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1. SUMMARY 
 
Proteins not folded correctly can aggregate into insoluble deposits. In one type of such 
aggregation the proteins form long unbranched fibrils called amyloid. Amyloid deposits can 
either be local and only affect one organ, or systemic and affect almost every organ in the 
body. The aggregates or the pre-fibrillar oligomers are toxic and are involved in common 
diseases like Alzheimer’s disease and diabetes type II. Another type of amyloid is found in 
the aorta and is associated with atherosclerotic plaques. 
 One aim of this project was to identify the fibrillar protein of the atherosclerosis-
associated amyloid (here called amyloid AS) by analyzing the protein content in an amyloid 
purified from atherosclerotic tissue. Also, apolipoprotein E , which previously had been 
detected in a sample of purified atherosclerosis-associated amyloid, was investigated as a 
candidate for the fibrillar protein by using immunohistochemistry and western blot analyses.  
 Furthermore, the prevalence of the AS amyloid and its association to atherosclerosis were 
studied by staining tissue sections with the amyloid-marking dye Congo red. The tissue 
material was obtained randomly from autopsies performed at forensic medicine or clinical 
pathology. 92 individuals were included in the study, and three samples originating from 
different locations in aorta were collected for each individual. 
 The results indicated that the amyloid fibril is not formed by apolipoprotein E. 
Hemoglobin was detected in the purified amyloid, but it is unlikely that this is the fibrillar 
protein since mass spectrometry analyses commonly identify hemoglobin in all kinds of 
tissues. However, a more thorough examination of hemoglobin will be done in the future. 
 The AS amyloid was found in 20% of the samples, and in 41% of the individuals. It was 
almost exclusively (94%) found in advanced atherosclerotic plaques. The study further 
showed that the frequency of amyloid AS increased with age and that it was much more 
prevalent in men than in women (51% compared to 28%). The high incidence of amyloid AS 
in advanced atherosclerotic lesions reported in this study demonstrates the need for further 
investigations of this amyloid and its role in the pathogenesis of atherosclerosis. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 



2. INTRODUCTION 
 
A protein that is not folded correctly often loses its intended function, but incorrect protein 
folding has several other negative effects as well. An event that may follow is aggregation of 
misfolded or unfolded proteins. One type of such aggregates is composed of peptides 
arranged in long, unbranched fibrils, and is known as amyloid (Ellisdon and Bottomley, 2004; 
Westermark, 2005) (figure 1). The amyloid fibrils are deposited in cells and tissues where 
they give rise to various adverse effects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Amyloid fibrils visualized by electron microscopy. (Picture kindly provided by Stina Enqvist, 
Uppsala University.) 
 

2.1. Amyloid diseases 
 
Diseases that are characterized by amyloid deposits are called amyloidoses. They can be 
systemic or localized.  

 In systemic amyloidoses, the amyloidogenic peptide is circulating in the blood plasma, 
and essentially every organ in the body can therefore be affected. The deposits can be very 
massive and can cause an organ to gain several kilograms in weight. The aggregates are not 
equally distributed throughout the body but some organs accumulate more amyloid than 
others. The amount of aggregate each organ holds varies between different diseases and even 
between individuals with the same disease. One of the most common systemic amyloidoses is 
immunoglobulin light chain (AL) amyloidosis, where a B-cell clone produces antibody light 
chains that are amyloidogenic and form aggregates (Westermark, 2005). 
 Systemic amyloid diseases are rare but severe. AL amyloidosis affects only one individual 
per 100,000, but death often occurs within one or two years after diagnosis. All types of 
systemic amyloidoses are not as aggressive, but many are life-threatening if not treated since 
the affected organs eventually cease to function (Merlini and Belotti, 2003; Westermark, 
2005). 
 The most well-known localized amyloidoses are Alzheimer’s disease and Creutzfeldt-
Jacob´s disease (CJD, the human form of mad cow disease). In a local amyloid disease the 
deposits are limited to a certain tissue or organ, like the brain in the two examples above. 
Local deposits are much smaller than systemic aggregates, but an organ can be infiltrated with 
numerous such microdeposits. Even though many local amyloids have a high occurrence in 
the population they have not received much attention until quite recently. It is now clear that 
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they are involved in the pathogenesis of many common diseases, examples being diabetes 
type II and the two neurodegenerative disorders mentioned above (Enqvist et al. 2003; 
Westermark, 2005).  
 

2.2. The amyloid structure 
 
At present there are about 25 proteins that are known to form amyloid fibrils in vivo, and 
more will probably be discovered (Westermark, 2005). A compilation of some amyloid 
proteins is presented in table 1. Although these proteins differ in sequence and conformation, 
they all form amyloid fibrils with similar structure (Merlini and Belotti, 2003). The exact 
structure of the fibrils has not yet been revealed, but the main feature is a highly ordered 
arrangement of !-sheets, the so called cross-!-structure. The cross-!-structure is built of !-
strands that are lined up perpendicular to the axis of the fibril, forming sheets that run along 
the fibril axis. The sheets, and therefore the fibrils, can in this way be extended to an 
indefinite length, where each individual peptide contributes a small part to the whole structure 
(Serpell et al. 1997; Dobson 2003; Stefani and Dobson, 2003). 
 
 
Table 1. Amyloid proteins and associated diseases or tissue damage1. 
Amyloid 
protein 

Precursor Native function of 
precursor 

Distribution Syndrome or involved 
tissues 

A! A! protein precursor 
(APP) 

Unknown Localized Alzheimer’s disease 

AprP Prion protein Unknown Localized Creutzfeldt-Jacob disease 
AL Immunoglobulin light 

chain 
Immune system Systemic or 

localized 
Amyloidosis, myeloma –
associated 

AA Serum amyloid A Acute phase protein Systemic Amyloidosis, associated 
with chronic infection or 
inflammation  

ATTR Transthyretin Carrier for the hormone 
thyroxine and retinol 

Systemic  Heart, vessels 

AApoAI Apolipoprotein A-I Lipid transport in blood 
plasma 

Systemic Liver, kidney, heart 

AApoAII Apolipoprotein A-II Lipid transport in blood 
plasma 

Systemic Kidney, heart 

1 Adopted from Westermark, 2005 and Merlini and Belotti, 2003. Modified by the writer. 
  
 In natively folded proteins the conformation is determined by interactions between the 
peptide side-chains. In an assembly with !-sheet structure on the other hand, the conformation 
is solely created by interactions between atoms in the backbone. This explains how proteins 
with very dissimilar amino acid sequences are able to form a structure with shared features, 
since the backbone is something that all polypeptides have in common (Merlini and Belotti, 
2003). 
 The general opinion is that amyloid fibrils found in vivo are composed of a single protein. 
However, it can not be completely excluded that fibrils composed of two or more proteins 
may exist. There are a few observations that support the mixed fibrils hypothesis but the 
predominant mass of evidence is in agreement with the single protein hypothesis (MacPhee 
and Dobson, 2000; Bergström et al. 2004; Westermark, 2005). 
 Peptides forming the amyloid fibrils are always small in size with molecular weight 
around 3 to 15 kDa. Some amyloid peptides are short full-length proteins, but most fibrils are 
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composed of small peptide fragments that are derived from larger proteins by protease 
cleavage (Stefani and Dobson, 2003). 
 

2.3. Additional components in amyloid deposits 
 
The fibrils in an amyloid deposit are covered with various compounds called additional 
components. The role of these molecules is not clear, but some seem to enhance fibril 
formation or protect the fibrils from degradation. Common additional factors are serum 
amyloid P-component (SAP), which probably is present in all amyloid deposits, and 
extracellular matrix components such as glycosaminoglycans, fibronectin and laminin 
(Ellisdon and Bottomley, 2004; Kholová and Niessen, 2005; Westermark, 2005). Another 
common group of substances that often bind to the fibrils are apolipoproteins. Interestingly, 
some apolipoproteins have also been shown to be the fibrillar constituent in certain amyloid 
aggregates (Hatters and Howett, 2002).  
 

