated to 
eliminate the accumulation of Aβ (Wolfe et al., 1998) (Weggen et al., 2001). 
  
A potential therapeutic approach first evaluated in AD is to prevent the 
assemble of the β-sheets in the amyloid fibrils. So-called β-sheet breakers are 
small peptides, partially homologous to the Aβ peptide, that break the 
interactions between the β-sheets (Soto et al., 1998). These peptides have been 
shown not only to inhibit the formation of amyloid fibrils but also to reduce 
the amyloid burden in rat brains (Soto et al., 1998), indicating that they can 
break already existing fibrils. 
  
The approach of β-sheet breakers has also been applied on the Prion protein 
(PrP) with positive results (Soto et al., 2000). Prion disorders are fatal 
neurodegenerative diseases characterized by accumulation of PrP aggregates 
and extensive neuronal loss in the brain. The starting point of aggregation is a 
sporadic change of the native PrP conformation, from a α-helix structure to a 
β-sheet dominated structure. Similar to FAP, the approach of stabilizing the 
native folding of PrPC has been applied by the usage of chemical chaperones 
(Tatzelt et al., 1996). 
   
Perhaps the most promising strategy in treatment of amyloidosis is the 
development of  vaccines. Schenk et al. performed pioneer experiments where 
immunization with synthetic pre-aggregated Aβ in a transgenic mice model of 
AD reduced the pathological extent and progression of AD (Schenk et al., 
1999). However, the clinical trial was halted due to several cases of 
meningoencephalitis (Senior, 2002). Although some patient had encephalitis, 
an immunoreactivity similar to the one observed in transgenic mice was 
detected (Nicoll et al., 2003), suggesting that immunotherapy is possible with 
some optimization of the vaccine to avoid side effects (Gelinas et al., 2004). 
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Immunization with recombinant PrP has also been promising by showing 
delayed disease onset (Sigurdsson et al., 2002). 
 
A potential therapeutics tool for familial amyloidoses could be gene therapy. 
This approach is under development and applied to FAP amyloidosis 
(Nakamura et al., 2004). In the case of PrP, gene therapy has been used to 
insert stabilizing mutations (Crozet et al., 2004), which is a natural approach 
already existing in TTR (Thr119Met). 
 
 
 
 
APOPTOSIS  
 
 
Apoptosis, also known as programmed cell death, is known to play an 
important role in the development of the nervous system. Today an increasing 
amount of data implicate that apoptosis play a role in the pathogenisis of 
amyloidosis and protein misfolding neurodegenerative disorders (Thomas et 
al., 1995; Troost et al., 1995) (Smale et al., 1995). However, the exact 
mechanism of the apoptosis induction by misfolded and aggregating proteins 
is still under discussion.  
 
 
Caspases 
 
There are two main signalling pathways for the cell to undergo caspase-
dependent apoptosis (fig.4). Binding of ligands, such as Fas, to the membrane 
anchored death receptors triggers the “extrinsic pathway”, where Procaspase-
8/10 is processed into an active form. This can then activate downstream 
executor caspases such as caspase-3, -6 and -7 (Muzio et al., 1996). The   
second pathway originates from the mitochondria and called the “intrinsic 
pathway”. It is activated by cellular stress, which causes release of cytochrome 
c from the mitochondria. It associates with Procaspase-9 and Apaf-1 to form a 
complex where Procaspase-9 is processed into an active form, which cleaves 
and activates the executor caspases. The death receptor and mitochondrial 
pathways are linked by the pro-apoptotic B-cell lymphoma/leukaemia-2 (Bcl-
2) family protein Bid that is processed by the initiator caspase-8. Bid is then 
translocated to the mitochondria and mediates release of cytochrome c (Li et 
al., 1998) (Luo et al., 1998) and activation of initiator caspase-9. 



 

 
 
 
Figure 4. Schematic picture showing the “intrinsic” mitochondrial pathway and the 
“extrinsic” death receptor pathway. 
 