2.4. The mechanism of amyloid formation 
 
Only a fraction of all proteins form amyloid deposits in the body. At first, it was believed that 
these proteins had some special property that enabled them to form the fibrils. This view has 
now changed since numerous proteins that do not aggregate in vivo have been shown to be 
able to do so in vitro. It is therefore likely that all peptide chains have the ability to convert 
into the amyloid structure (MacPhee and Dobson, 2000).  
 Once folded correctly, proteins are not statically constrained to that conformation, but are 
in equilibrium with less folded states (Merlini and Belotti, 2003; Ellisdon and Bottomley, 
2004) (figure 2). The native state is the most energetically favorable state though and 
therefore proteins keep this conformation for most of the time. In addition, as described 
below, non-native folds are actively counteracted by a complex machinery. 
 It is believed that partially folded proteins can gather together and form an amyloid 
nucleus, consisting of a few peptides. The formation of the nucleus is the time-limiting event 
in fibrillogenesis, since once a nucleus is formed it catalyzes a conformational change in other 
peptides from a native fold to the cross-! conformation. A shift of the equilibrium towards the 
more unstable partially folded states promotes amyloid formation. Factors able to trigger such 
a shift are for example mutations, proteolysis, increase in the protein concentration, and post-
translational modifications like oxidation (Merlini and Belotti, 2003; Stefani and Dobson, 
2003; Ellisdon and Bottomley, 2004).  
 Several mechanisms work together in order to avoid protein aggregation. At first, 
evolution has selected against protein sequences that are prone to aggregate. Moreover, an 
extremely effective intracellular system handles proteins with non-native conformations to 
avoid aggregation or other negative effects of such species. Newly synthesized proteins and 
proteins that later on have developed a non-native fold are guided by chaperones to a correct 
conformation. Proteins that fail to acquire an accurate fold are eliminated by protease 
degradation performed mainly by the proteasome (Stefani and Dobson, 2003; Ellisdon and 
Bottomley, 2004). A similar machinery of chaperones and proteases is probably working 
extracellularly as well (Yerbury et al. 2005). 
 
 



 
 
Figure 2. Various folding states of proteins and a possible pathway to amyloid fibrils. Proteins shift between 
fully folded, partially folded and unfolded states. Proteins in partially folded states are thought to be able to form 
an amyloid nucleus, which eventually can lead to amyloid deposits. (Picture created by Anna Nordin and the 
writer.) 
 

2.5. The basis of amyloid toxicity 
 
Very little is known about how amyloid aggregates affect cells and tissues. In systemic 
amyloidoses the deposits are so extensive that their sheer mass can disrupt the tissue 
architecture and thereby cause organ failure (Stefani and Dobson, 2003). However, even very 
small localized deposits can damage the cell viability and cause cell death (Scubert et al. 
1995; Kagan, 2005; Baglioni et al. 2006). The mechanism behind this is not understood and 
many hypothesis have been put forward. One possibility is that the aggregates are toxic 
because proteins loose their normal function when they change into the amyloid 
conformation. Another possibility is that amyloid aggregates gain a new function that is 
distinct from the activity of the monomer protein, and that this function is toxic (Ellisdon and 
Bottomley, 2004; Glabe and Kayed, 2006). 
 The latter alternative seems to be true as different types of amyloid appear to affect cells 
in similar ways (Schubert et al. 1995; Stefani and Dobson, 2003; Bucciantini et al. 2004; 
Baglioni et al. 2006; Glabe and Kayed, 2006). However, recent evidence suggests that small 
pre-fibrillar aggregates and not the mature amyloid deposits are the most toxic species. It has 
even been suggested that the full-blown deposits have a protective mechanism by 
sequestering the toxic oligomers. This hypothesis can explain the puzzling lack of correlation 
between the amount of deposits and progression of disease that is often found in local 
amyloidoses. The pre-fibrillar aggregates seem to increase the permeability of cell 
membranes, perhaps by forming pores that function as non-specific ion channels. The change 
in membrane permeability would disturb the ion homeostasis, especially the intracellular Ca2+ 
concentration, which in turn could lead to apoptosis or necrosis (Walsh et al. 2002; Merlini 
and Bellotti, 2003; Stefani and Dobson, 2003; Bucciantini et al. 2004; Ellisdon and 
Bottomley, 2004; Demuro et al, 2005; Kagan, 2005; Baglioni et al, 2006; Glabe and Kayed, 
2006).  
 The pre-fibrillar aggregates also have been shown to lead to oxidative stress by causing a 
sharp increase in production of reactive oxygen species (Stefani and Dobson, 2003; Kagan, 
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2005, Tabner et al. 2005). Such oxygen radicals can damage many different molecules, 
including proteins and lipids, which eventually can lead to cell death.   
 Other effects of the amyloid structures have also been recorded. Certain deposits have 
been shown to cause tissue injury by eliciting an inflammatory response, as macrophages 
recognize the deposits as foreign and become activated (Merlini and Belotti, 2003; Howlett 
and Moore, 2006). The inflammation that follows can cause damage to cells in the vicinity of 
the amyloid. Moreover, amyloid can interact with receptors and thereby affect organ function 
(Kholová and Niessen, 2005), and the aggregates have been shown also to influence the 
composition of the extracellular matrix (Jung et al. 2003; Lee, J-M. et al. 2004).  
 

2.6. Senile amyloid diseases 
 
Many local amyloidoses are age-related and do not cause disease until late in life. Such 
diseases are called senile amyloidoses. Very little is known about the majority of the senile 
local amyloidoses and the fibrillar protein is still unidentified for several of them. Since it has 
been shown that localized amyloidoses are involved in common late-onset diseases like 
Alzheimer’s disease and diabetes type II, it is likely that other such aggregates also have a 
similar negative impact on cells and tissues. Therefore, senile local amyloid deposits might 
represent a general, relatively unknown, mechanism of disease (Enqvist et al. 2003). 
 Why many local amyloidoses are age-dependent is not clear. One possibility is that toxic 
species appear much earlier but their negative consequences are not observed until later in life 
because the degenerative effect slowly accumulates over the years. Another alternative is that 
oligomers in most cases actually appear later in life, because fibrillogenesis is a nucleus-
dependent process and time in itself will increase the possibility that a nucleus arises. A third 
possibility is that the toxic species arise earlier but that they do not cause much harm then, 
because protective systems like the protein clearance machinery or anti-oxidant defenses 
neutralize their effects. However, these systems deteriorate with increasing age and eventually 
they are no longer able to protect the cells and tissues (Squier, 2001; Cohen et al. 2006). A 
recent study supports the third alternative since processes that slowed down aging also 
reduced the adverse effects of amyloid (Cohen et al. 2006).  
 

2.7. Amyloid deposits in the wall of aorta 
 
Age-dependent amyloid deposits are commonly found in the walls of blood vessels like the 
aorta or the temporal and pulmonary arteries. The wall of the aorta is composed of three 
layers and  amyloid fibrils have been found in each of them. In the outermost layer, called 
adventitia, deposits can arise in patients with systemic amyloidosis (Westermark et al. 1995). 
Not much is known about what consequences these adventitial deposits might have. In the 
middle layer, called media, a local senile type of amyloid can be observed and the main 
protein of the aggregate is a peptide called medin (Häggqvist et al. 1999). Its occurrence in 
the media is very common as it is found in about 97% of individuals over the age of 50 years 
(Westermark et al. 1995). How medin amyloid affects its surroundings is unclear, but it is 
believed that pre-fibrillar aggregates might kill the smooth muscle cells in the media. This 
might lead to weakening of the muscle layer of the vessel wall, which may end in an aortic 
aneurysm (Peng, S. et al. manuscript in preparation). In the layer closest to the lumen, the 
intimal layer, the main protein of the fibrils is not yet identified. These deposits are interesting 
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because they are localized to sites of atherosclerotic plaques and therefore may play a role in 
the pathogenesis of atherosclerosis (Westermark et al. 1995). 
 

2.8. Atherosclerosis 
 
Atherosclerosis is the most common cause of death in the Western society, as it is an 
underlying reason for heart attacks and strokes (Fan and Watanabe, 2003). The mechanism 
behind the development of atherosclerotic plaques is complex and only partly understood. The 
first sign is the so-called fatty streaks which appear in the aorta as early as in the first few 
years of life (McGill, 1988).  
 Lipoproteins are assemblies that transport lipids in the blood plasma. They are composed 
of lipids on the inside surrounded by apolipoproteins. In atherosclerosis, lipoproteins 
accumulate in the aortic wall and become oxidized (figure 3). Monocytes are attracted to the 
site, infiltrate the intimal tissue and ingest the oxidatively modified lipids. This turns the 
macrophages into so called foam cells, which are filled with lipid-containing vesicles. The 
deposition of foam cells is seen as fatty streaks on the inner wall of aorta (Weissberg, 1999; 
Heinecke, 2006). 
 The activated macrophages release signal substances that in turn activate smooth muscular 
cells (SMC) in the media. This causes the SMCs to shift from having a contractile function to 
a repairing function. They migrate to the intima, where they ingest lipid particles and produce 
fibrous proteins. These proteins form a fibrous cap around the lesion, which by now consists 
of a core of necrotic debris surrounded by foam cells. Such capped fatty lesion is a full-blown 
atherosclerotic plaque, also called atheroma (Weissberg, 1999; Heinecke, 2006).  
 The plaque can eventually turn into a more advanced lesion. This process can include 
several events like the appearance of cholesterol crystals, calcification, necrosis and 
hemorrhage leading to blood clotting. Atheromatous lesions that have undergone such 
processes are called advanced plaques. These lesions can be life-threatening, since the fibrous 
cap can rupture and cause blood clotting. If the thrombus is small it can be incorporated into 
the plaque, which causes the plaque to intrude further into the lumen and to be even more 
prone to rupture. If the rupture leads to a more extensive blood clot, it can completely obstruct 
the vessel lumen. The thrombus can either hinder the blood flow at the site of the plaque or it 
can follow the blood stream and be trapped in a smaller vessel. If such a vessel is located in 
the heart or brain, a heart attack or stroke will follow (Weissberg, 1999; Gotlieb and 
Havenith, 1991). 
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Figure 3. Schematic figure showing the development of an atherosclerotic lesion. Oxidized lipids 
accumulate in the intima. Immune cells and smooth muscle cells are attracted to the site and phagocytize the 
lipids, thereby turning into foam cells. The muscle cells also produce fibrous compounds like collagen and 
elastin that forms a fibrous cap over the lesion. With time, the lesion can turn into an advanced plaque, 
containing cholesterol crystals, calcification, necrotic material and blood clots. (Picture created by the writer.) 
 

2.9. Amyloid deposits in sclerotic heart valves 
 
Atheromatous lesions can also develop in heart valves, causing them to be sclerotic and 
calcified. Such affected heart valves have been shown to frequently contain amyloid (Iwata et 
al. 1982; Goffin et al. 1983; Ladefoged and Rohr, 1984). The fibrillar component of the 
amyloid has not been identified but the deposits show many similarities to the atherosclerosis-
associated amyloid in the aortic intima. The resemblance raises the idea that the two types of 
amyloid could be composed of the same protein. Both assemblies are located in similar tissue 
lesions and often in close proximity to calcific deposits (Ladefoged and Rohr, 1984; 
Mucchiano et al. 2001). My research group has also noticed that the shape of the two types of 
deposits is similar (unpublished data). Moreover, an antiserum raised against the amyloid in 
heart valves bound specifically to amyloid in both heart valves and aortic intima. There were 
other amyloid types tested in the study as well, but none of them were specifically labeled by 
the antibody (Yokota et al. 1995). This study further illustrates the similarity of the two types, 
but the investigation gives no information whether the antiserum reacts with the fibrillar 
protein or an extrafibrillar additional component. 
 

2.10. The present project 

2.10.1. Background 
 
The prevalence of the atherosclerosis-associated amyloid in the population has not been 
thoroughly investigated. Previous studies have been performed but the results have varied, 

Atherosclerotic plaque 

lumen 

intima 

media 

Advanced atherosclerotic plaque 

lumen 
intima 

media 

= immune cell 
= oxidized lipids 
= smooth muscle cell 

= dead cell = foam cell
= colesterol crystal = fibrous cap

= calc deposit = blood clot 



with prevalences between 10-70% (Mucchiano et al. 1992; Westermark et al. 1995; 
Mucchiano et al. 2001). Furthermore, the fact that medin amyloid occasionally is located in 
the intima was not regarded as every amyloid deposit found in the intima was included in 
these studies. 
 As mentioned, the identity of the protein forming the atherosclerosis-associated amyloid 
(here called amyloid AS) has not been determined. Purification of the amyloid is difficult 
since the amount of deposits found in atherosclerotic plaques is extremely minute. In addition, 
many compounds not usually present in the vascular wall are gathered in atheromatous lesions 
and this causes problems when evaluating if a detected protein could be a possible candidate. 
Mucchiano et al. (2001) have suggested that the fibrillar protein is apolipoprotein A-I, but 
further investigations have failed to confirm this (Enqvist, S. et al. unpublished data). Another 
candidate for the fibrillar protein that has come forward in previous research is apolipoprotein 
E (apo E) (Enqvist, S., unpublished results).  
 Apolipoproteins are interesting candidates for being the protein of an atherosclerosis-
associated amyloid, as atheromatous lesions contain abnormally high concentrations of these 
proteins (Weissberg, 1999). Also, several apolipoproteins are known to form amyloid fibrils 
(Hatters and Howlett, 2002). Apo E has not been shown to be the main protein in any amyloid 
assemblies but it is known to be an additional component in many deposits (Merlini and 
Belotti, 2003). However, there are indications that amyloid fibrils composed of apo E may 
contribute to Alzheimer’s plaque. (MacPhee and Dobson, 2000; Hatters and Howlett, 2002; 
Stine and LaDu, 2005). 
  

2.10.2 Theory of methods 

2.10.2.1. Detection of amyloid by Congo Red 
 
Congo red is a dye that frequently is used to locate amyloid deposits in tissue. It binds 
specifically to amyloid structures, but not to other protein aggregates. Deposits stained with 
Congo red show a red color in light microscopy and are apple-green in polarized light (figure 
4) (Ellisdon and Bottomley, 2004; Westermark, 2005). 
 