 
Caspase-independent apoptosis 
 
A few additional proteins can be released from the mitochondria upon 
induction of apoptosis. One of them is Apoptosis-inducing factor (AIF), 
which resides in the mitochondrial intermembrane space (Susin et al., 1999) 
and translocates to the nucleus causing chromatin condensation and large-
scale DNA fragmentation. This is independent of caspases, although AIF 
itself does not have any DNAase activity (Susin et al., 1999). Another protein 
released is Endonuclease G (EndoG), which is able to induce DNA 
fragmentation independent of caspases once it is released from the 
mitochondria (Li et al., 2001). The identification of AIF and EndoG indicates 
that an apoptosis program independent of caspases can proceed when the 
mitochondria are damaged.  

 21
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Calcium  (Ca2+) 
 
The role of Ca2+ as a signal regulator of cell functions is well established. It is 
suitable in the role as a second messenger because of the biochemical 
properties and the high concentration gradient between extra- and intracellular 
storages. Intracellular overload of Ca2+ due to extracellular influx or release of 
Ca2+ from intracellular compartments can be cytotoxic via an apoptotic or a 
necrotic mechanism. A role of Ca2+ homeostasis in protein misfolding diseases 
has been suggested since toxic aggregates have been found to increase the 
intracellular levels of free Ca2+ (Zhu et al., 2000) (Lin et al., 2001) (Whatley et 
al., 1995).  

 
The mitochondrial pool of Ca2+ is small under physiological conditions. Under 
pathological conditions elevates the intracellular concentration of Ca2+ due to 
influx via Ca2+ channel, permeabilization of the cell membrane or depletion of 
Endoplasmatic reticulum (ER) stores of Ca2+. This leads to accumulation of 
Ca2+ in the mitochondria.  
 
The consequence of Ca2+ influx into the mitochondria is loss of the 
Mitochondrial membrane potential (MMP) (Brookes et al., 2004), which is 
considered as a hallmark of apoptosis. Another is the trigger of the 
Permeability transition (PT) pore (Crompton, 1999). Among the several 
proteins that have been reported to regulate the PT pore are the Bcl family 
proteins, which are recruited to the mitochondrion upon loss of MMP (De 
Giorgi et al., 2002). The opening of the PT pore is linked to the release of 
several apoptotic proteins. Cytochrome c is one of them although the précis 
mechanism of the release has not been evolved. AIF and EndoG are also 
thought to be released through the PT pore. However, it should be noted that 
loss of MMP without release of cytochrome c, AIF or EndoG has been 
observed in apoptotic cells (Martinvalet et al., 2005; Roue et al., 2003; Saumet 
et al., 2005).  
 
 
 
Reactive Oxygene Species (ROS) 
 
The major source of ROS is the mitochondria. Traditionally ROS were 
thought to be bi-products from the respiratory chain associated with damage 
to the cell (Harman, 2003), but today ROS derived from the mitochondria are 
recognized as a intracellular messengers important for several processes in the 
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cell (Brookes et al., 2002) (Sauer et al., 2001). The accumulation of Ca2+ in 
mitochondria has been suggested to enhance the concentrations of ROS. A 
role of ROS in cytotoxicity associated to protein misfolding has been 
suggested for many neurodegenerative disorders (Butterfield et al., 2001; Hyun 
et al., 2002; Milhavet and Lehmann, 2002; Wyttenbach et al., 2002). However, 
the interplay between Ca2+ and ROS seems extremely complex as reviewed in 
Brookes et al., 2004. 
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AIMS OF THIS THESIS 
____________________________________________________________ 
 
 
The general aim of this thesis was to gain more knowledge of the pathogenesis 
in FAP.  
 
More specific aims were: 
 

• To identify the cytotoxic intermediates recovered during TTR and EL    
aggregation 

 
• To determine the structure and size of the toxic intermediates  

 
• To investigate the induction of amyloidogenic TTR cytotoxicity  

.  
• To analyze the amyloidogenic TTR cytotoxicity with a focus on 

intracellular apoptotic signalling pathways 
 

• To examine whether all mutated forms of TTR can be expressed or if 
there is a selection against the most aggressive mutations in vivo 
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RESULTS AND DISCUSSION 
_____________________________________________ 
 
 
 
 
TTR OLIGOMERS ARE TOXIC IN CONTRAST 
TO PROTOFILAMENTS (PAPER I) 
 