 

 
Figure 4. Amyloid deposits visualized by Congo Red staining. The pictures are taken through a light 
microscope, the left picture in normal light and the right picture in polarized light. 
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2.10.2.2. Protein identification by matrix assisted laser desorption ionization-time of flight-mass 
spectrometry and Edman degradation 
 
Matrix assisted laser desorption ionization-time of flight-mass spectrometry (MALDI-TOF-
MS) is a sensitive and fast method used to identify proteins and peptides. The sample to be 
analyzed is first fixed to a matrix composed of organic molecules. The sample is then 
irradiated with a laser beam, which causes ionization of the protein and its release from the 
matrix. The ionized proteins enter a vacuum where they are accelerated by a strong electric 
field while traveling along a tube. The proteins obtain different velocities depending on their 
mass-to-charge ratio and this causes them to reach the detector at different time points. The 
detected signals are converted into a mass spectrum from which the protein can be identified 
(Neubert, 2002). 
 Edman degradation is another technique to identify proteins in a sample. In this method, 
one amino acid at the time is cleaved off from the N-terminal end of a peptide by using 
different reagents that modify the outermost residue. The amino acid can then be identified by 
different cromatographic methods (Mathews et al. 2000)  
 

2.10.3. The aims of the study  
 
The purpose of the present project was to study the amyloid associated with atherosclerotic 
lesions in the aortic intima but also to investigate the amyloid located in sclerotic heart valves 
to some extent. The project had three more specific objectives. The first aim was to contribute 
to a larger investigation of 150 individuals initiated to elucidate the prevalence of the 
atherosclerosis-associated amyloid in the aortic intima and to further characterize the 
association between this amyloid and atherosclerotic lesions. The second aim was to continue 
the search for the identity of the AS amyloid by looking for new candidate proteins. The third 
aim was to investigate if apo E could be the fibrillar protein in the amyloid found in 
atherosclerotic plaques or sclerotic heart valves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



3. RESULTS  
 

3.1. The prevalence of amyloid AS in aorta, analyzed by immunohistochemistry and 
light microscopy 
Tissue samples were obtained from forensic medicine and clinical pathology autopsies. The 
study included 92 individuals, which were chosen randomly without consideration to the 
cause of death. Three samples from different locations of the aorta were collected from each 
individual.  Atherosclerotic lesions are generally more severe in the abdominal region of aorta 
than in the thoracic part. To investigate if the two areas differed in amyloid AS frequency, 
samples were collected from the thoracic part and the area around the bifurcation (figure 5). 
The third sample was taken from the most severe atherosclerotic lesion that could be found 
throughout the aorta. This will be referred to as the MSL (most severe lesion) sample. 
 To investigate if amyloid AS was present in a tissue, sample sections were stained with 
the amyloid specific dye Congo red. Immunohistochemical labeling with an anti-medin 
antiserum was also performed on each section, to ensure that medin deposits located in the 
intimal layer were not included in the study. 
 

 
 
Figure 5. A schematic figure of the aorta, showing the sites from where samples were taken for analysis. 
     
 Previous studies have shown that amyloid AS is mainly found in connection to advanced 
atherosclerotic plaques. Therefore, the severity of the atheromatous lesion in each sample was 
investigated, by noting if cholesterol crystals, calcification and necrosis were present. Plaques 
that showed at least two of these three properties were regarded as advanced. 
 The results of the study are summarized in table 2. Of the 92 individuals examined, 38 
individuals (41%) had amyloid AS in the aortic intima. Each sample was also considered 
separately, and the amyloid was then found in 54 (20%) of the total 276 samples (three 
samples from each individual). 
 The AS deposits were almost exclusively found in samples with advanced atherosclerotic 
lesions (figure 6), since 51 of the 54 (94%) amyloid AS positive samples contained advanced 
atheroma. However, all samples with advanced plaques did not contain the AS amyloid, but 
the frequency was still relatively high as the amyloid was found in 51 of the 116 samples with 
advanced plaques (44%). 
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Table 2. Occurrence of amyloid AS in the investigated individuals.  

  

Number of 
individuals 
with amyloid AS, (n)1

Number of samples 
with 
amyloid AS, (n)1

Number of samples with 
amyloid AS among samples 
with  advanced plaques, (n)1

 Thorax  12 (92) 12 (23) 
Region Bifurcation  18 (92) 16 (50) 
 Most severe lesion  24 (92) 23 (43) 
     
 <50 0 (8) 0 (24) 0 (4) 
Age 51-75 20 (51) 27 (153) 25 (58) 
 >75 18 (33) 27 (99) 26 (54) 
     
Gender Women 10 (32) 11 (96) 10 (36) 
  Men  28 (60) 43 (180) 41 (80) 
          
Total   38 (92) 54 (276) 51 (116) 
1 n  = total number included in each group 
 
 
 

 
Figure 6. Degree of plaque severity among samples with amyloid AS. 
Plaques of degree 3 contain cholesterol crystals, calcification and necrosis. Plaques of degree 2 contain two of 
these three properties, plaques of degree 1 contain one of the three properties and plaques of degree 0 do not 
contain any of the three properties. Plaques of degree 3 and 2 were considered to be advanced plaques.    
 
 The occurrence of AS differed between the thoracic, bifurcation and MSL samples. The 
MSL samples had the highest amyloid frequency (26%), the bifurcation region had a slightly 
lower incidence (20%) and the thoracic area had the lowest (13%) (figure 7). 
 As mentioned, almost every AS amyloid deposit was found in advanced plaques. From 
this follows that the amyloid frequency relies largely on the degree of atherosclerosis in the 
included samples. Therefore, a region severely affected by atherosclerosis probably will have 
a higher incidence of samples with AS than a less affected region. By considering only 
samples with advanced plaques (AP-samples) a more consistent value of the amyloid 
frequency can be obtained. Such analysis showed that there was about equal incidence of 
amyloid AS in advanced plaques in the thoracic area and in the most severe lesions (MSL) 
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(52% and 53% respectively) (figure 7). The bifurcation region, on the other hand, had a much 
lower occurrence of amyloid AS in AP-samples (32%). 
 

 
Figure 7. Occurrence of amyloid AS and advanced plaques in the three sample groups from different 
parts of the aorta. The numbers inside the bars represent the number of samples on which the calculations were 
based.  
 
 Men had about twice as high frequency of AS positive samples as women (24% and 11% 
respectively), even though men only had a slightly higher incidence of advanced plaques than 
women (44% and 38% respectively) (figure 8). Therefore, AP-samples in men differed from 
AP-samples in women by having a much higher frequency of amyloid AS (51% and 28% 
respectively) (figure 8). 
 Men showed a sharp increase in amyloid AS with increasing age (figure 9). The amount 
of severe atheromatous lesions naturally increases with age as well, but this can not be the 
only cause of the increase in amyloid since the frequency of the amyloid escalated in the AP-
samples as well (figure 9). In fact, almost all (92%) advanced plaques in men over the age of 
85 contained the amyloid. 
 The picture was not as clear for women. When all samples were considered, a small rise in 
amyloid AS frequency possibly could be seen (fig 10). The age group of 65-75 does not 
follow this pattern at all, but this group contains a much smaller number of samples than most 
of the other groups. When only the AP-samples were considered, it was difficult to draw any 
conclusions since the number of samples in each group were very small. There was no clear 
increase of the amyloid with age and only 25% of the advanced plaques in women over the 
age of 85 contained the amyloid (figure 10). 
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Figure 8. Occurrence of amyloid AS and advanced plaques in women and men. The numbers inside the bars 
represent the number of samples on which the calculations were based.  
 
 
 
 
 

 
Figure 9. Occurrence of amyloid AS in men according to age. The numbers inside the bars represent the 
number of samples on which the calculations were based.  
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Figure 10. Occurrence of amyloid AS in women according to age. The numbers inside the bars represent the 
number of samples on which the calculations were based.  
 

3.2. Purification of intimal amyloid and amino acid sequencing 
 
In order to identify the main protein in the intimal deposits, amyloid fibrils were extracted 
from an aortic atherosclerotic lesion that contained extensive amounts of amyloid. The 
aggregates were dissolved in guanidine-HCl in order to disintegrate the fibrils into smaller 
units. The proteins were separated by sodium dodecylsulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) (figure 11). 
 

 
Figure 11. Extracted intimal amyloid separated on SDS-PAGE. Tissue from an aortic atheroma was 
homogenized and dissolved in guanidine-HCl. The sample was loaded on a SDS-polyacrylamide gel and 
proteins were detected by coomassie blue staining. The approximate region used in mass spectrometry is marked 
with an arrow.  
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 The resulting bands were considerably smeared. This is characteristic of amyloid 
homogenates since purifying fibrillar peptides is a complicated process. Amyloid fibrils are 
extremely resistant to disintegrating into monomers and the samples therefore contain 
oligomers of different sizes as well. Extrafibrillar additional components might also be 
present as they can bind very tightly to the fibrils. 
 Since amyloid fibrils usually are composed of very small proteins or peptides, a region 
corresponding to low molecular weight was used for mass spectrometry analysis. This 
resulted in detection of a fragment of hemoglobin. To further investigate if hemoglobin could 
be the constituent of the fibrils, a sample of erythrocytes was analyzed with reverse phase-
high performance liquid chromatography (RP-HPLC) (figure 12). Amyloid peptides separated 
by the RP-HPLC column in this lab, usually elute at a concentration of 50-80% of the 
hydrophobic B solution. The main peak of the erythrocyte sample, which presumably 
corresponds to hemoglobin, eluted at a solution B concentration of 95-100%.  
 

 
 
Figure 12. Elution profile by RP-HPLC on an erythrocyte sample. The main peak is eluted with a mobile 
phase consisting of about 95-100% of the hydrophobic solution B. 
 
 The original amyloid homogenate was further purified by size exclusion chromatography, 
giving rise to a broad, shallow peak (figure 13). The fact that no distinct peak was obtained 
could be caused by a low protein content. However, in this case, a more likely explanation is 
the fact that protein concentrations were measured by absorbance at 280 nm. At this 
wavelength aromatic amino acid residues, particularly tryptophan absorb light. Since amyloid 
peptides are short, it is possible that they contain low amounts of tryptophan or even lack such 
residues completely. Therefore, the outcome could be a broad and shallow peak even if the 
amount of protein is high. Wavelengths around 220 nm would measure the peptide bonds, 
which could give a more precise estimate of the protein concentration. Unfortunately, such 
wavelengths could not be applied since the sample was dissolved in guanidine, which absorbs 
light at these wavelengths. 
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Figure 13. Elution curve of extracted amyloid fibrils separated by gel filtration chromatography. Intimal 
amyloid was extracted from atheromatous material, and dissolved in guanidine-HCl before being loaded onto a 
Sephacryl S-300 Superfine gel filtration chromatography column. 
 
 The fibrillar peptides were predicted to be found in fractions corresponding to the 
descending part of the peak, as small molecules elute last. The fractions were pooled three and 
three and loaded onto a RP-HPLC column for additional separation. The pool consisting of 
gel filtration fractions 44-46, which include the descending part of the protein peak, resulted 
in a distinct peak when it was analyzed by RP-HPLC (figure 14). The obtained fractions were 
further examined with SDS-PAGE. The fractions containing the main peak, fractions 13 and 
14, gave strong bands with smeared appearance (figure 15). The bands were particularly 
intense at molecular weights of 4-6 kDa, which is an indication that monomers had been 
successfully dissolved and purified. These bands were used for amino acid sequencing by 
MALDI-mass spectrometry, but no clear sequence was found. 
 

 
 
Figure 14. Elution profile from purification by RP-HPLC of an intimal amyloid extract. Fractions 44-46, 
obtained from the gel filtration chromatography shown in figure 13, were further purified by RP-HPLC.  

 18



 
Figure 15. Purified intimal amyloid separated on SDS-PAGE. The fractions obtained from RP-HPLC 
analyses were run on a SDS-gel and proteins were stained with silver nitrate. Fractions no 13 and 14 correspond 
to the protein peak in the RP-HPLC profile. A region from fraction no 14, shown approximately by the arrow, 
was used for amino acid sequencing with mass spectrometry.  
 
 Since the mass spectrometry analysis was unsuccessful, a fraction of the homogenized 
aortic sample was sent to Alan Salomons research group in Knoxville, USA. This lab purified 
the sample with RP-HPLC and two resulting fractions were examined by Edman degradation. 
This produced the sequences in figure 16. However, when comparing the potential sequences 
to published protein sequences in GenBank by using the NCBI Basic Local Alignment Search 
Tool (BLAST), no complete match could be found. 
 
A) 
Position in sequence 1 2 3 4 5 6 7 8 9 10 11 
Most likely sequence L A H Q L S Y Q K I R 
Other potential 
amino acid residues 

I 
D 

L V 
Q 

Y D 
A 

I   F  Y 

 Y           
 P           
 
B) 
Position in sequence 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
Most likely sequence S L A V H A T Y D F F L A G V R T 
Other potential  
amino acid residues 

F E 
P 

L L 
T 

 L 
T 

 S Q K  V      

  V                
                  
 
Figure 16. The potential amino acid sequences obtained from Edman degradation. Two fractions obtained 
from RP-HPLC were sequenced and the results are shown in A) and B) respectively. At some positions, more 
than one amino acid was possible. The sequences at the top of each figure, surrounded by lines, are the most 
likely sequences, while other potential amino acids are shown underneath their respective positions.   
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3.3. Examining if apo E could be the fibrillar protein, by using immunohistochemistry 
and Western blotting. 
 
A sequence matching apolipoprotein E had been obtained earlier by amino acid sequencing of 
purified aortic intimal amyloid (Enqvist, S., unpublished results). Two antisera had been used 
to test if apo E could be the fibrillar protein in amyloid AS - a commercially available 
antibody (AB947) and an antiserum raised against a peptide with the obtained apo E sequence 
(A183).  
 Investigations with the two apo E antibodies continued in the present study. Aortic 
atherosclerotic lesions and sclerotic heart valves were studied by immunohistochemical and 
western blot analyses. 
 In the immunohistochemical studies samples known to be rich in amyloid were used. The 
tissue sections were subjected to apo E antisera and Congo red staining. Storing tissue in 
formalin can change protein epitopes and an antigenic retrieval treatment is therefore often 
needed before antisera are applied. Three antigenic retrieval methods were tried in order to 
achieve good binding of the anti-apo E-antibodies to apo E. The tissue sections were 
incubated either in 80ºC citrate buffer, 125ºC target retrieval solution (TRS) in a decloaking 
chamber, or citrate buffer heated until boiling followed by incubation in formic acid. The first 
two methods gave no binding or just diffuse binding to the whole material. The third method, 
which is a more harsh method, may have resulted in specific binding to the amyloid deposits. 
The antiserum raised against the apo E fragment (A183) seemed to label specifically the 
aortic amyloid and the commercial antibody (AB947) seemed to label specifically both the 
aortic and heart valve amyloid. However, formic acid has the disadvantage that Congo Red 
can not be used to stain the amyloid. To detect the deposits, other sections from the same 
tissue sample were stained with Congo Red and compared with the antibody labeling in 
sections treated with formic acid. It is not possible to discern if the areas labeled by the 
antibodies truly are amyloid deposits since exactly the same tissue region of the two sections 
could not be obtained. Still, the immunolabeled spots show a resemblance to the spots stained 
with Congo Red regarding general morphology and where they are located in atheromatous 
lesions, suggesting an amyloid specific binding (figure 17).  
 

           
A)                                      B)                                                   
Figure 17.  Potential specific labeling of the amyloid with an apo E antibody. A) Sections stained with the 
apo E antibody AB947 (brown color). B) Congo Red staining of amyloid deposits in the same tissue sample. 
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 Samples containing either no or a high amount of amyloid were used in the western blot 
studies, in order to evaluate if apo E was an element in atherosclerotic plaques in general or 
associated with the intimal amyloid in particular. Analyses with the A183 antibody showed a 



band corresponding to full-length apo E in all amyloid rich aortic samples, but not in the 
aortic sample without amyloid or any of the heart valve samples (figure 18). Apo E has a 
molecular weight around 40 kDa, and therefore it could be expected that only truncated 
versions of apo E can form amyloid fibrils. However, bands corresponding to apo E fragments 
were not seen. A western blot with the AB947 antibody is not shown, since a number of 
problems occurred during the analysis. 
 