Today there are more than 100 different known mutations in TTR (Saraiva, 
2004). The vast majority of them are coupled to FAP and cardiomyopathy. 
Point mutated TTR that aggregates into amyloid fibrils is the cause of FAP. 
The mutation destabilizes the native tetrameric conformation of TTR, which 
disassembles into monomeric intermediates that precedes amyloid fibril 
formation (Jiang et al., 2001; McCutchen et al., 1993; Quintas et al., 2001). 
TTR mutants found in the clinic exhibit a slow aggregation rate under 
physiological conditions and therefore we generated a highly destabilized 
mutant with a high rate of aggregation and amyloid fibril formation (Olofsson 
et al., 2001). Usage of AFM allowed us to follow the morphology of the 
aggregates during the process of fibril formation. Initially amorphous 
aggregates are formed, which are upon prolonged incubation transformed to 
into fibrillar structures, denoted as protofilaments. The initial aggregates were 
detected as a smear on native PAGE in contrast to later formed 
protofilaments that did not enter the gel. We hypothesize that the initial 
aggregates to a great extent contain heterogeneous assemblies of β-strands and 
that amyloid fibrils are formed due to an optimisation of the β-strand register. 
This is an energy dependent process where the rate can be enhanced by 
increased temperature and attenuated by low temperature. 
 
In parallel we used a cell culture system to examine the cytotoxic effects of 
different intermediates recovered during aggregation. The toxic effects were 
evaluated by MTT reduction test, where the cell viability is estimated by the 
metabolic activity of the cells and by terminal deoxynucleotidyl transferase–
mediated dUTP nick end labeling (TUNEL) assay, detecting DNA 
fragmentation in apoptotic cells. The results showed that the initial 
amorphous aggregates caused a marked apoptotic response that was 
diminished upon prolonged pre-incubation of the protein (fig.5). The data 
indicate that the toxic properties exhibited by the early non-fibrillar aggregates 
disappear during the maturation process of the amyloid fibrils. This is further 



supported by previous findings showing that ex vivo isolated mature TTR 
fibrils from FAP patients did not give any apoptotic response (Andersson et 
al., 2002). 

 
 

 
 
 
Figure 5. TUNEL stained IMR-32 cells treated with initial aggregates (0h) or 
protofilaments (168h). 
 
 
 
A number of diseases are associated with protein misfolding and aggregation. 
These are characterized by deposits of normally soluble protein into amyloid 
fibrils or plaques. Until recently a general opinion was that the extracellular 
deposits of fibrils found in patients who suffered from amyloidosis were the 
cause of the clinical symptoms. Large amounts of depositions are themselves 
thought to cause clinical symptoms (Pepys, 1995), perhaps by replacing tissue 
and affecting targeted organs functions mechanically. They may also influence 
the exchange of nutrients and metabolites between cells and the blood stream 
(Merlini and Westermark, 2004). However, a poor correlation between the 
amount of deposits and the severity of clinical symptoms has been reported 
(Dickson et al., 1995).  
 
Recently the focus has been turned to pre-fibrillar oligomers. Accumulating 
data indicate that these species are responsible for the cytotoxic effect rather 
than the mature fibrils, that they in many cases eventually build up (Andersson 
et al., 2002; Conway et al., 2000; Lin et al., 2001; Nilsberth et al., 2001; Sousa 
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et al., 2001). The presented data in paper I further support these indications. 
Taken all these data together, they are mainly derived from cell culture studies 
where synthetic or recombinant protein has been used. Therefore there is a 
concern that the artificial pre-fibrillar oligomers used only partly resemble the 
natural oligomers found in vivo. 
 
Transgenic animal models have been created where expression of human 
disease related proteins, prone to aggregate, clearly have established the 
important role of protein misfolding and aggregation. However, studies of the 
characteristic disease symptoms have revealed that these appear before any 
amyloid fibrils or plaques can be detected (Moechars et al., 1999; van Leuven, 
2000), indicating that the pre-fibrillar species are the key players of cytotoxicity 
in protein misfolding disorders. 
  
The purpose of forming amyloid fibrils could be a kind of scavenger 
mechanism where cytotoxic pre-fibrillar oligomers or aggregates are 
neutralized. This implies that the amyloid fibrils represent a reservoir of 
storage for harmful protein structures. 
 