 
Figure 18. Western blot analysis with antisera A183.  Samples were purified from aortic atheromatous tissue 
and sclerotic heart valves. Samples denoted with (+) contain a high amount of amyloid while samples denoted 
with (–) contain no amyloid.  
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4. DISCUSSION 
 

4.1. The prevalence of amyloid AS and its association to atherosclerotic plaques
  
Amyloid AS was observed in 41% of the 92 individuals. Very few studies regarding the 
prevalence of the aortic intimal amyloid have been carried out earlier and none has paid 
attention to the fact that medin amyloid might be present in the intima. One early 
investigation presented a prevalence of 13%, while more recent studies have reported 
frequencies of 22%, 35% and 68% (Mucchiano et al. 1992; Westermark et al. 1995; 
Mucchiano et al. 2001). 
 The extensive variation in amyloid incidence reported in these studies can largely be 
explained by discrepancies in sample selection methods. The present study shows that the 
degree of atherosclerosis in a sample has a crucial influence on the presence of amyloid. 
Therefore, variations in how affected by atherosclerosis the included samples are will affect 
the number of individuals found to have the amyloid. Furthermore, differences in the number 
of samples that was collected from each individual also will have a major impact on the result. 
To obtain a consistent value of the amyloid incidence, only tissue with advanced 
atherosclerotic lesions should be included and each collected sample should be treated 
separately. The amyloid incidence thereby would be expressed as the frequency of amyloid in 
advanced plaques. This value is not affected by the above mentioned parameters and is 
therefore more adequate to use when comparing different studies. 
 In the present study, the frequency of amyloid AS in advanced plaques was found to be 
44%. Unfortunately, this value can not be compared to those obtained in the references quoted 
above, since these did not include precise recordings of the degree of atherosclerotic lesions in 
the included tissue. However, studies performed on amyloid found in severe atheromatous 
lesions located at other sites than the aorta have presented results similar to that found in the 
present study. Especially interesting is the amyloid found in sclerotic heart valves that may be 
composed of the same protein as the AS amyloid. The frequency of this amyloid was found to 
be 44% in a study based on valves severely damaged by sclerosis (Iwata et al. 1982). 
Furthermore, a recent study investigating amyloid associated with atherosclerotic lesions in 
the intima of the carotid artery reported that 122 of 225 patients with a severely affected 
carotid artery (54%) had intimal amyloid (Röcken et al. 2006). It is not known if this amyloid 
has the same biochemical composition as the AS amyloid, but it seems likely.  
 The bifurcation area showed a much lower incidence of amyloid AS in advanced plaques 
than the thoracic area. This is probably not a correct reflection of the reality. During the 
course of the study it became evident that the most severe lesion was found almost 
exclusively in the area around the bifurcation. This means that the MSL samples and the 
bifurcation samples are taken practically from the same area, which leads to uncertainties 
when regional differences are analyzed. For example, the results are affected by whether the 
pathologist collects the most severe lesion before the bifurcation sample or the other way 
around. The arbitrariness of the results can be seen in that the bifurcation samples and not the 
MSL samples showed the highest incidence of advanced plaques. Furthermore, even though 
the MSL and bifurcation samples originated from the same area, they showed an extensive 
difference in amyloid frequency in advanced plaques. One way to deal with this problem 
could be to consider these two groups as one group in future analysis. 
 The samples from men had almost twice as high frequency of amyloid AS as those from 
women. No previous prevalence study on the aortic intimal amyloid has investigated gender 
differences, but there are studies on the amyloid in sclerotic heart valves where such analyses 
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was performed. One study showed no difference between the genders (Ladefoged and Rohr, 
1984), while another presented a result similar to that found in the present study, with twice as 
high incidence in men as in women (Iwata et al. 1982). 
 It is not known what causes amyloid AS to develop more frequently in men than in 
women. However, the results in the present study should be interpreted carefully, since it is 
based on forensic material, and such material contains rather few female cases. 
 

4.2. Searching for new candidates for the fibrillar protein 
 
Hemoglobin was the only protein detected in the purified amyloid. This protein has been 
detected on several occasions before in this lab, but no further investigations have been done. 
The reason behind this is that mass spectrometry analyses of all kinds of tissues commonly 
record ubiquitous compounds like hemoglobin, histones and keratin. 
 In the present study, it was investigated if hemoglobin elutes from the RP-HPLC column 
at the same hydrophobicity as purified amyloid peptides usually do. The hemoglobin sample 
did not elute at the same hydrophobicity, which could indicate that the amyloid fibrils are not 
formed by hemoglobin. Nevertheless, the erythrocyte sample probably contains only full-
length hemoglobin and it is possible that a short amyloid peptide derived from hemoglobin 
does not have the same overall hydrophobicity as the full-length protein.    
 The examination of hemoglobin will be carried further in the near future by investigating 
the hemoglobin sequences obtained from former mass spectrometry analyses, to see if some 
sequence has been obtained at several occasions. If that is the case, future studies might 
include synthesis of a peptide with this sequence, in order to raise antisera that can be used in 
immunohistochemistry and western blot studies. Furthermore, amyloid from other 
atherosclerotic tissue samples will be purified and sequenced to find novel candidate proteins. 

4.3. Investigations with anti-Apo E antiserum  
  
Working with antibodies against amyloid is problematical since the proteins or peptides in an 
amyloid fibril have lost their native conformation. An antibody raised against the native 
protein therefore might not bind the fibril. In addition, if the fibrillar constituent is a fragment 
cleaved from a longer protein, the epitope recognized by the antibody might not even be 
present in that fragment. A negative labeling result does therefore not exclude the protein as 
the fibrillar constituent. 
 The fact that apo E is such a common additional factor in amyloid deposits causes further 
difficulties. Even if specific immunohistochemical labeling of the deposits is achieved, it 
gives no information whether apo E is the fibrillar protein or just an additional component. 
Therefore, to be able to conclude that apo E is the fibrillar protein, western blot analyses 
should show the presence of apo E fragments in the typical amyloid peptide range.  
 Previous immunohistochemical analyses performed in this lab with antisera against apo E 
had shown diffuse labeling of atherosclerotic plaques but no specific binding to amyloid 
deposits. Western blot analyses had detected full-length apo E, and occasionally also shorter 
fragments. However, these cleavage products were larger than typical amyloid peptides. 
Together the results indicated that apo E exists in atheromatous lesions, but that it is not the 
fibrillar protein of the amyloid (Enqvist, S., unpublished observations). 
 In the present project the amyloid deposits seemed to be labeled specifically when the 
more aggressive antigenic retrieval method with formic acid was tried. The fact that amyloid 
deposits can not be detected with Congo Red when formic acid has been applied to the 



 24

sectiones makes the analysis quite uncertain, so the experiments need to be repeated to be 
fully trustworthy. The western blot analyses did not show any bands corresponding to apo E 
fragments. This could be an indication that apo E is not the fibrillar protein, but still it can not 
be excluded, since fragments without the antibody epitope can be present. 
 To sum up, apo E is present in many atherosclerotic plaques and perhaps even in amyloid 
AS deposits, but it is probably not the fibrillar protein. 
 