A receptor mechanism has been suggested for TTR toxicity (Sousa et al., 
2000). In that perspective a possible explanation for toxicity of the initial 
aggregates rather than mature fibrils can be the higher accessibility to the cell 
surface of the smaller aggregates while mature fibril might be prevented by 
steric hindrance. 

 
 
 
 

THE TOXIC EFFECT OF EQUINE 
LYSOZYME (EL) IS DEPENDENT ON THE SIZE 
OF THE OLIGOMERS (PAPER II) 
 
In paper I we showed that early pre-fibrillar aggregate were cytotoxic in 
contrast to protofilament structures but we were not able to more carefully 
determine the structure and size of the toxic species. To address these 
problems we turned to another amyloidogenic protein, lysozyme. It is known 
that point mutated human lysozyme is involved in systemic amyloidosis 
(Harrison et al., 1996) though it is possible to obtain in vitro fibrils from wild 
type lysozyme (Morozova-Roche et al., 2000). In this paper we chose to work 
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with equine lysozyme (EL). Previous work has shown that in contrast to 
human lysozyme EL forms morphologically very distinct straight stretched 
and annular fibrils depending on pH (Malisauskas et al., 2003). We induced 
aggregation and amyloid fibril formation of EL by lowering pH. With help of 
a Thioflavine T (ThT) fluorescence assay we were able to isolate amyloid 
soluble oligomers of different properties formed prior to the development of 
fibrillar structures. The soluble oligomers were carefully examined with respect 
to size and structure using atomic force microscopy. In parallel we assessed 
their toxic properties in cell cultures in comparison to monomers and fibrillar 
species. 
 
Amyloid formation of EL induced by lowering pH to either 2.0 or 4.5 gave 
rise to protofilaments after 120 and 200 hours respectively measured by ThT 
fluorescence. Intermediate soluble oligomeric samples were collected after 24 
and 72 hours incubation for pH 2.0 and 4.5 respectively corresponding to the 
aggregation and growth phase of the amyloid fibrils. These samples as well as 
monomeric starting material and protofilament obtained after 12-24 days of 
incubation were all subjected to cytotoxicity assays. The cytotoxic effects on 
primary neuronal cells and primary fibroblasts were monitored by ethidium 
bromide staining of damaged cells, and the effects on the human 
neuroblastoma IMR-32 cell line by ethidium bromide, MTT and TUNEL 
assays. The results clearly showed that the soluble oligomers were cytotoxic in 
contrast to the monomers and protofilaments. The primary cells and the 
primary neuronal cells in particular were more susceptible than the 
neuroblastoma cells. An interesting observation was that regardless of which 
primary cell line used, the soluble oligomers generated at pH 4.5 were 
considerably more toxic than oligomers generated at pH 2.0. This was further 
supported by the results from TUNEL assay indicating that the pH 4.5 
oligomers gave a higher rate of apoptotic cells. 
 
Examination of the soluble oligomers from both pH 2.0 and 4.5 was 
performed using AFM. The z-height distribution of 1000-4000 particles was 
determined in each sample using SPIP software grain analysis. By subtraction 
of the distribution of the starting sample from the distribution of the sample 
collected after 24 or 72 hour of incubation, the z-height distributions of the 
soluble oligomers were achieved. Evaluation the histograms showed that there 
was an accumulation of particles at four different z-heights, 0.4, 0.7, 1.1 and 
2.1 nm. By measuring the diameter of 8-10 particles at each height the 
stoichiometry could be determined (Schneider et al., 1998). The z-heights were 
corresponding to monomers, tetramers, octamers and 21-mers in size. 
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Subtraction of the distributions of soluble oligomers generated at pH 2.0 and 
4.5 from each other showed that the pH 4.5 sample of soluble oligomers 
contained a relatively small increase (~1%) of octamers and 21-mers 
compared to the ph 2.0 sample. Thus we concluded that the octamers and 21-
mers were responsible for the significantly increased cytotoxic effect of the 
pH 4.5 oligomers compared to the pH 2.0 oligomers. 
   
The ‘channel hypothesis’ has been put forward as an explanation for cytotocity 
induced by amyloid aggregates. According to this hypothesis, the exposure of 
hydrophobic surfaces by misfolded proteins favour the interaction with the 
plasma membrane and other cell membranes causing formation of non-
specific ion channels or pores. A number of proteins associated with amyloid 
diseases have reported to increase the ion currents across artificial membranes 
(Kourie et al., 2001; Lin et al., 1999; Mirzabekov et al., 1996; Monoi et al., 
2000; Wang et al., 2002; Volles and Lansbury, 2002) and also to form 
doughnut-shaped structures observed by EM and AFM (Lashuel et al., 2002; 
Lin et al., 2001; Wang et al., 2002). We observed that EL formed ring-shaped 
structures in both pH 2.0 and 4.5 samples, though we could not observe any 
correlation between the cytotoxic effect and number of rings. 
 
Though there is a general agreement today for the pre-fibrillar aggregates to be 
the cytotoxic species, there is some diversity when it comes to size. Regarding 
TTR it has been reported that the cytotoxic oligomers consist of no more than 
six subunits (Reixach et al., 2004). In contrast toxic oligomers of Aβ-peptide 
have been shown to contain tetramers to 25-mers (Gong et al., 2003; Kayed et 
al., 2003). 
 
Recently Kayed et al. were able to isolate a population of soluble spherical 
oligomers from aggregating Aβ1-42. They managed to raise oligomer-specific 
antibodies that turned out to have the ability of recognizing soluble oligomers 
from a number of different amyloidogenic proteins indicating a common 
structure (Kayed et al., 2003). In vitro studies in cell culture showed that the 
antibody was able to inhibit the cytotoxic effect of soluble oligomers. In 
further studies they showed that soluble oligomers increased the cell 
membrane conductivity and proposed that this could be a common 
mechanism for all kinds of amyloidosis (Kayed et al., 2004). 
  
These data imply common characteristics of the structure of cytotoxic 
aggregates and thus are not dependent of amino acid sequence of the native 
precursor protein. They also point towards a common mechanism for all pre-
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fibrillar aggregates to exert toxicity. But different forms of amyloid target 
specific tissues indicating that although they have common characteristics they 
also differ in their ability to interact and/or induce cytotoxicity in cells of 
different origins. As an example of this, it has been shown that although the 
Aβ peptide is present throughout the brain, soluble oligomers are toxic 
preferably in the hippocampus and parietal lobs of the brain (Kim et al., 2003). 
 
 
 
 

AMYLOIDOGENIC TTR OUTSIDE THE 
SECRETORY PATHWAY IS DEGRADED (PAPER 
III) 
 
As discussed before we know that point mutations destabilize the TTR 
tetrameric conformation and promote disassembly and aggregation. This is a 
slow process where most of the clinical mutants do not form amyloid in vitro 
under physiological conditions, and in vivo amyloidogenesis does not occur 
until in adult life. In this paper we asked the question whether all mutated 
forms of TTR can be expressed and secreted or if there is a selection against 
the most aggressive mutations in vivo? To address this question we transfected 
the hemapoetic K562 cells with wild type or mutant TTR with or without the 
N-terminal signal peptide, responsible for secretion, to generate both extra- 
and intracellular TTR. We used an artificial mutant, previously constructed in 
our group (Goldsteins et al., 1997), which is more prone to aggregate than 
most known clinical mutant. Because of the obvious problems in establishing 
a transfected cell line expressing mutant cytotoxic TTR we used a vector with 
an inducible promoter, which provided us with a system where we could 
regulate the expression. 
 



 
Figure 6. Flow cytometry analyze of cell viability of cells induced for 24 or 72 hours 
measured by propidium iodine (5µg/mL). Wild type (wt) and mutant (53-55) TTR 
were expressed with (S-) or without (∆S-) signal peptide. 10µM of the proteasome 
inhibitor NLVS was administrated to the ∆S-TTR53-55 and control cells at the start 
of induction.  
 