4.4. The role of the amyloid in the pathogenesis of atherosclerosis 
 
It is not known if the amyloid associated with atherosclerotic plaques is involved in 
atherogenesis or if it is just a by-product of the disease. Since it has been shown that protein 
aggregates are a major factor in the pathogenesis of Alzheimer’s disease and diabetes type II 
I, and the rest of the research group, find it likely that the same applies to the atheroma-
associated amyloid in the pathogenesis of atherosclerosis. 
 The fact that only about half of the complicated atherosclerotic plaques contained the 
amyloid could give the impression that the protein aggregates can not be a fundamental player 
in the development and progression of atherosclerotic plaques. However, the most toxic 
species are probably not the fibrillar deposits but smaller aggregates that do not bind Congo 
red (Stefani and Dobson, 2003; Glabe and Kayed, 2006; Baglioni et al. 2006). Because of 
this, the amyloid deposits are seldom in correlation with the progression of the disease and it 
is likely that in many cases the adverse effects of the oligomers are seen before the fibrillar 
deposits appear. Supporting this notion are studies on Alzheimer’s disease reporting that brain 
functions are damaged before amyloid deposits can be seen (Walsh et al. 2002). The same 
could be true for atherosclerosis as atheroma often appear early in life but amyloid deposits 
are not found until later in life. My research group believes that with an antiserum against the 
fibrillar peptide in the AS amyloid, the presence of the toxic oligomers would be detected also 
in fibrotic plaques that have not yet developed into more complicated lesions. 
 Even if there is no clear relationship between the amount of deposits and the state of the 
disease, it could be expected that the longer the toxic oligomers have existed the higher the 
probability that fibrillar deposits are formed. The fact that the amyloid deposits are seen 
almost exclusively in advanced plaques is in accordance with this statement since such lesions 
take time to develop. 
 One can only speculate about the way amyloid AS could induce atherosclerotic lesions. 
Some possible mechanisms are discussed below. 
  Atherosclerosis is probably started by an inflammation of the vascular wall, but it is still 
not clear what is causing the inflammation (Gotlieb and Havenith, 1991). Another hallmark in 
the development of atherosclerotic lesions is oxidation of lipoproteins in the vessel wall, but 
the knowledge of what is causing the oxidation is incomplete (Heinecke, 2006). Amyloid 
aggregates have been shown to trigger an immune response by activating macrophages 
(Merlini and Belotti, 2003; Howlett and Moore, 2006). They are also known to cause an 
increase in reactive oxygen species. Such radicals can oxidize different compounds, for 
example lipids (Stefani and Dobson, 2003; Kagan 2005; Tabner et al. 2005). Hence, amyloid 
aggregates could be a missing link in the understanding of atherogenesis. 
 Amyloid aggregates perhaps also may drive the development of an atheromatous lesion 
into an advanced plaque that ruptures. When a plaque is ruptured, the inner core of the plaque 
comes in contact with the blood. This causes blood clotting since the core contains 
components like necrotic debris that trigger thrombosis. Thus, the fibrous cap covering the 
lipid core has a protective function. Plaques at risk of rupture, so called vulnerable plaques, 
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are characterized by a large lipid core and a thin fibrous cap that can break easily. In 
atherosclerotic plaques there is a balance between processes that strengthen and weaken the 
cap. The most important source for stabilizing the cap is the smooth muscle cells as they 
synthesize the fibrous components in the cap. Immune cells, on the other hand, decrease the 
cap size by several mechanisms. For example, inflammatory signals inhibit the production of 
cap proteins by the smooth muscle cells and may even cause the muscle cells to undergo 
apoptosis (Weissberg, 1999). Furthermore, macrophages release matrix metalloproteinases 
(MMPs), which degrade the fibrous proteins in the cap (Rajagopalan et al. 1996; Weissberg, 
1999; Newby, 2006). The MMPs may also promote leukocyte infiltration by allowing them to 
move more easily through the extra cellular matrix (Newby, 2006). 
 Amyloid deposits might be an important player in this balance, by supporting processes 
that destabilize the plaque and counteracting processes that strengthen the cap. Besides 
triggering the immune system, amyloid aggregates have been shown to upregulate the 
production of MMPs (Jung, S. Et al, 2003; Lee, J-M. et al, 2005). Furthermore, amyloid 
aggregates have been shown repeatedly to cause cell death (Kagan, 2005) and it is plausible 
that the protein aggregates in atherosclerotic plaques may cause a reduction in the number of 
smooth muscle cells. All these events have a destabilizing effect that makes the plaque more 
prone to rupture.  
 
To finally solve the puzzle of atherosclerosis, it is important to continue investigating the 
amyloid associated with it. The identity of the fibrillar protein must be determined and how 
the aggregates affect cells in atherosclerotic tissue needs to be evaluated. Hopefully, more 
research will focus on small protein aggregates in the future. Gaining knowledge in how such 
assemblies affect their surroundings will not only lead to progress in the field of 
atherosclerosis but in many other diseases as well. 
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5. MATERIALS AND METHODS 
 

5.1. Tissues and subjects 
 
Tissue samples of atherosclerotic lesions from the aortic vessel wall were obtained from 
autopsies at Forensic Medicine and Clinical Pathology. The included individuals were chosen 
randomly without consideration to the cause of death. Tissue samples from sclerotic heart 
valves were obtained from thoracic surgery performed at Uppsala Academical Hospital. The 
heart valves were removed because of function failure. The reason behind the failure was not 
recorded.  
 Tissue samples used in the prevalence study and in investigations with apo E were fixed 
in a neutral phosphate buffered 4 % formaldehyde solution (Histolab, Göteborg, Sweden) and 
embedded in paraffin. Sections of 5 µm were cut with a microtome HM 400 (Heidelberg), 
mounted on glass slides and dried over night at 65ºC. The specimens in the prevalence study 
were taken from three locations – the thoracic aorta, the aortic bifurcation and the most severe 
atherosclerotic lesion found throughout the aorta. 22 cases were examined in this project, 
which is part of a larger study where a total of 150 cases will be investigated and 70 cases 
already have been analyzed. The age varied from 26 to 94 years, 60 were males and 32 were 
females. 
 Tissue samples intended to be used for extraction and purification of the amyloidogenic 
protein were stored at -20 ºC. The samples were analyzed for amyloid content with Congo red 
and specimens that contained large amounts of amyloid were chosen. 
 

5.2. Antibodies 
 
The antiserum used to label medin (A179) was previously raised in rabbit against 
synthetically produced peptides corresponding to amino acids 245-256 in the medin sequence, 
as described by Larsson et al. (2006). To detect apo E two antisera were used. One is 
commercially available and was raised in goat (AB947, Chemicon International). The other 
antiserum, A183, was raised in rabbit against a synthetically produced peptide with the 
sequence of AKLEEQAQQIRLQAEAFQAR, corresponding to amino acids 259-278 in the 
apo E sequence. The antisera were produced using the same procedure as for A179. The 
sequence was chosen because it had been obtained previously in amino acid sequencing of an 
amyloid rich sample from aorta by mass spectrometry. 
  