 
Wild type and mutant TTR with signal peptide were both expressed and 
secreted from the cells shown by immunoblotting of cell lysates and cell 
medium. There was no significant difference in expression levels. Mutant TTR 
started to aggregate immediately after secretion, shown by an antibody specific 
for TTR amyloid (Goldsteins et al., 1999). However, preliminary data showed 
that the aggregates were not toxic due to the low concentrations in the 
medium (fig.6). We concluded that the aggressive mutant of TTR bypassed 
the quality control of the cell and thus was expressed. 
 
We expressed TTR lacking signal peptide to further test the quality control 
and to examine whether intracellular TTR is cytotoxic. Wild type protein was 
detected in the cell lysates but not in the medium and thus was not secreted. 
Cell viability was not affected by expression (fig.6). The conclusion we made 
from this experiment was that intracellular TTRwt does not impair cellular 
functions and escape degradation despite being outside the secretory pathway.  
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However, we were not able to detect mutant TTR lacking signal peptide while 
transcripts could be found to the same extent as in wild type cells. This 
indicated that it had been degraded, although the cell viability was not affected 
(fig.6). To investigate whether the protein was degraded by the proteasome, 
we administrated a proteasome inhibitor to the cells at the starting point of 
expression. This generated intracellular but not secreted TTR53-55 and had a 
negative effect on the cell viability (fig.6). We concluded that the post-
translational quality control of the cells did not allow an aggressive intracellular 
mutant TTR to be expressed outside the secretory pathway due to the 
cytotoxic effects on the cells, while translocated to the secretory pathway 
made it pass the quality control permitting secretion and amyloid formation 
outside the cells. 
 
Patients carrying the D18G TTR mutant have CNS involvement and lack the 
typical FAP symptoms of pheripheral neuropathy and cardiac dysfunction. 
Biophysical evaluations of the mutant have shown that to date it is the most 
destabilized clinical TTR variant characterized (Hammarstrom et al., 2003). 
The native state of D18G TTR is a monomer. The mutant we have used in 
our studies that form tetramers, implying that D18G TTR is more 
destabilized. Though D18G TTR is very prone to aggregate is it not associated 
with an early disease onset, which was coupled to poor secretion since it was 
undetectable in the plasma (Hammarstrom et al., 2003). Our data imply that 
the tetrameric conformation is important for our mutant for being accepted 
by the quality control of the cell and for a proper secretion of TTR.  
 
Regarding the mechanism of TTR cytotoxicity is it not known whether the 
target cells take up TTR oligomers. Our data emphasize that although 
intracellular mutant TTR is toxic, the cells could handle it by proteasomal 
degradation. 
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THE CYTOTOXIC EFFECT OF TTR 
OLIGOMERS IS CASPASE-INDEPENDENT 
(PAPER IV) 
 
The role of apoptosis as a key event in the cytotoxicity of amyloid deposits is 
well established for several degenerative disorders, although there is a debate 
concerning the mechanisms. In paper I we showed that TTR oligomers were 
cytotoxic in contrast to fibrillar species. The observed DNA fragmentation 
suggested that the oligomers were toxic via the apoptotic machinery. In this 
paper we further analyzed the cytotoxic mechanisms induced by the oligomers 
with a focus on intracellular apoptotic signalling pathways.    
 
A classical hallmark of apoptosis is DNA laddering, which is a result of the 
activation of a caspase cascade. In IMR-32 cells treated with TTR oligomers 
we observed nucleosomal fragmentation that resulted in high molecular 
weight DNA fragments. This was not the typical pattern of DNA laddering by 
caspase-activated nucleases, as no low molecular DNA fragments were noted. 
We could not detect any cleavage and activation caspase-3, -8 or –9 by 
immunoblotting. We further confirmed the caspase-independent toxicity by 
pre-treating the cells with caspase inhibitors before adding the TTR oligomers. 
Caspase-8 and –9 inhibitors did not affect the toxicity at all and a broad 
caspase inhibitor yielded a minor reduction. 
 
These data are reminiscent of previous work showing that caspases were not 
activated in doxorubicin treated IMR-32 cells although cell viability was 
affected (Hopkins-Donaldson et al., 2002). Apoptosis with caspase-activation 
has been reported in several studies of aggregating proteins and peptides 
(Furuya et al., 2004; Sanchez et al., 1999; Yamada et al., 2004) (Sponne et al., 
2004). The Aβ-peptide has been shown to activate most caspases (Gervais et 
al., 1999; Troy et al., 2000; Wei et al., 2002). However, caspase-independent 
apoptosis has been observed (Dumanchin-Njock et al., 2001; Selznick et al., 
2000). Regarding TTR, our data from the IMR-32 neuroblastoma cells are 
different from other studies showing caspase-3 activation in Schwann cells 
(Sousa et al., 2001) suggesting tissue specific targeting of the toxic effects.  
 
Several studies have implicated that the production of ROS is an important 
event of the amyloid induced cytotoxicity in degenerative disorders 
(Butterfield et al., 2001; Hyun et al., 2002; Milhavet and Lehmann, 2002; 
Wyttenbach et al., 2002). A very likely mechanism for elevation of ROS can be 
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that the amyloid aggregates destabilize the cell membrane. This can lead to 
modified intracellular Ca2+ levels, which in turn can increase the levels of ROS. 
In this study we showed that the toxic effect of TTR oligomers could be 
reduced by administration of the free radical scavenger catalase. In parallel we 
investigated the MMP and detected a 20% drop in oligomers treated cells 
indicating mitochondrial damages such as impairments of functions and 
electron transport, which is coupled to accumulation of ROS. The observed 
toxic effect of TTR oligomers reported here is reminiscent of data showing 
that elevated concentrations of ROS were detected in T-cells that underwent 
caspase-independent cell death (Roue et al., 2003). 
 
To gain more information regarding how TTR oligomers mediate their 
toxicity we incubated cells with oligomers and fibrils to examine whether they 
bound to the cell surface or if they appeared in the cytoplasm of the cell. We 
showed that the oligomers were bound to the cell surface in contrast to 
fibrillar species. Confocal microscopy did not reveal any intracellular TTR 
oligomers. Our findings suggest that they bind to target cells and induce an 
apoptotic signal via a receptor mechanism or by destabilisation of cell 
membranes, leading to increased membrane permeability and disrupted 
regulation of ion pumps. Previous studies have proposed that an interaction of 
TTR with receptor for advanced glycation end products (RAGE) may 
contribute to cellular stress and toxicity in FAP (Sousa et al., 2000). Lacor et 
al. have suggested that oligomers of Aβ1-42 could bind the glutamate receptor 
implicating disturbance of the calcium homeostasis in targeted cells (Lacor et 
al., 2004). Recent work by Demuro et al. (Demuro et al., 2005) showed that 
oligomers of several amyloid disease-related proteins can cause elevated 
intracellular Ca2+ concentrations. The usage of Ca2+ channel blockers 
suggested that this was due to increased membrane permeability and release 
from intracellular storages.  
 
Our data of free radical and caspase-independent cytotoxicity might be a 
specific mechanism for TTR amyloid that is unique from others. The fact that 
amyloid derived from different proteins and peptides have different target 
tissue repertoires implicates that they interact with different extracellular 
and/or intracellular structures. This is supported by the diversity in proposed 
cytotoxic mechanisms.  
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CONCLUDING REMARKS 
____________________________________________________________ 
 
 
 
 
By the usage of a highly amyloidogenic TTR mutant we have established that 
non-fibrillar aggregates or oligomers are the cytotoxic species in FAP (paper 
I). These data contributes to several recent reports stating that pre-fibrillar 
species exerts toxicity in contrast to amyloid fibrils (Andersson et al., 2002; 
Conway et al., 2000; Lin et al., 2001; Nilsberth et al., 2001; Sousa et al., 2001). 
In paper II we analyze the cytotoxic oligomers of EL with respect to size and 
morphology. Our data indicate that the toxic properties of the oligomers are 
size dependent. However, we could not correlate the degree of toxicity to the 
number of annular structures observed in the sample.  
 
Studies of the mechanisms in TTR cytotocity were revealing that the non-
fibrillar oligomers bind to the cell surface in contrast to protofilaments (paper 
IV). We could not detect any intracellular TTR. This suggests that the 
oligomers trigger toxicity by receptor binding or cell membrane 
destabilization. This was further supported by results in paper III showing that 
intracellular aggregating TTR was degraded and preliminary data showing that 
it was not toxic. 
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