5.3. Immunohistochemistry and Congo red staining 
 
The aortic sections were deparaffinized in xylene for 2x10 minutes. Thereafter the slides were 
incubated in 99.5% ethanol for 2x2 minutes, 95% ethanol for 2x2 minutes, 80% ethanol for 2 
minutes, distilled water for 2 minutes and finally in TBS (0.05 M Tris HCl buffer, pH 7.4, 
with 0.15 M sodium chloride) for 10 minutes. Four different antigenic retrieval methods were 
used. 1) A solution of 0.02 M sodium citrate, pH 6.0, was heated until boiling and the samples 
were thereafter incubated in the solution for 45 minutes while it cooled off. 2) The tissue 
samples were incubated for 30 minutes in 0.02 M sodium citrate, pH 6.0 that had been heated 
until boiling, then dipped in TBS whereafter 100% formic acid was applied for 7.5 minutes. 
3) The slides were put in TRS (Target retrieval solution, pH 6.0, Dako-Cytomation) and 
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boiled for 4 minutes at 125 "C in a Decloaking chamber (Biocare Medical). 4) The samples 
were incubated in a 0.02 M sodium citrate solution, pH 6.0 that was kept in a 80 ºC water bath 
for 45 minutes. 
 After the antigenic retrieval procedure the slides were dipped in TBS before being placed 
in a solution of TBS with 0.3% H2O2 for 30 minutes. This was done in order to extinguish the 
endogenous peroxidase activity, which otherwise could reduce the horse-radish-peroxide 
substrate when it is added and thereby give rise to background staining or false positive 
reactions. This treatment was followed by rinsing the samples for 3x5 minutes in TBS before 
the primary antisera (A179 1:4000, A183 1:1000 or AB947 1:1000) were applied and left 
over night at room temperature. Preimmune sera were used as negative control. The following 
day, the secondary antibodies (biotinylated goat-anti-rabbit IgG (Dako, Glostrup, Denmark) 
or rabbit-anti-goat IgG (Vector Laboratories, Inc., Burlingame, CA), 1:200) were applied for 
30 minutes, followed by a 30-minute incubation in streptavidine-horse radish peroxidase 
(HRP) (DAKO) diluted 1:500 in TBS, and a 7-minute incubation in a solution of the HRP 
substrate 3, 3´-diaminobenzidine-tetrahydrochloride (DAB) of a concentration of 15 mg/ml. 
Between each of the four last steps the slides were washed in TBS for 3x5 minutes. The 
substrate incubation was followed by washing in running tap water for 5 minutes, after which 
the nuclei of the cells were stained in Mayer’s hematoxylin solution (Histolab, Gothenburg, 
Sweden) for 30 seconds. The stain was washed off in running tap water for 10 minutes. The 
samples were dehydrated by incubation for 2 minutes in 80% ethanol, 2x2 minutes in 95% 
ethanol, and finally 2x2 minutes in 99.5% ethanol. The slides were then stained in Congo Red 
(saturated with Congo red, 0.01 % NaOH) for 20 minutes. Finally, the slides were dipped in 
absolute ethanol for 2x10 seconds and then left in xylene for 2x5 minutes before mounting 
with a cover slip using Pertex mounting medium (Histolab). 
 

5.4. Light microscopy 
 
The slides that were immunolabeled and stained with Congo red were analyzed with light 
microscopy in normal and polarized light to determine the prevalence of intimal amyloid. 
 

5.5. Extraction and purification of intimal amyloid 
 
Aortic tissue samples with extensive atherosclerotic lesions were chosen. The soft material in 
the atheromatous plaques were scraped off and analyzed for amyloid content. The analysis 
was done by spreading a small sample of the material onto a glass slide, letting it dry and 
thereafter incubating the slide in Congo red for 20 minutes. The amount of amyloid fibrils 
was evaluated by light microscope.  Atherosclerotic material shown to be rich in amyloid was 
homogenized on ice with a Dounce homogenizer in a solution containing 0.15 M sodium 
chloride, 0.05 M sodium citrate and 0.02% sodium azide and then centrifuged at 11300 x g 
for 30 minutes. The procedure was repeated until the material was homogeneous. The 
material was then homogenized in deionised water for two times. Thereafter, the pellet 
material was lyophilized and delipidated. The delipidation was accomplished by solving the 
pellet in acetone for 30 minutes under stiring, followed by centrifugation at 11300 x g for 30 
minutes. The pellet was dried over night before being dissolved in 6 M guanidine-HCl in 0.1 
M Tris-HCl buffer, pH 8.0  containing 1 mM EDTA and 1 mM dithiothreitol (DDT) for 3-5 
of days under stirring. The sample was then centrifuged at 11300 x g for 30 minutes. The 
pellet was examined for amyloid content in order to evaluate if the guanidine treatment had 
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dissolved most of the amyloid. This was done by solving the pellet in milliQ and spreading a 
small fraction of the sample on a glass slide. The glass slide was left to dry and thereafter 
incubated in Congo Red for 20 minutes. The amount of amyloid fibrils was evaluated by light 
microscope.   
 The supernatant was then analyzed in two different ways. Samples that were to be run on 
a sodium dodecylsulfate polyacrylamide gel were dialyzed with 3.5 kDa cut off membranes 
against saturated ammonium sulfate and water and thereafter lyophilized. 
 The sample that was to be purified by size exclusion chromatography was instead loaded 
onto a 1x60 cm Sephacryl S-300 Superfine column. A solution of 5 M guanidine-HCl in 
distilled water was used to equilibrate the column and elute the proteins. The protein 
concentration in the eluate was monitored by measuring absorbance at 280 nm, at which 
wavelength aromatic amino acid residues, especially tryptophan, absorb light. Protein 
fractions of interest were further purified using reverse phase - high performance liquid 
chromatography (RP-HPLC). The fractions were repeatedly loaded onto a Jupiter 5u C5 300A 
column (Phenomenex). The mobile phase consisted of buffer A and B, and elution was 
performed by using a linear gradient from 0-100% of buffer B. Buffer A contained 0.1% 
trifluoroacetic acid (TFA) in water and buffer B contained 70% acetonitrile in buffer A. The 
protein concentration in the eluate was monitored by measuring absorbance at 222 or 226 nm, 
at which wavelengths peptide bonds absorb light. The protein fractions from the RP-HPLC 
purification were prepared for SDS-PAGE by drying in vacuo. 
  

5.6. Sodium dodecylsulfate polyacrylamide gel electrophoresis 
 
In vacuo-dried or lyophilized samples were redissolved in sample buffer (0.1% bromophenol 
blue, 36% sucrose, 4% sodium dodecylsulfate (SDS), 2 M Tris-HCl, pH 8.8) containing 20 
mM dithiothreitol. The mixture was boiled for 5 minutes, and vortexed. To avoid renewing of 
sulfur bridges, iodoacetamine was added to a concentration of 40 mM and the sample was 
incubated in the dark overnight at room temperature.  
 The samples were boiled again before loaded onto a SDS polyacrylamide gel, consisting 
of a separation gel, a spacer gel and a stacking gel. The separation gel contained 16.5% 
acrylamide (29:1 acrylamide:bis-acrylamide), 8.7% glycerol, 0.03% TEMED, 1.5 mM 
ammonium persulfate (APS) and gel buffer (1 M Tris-HCl and 3.3 mM sodium dodecyl 
sulfate (SDS), pH 8.45). The spacer gel contained 10% acrylamide (29:1 acrylamide:bis-
acrylamide), 0.03% TEMED, 1.5 mM APS and gel buffer and the stacking gel contained  4% 
acrylamide (29:1 acrylamide:bis-acrylamide), 0.08% TEMED, 3 mM APS and gel buffer. The 
electrophoresis was performed at 167 V for 1 hour with an anode buffer of 0.2 M Tris-HCl, 
pH 8.9 and a cathode buffer consisting of 0.1 M Tris, 0.1 M Tricine, and 0.1 % SDS. 
 

5.7. Staining with coomassie blue or silvernitrate 
 
SDS-polyacrylamide gels that were to be subjected to amino acid sequencing were stained 
with either Coomassie Brilliant Blue (0.025% Coomassie Brilliant Blue R250, Merck, 
Darmstadt, Germany, 40% methanol, 7% acetic acid) or silver nitrate (0.25%) to detect the 
proteins. The latter method was used when the samples contained only small amounts of 
protein, since it is more sensitive than coomassie blue staining. 
 For coomassie blue staining the gel was incubated in the coomassie solution over night. 
The following day the gel was kept in destaining solution (45% methanol, 10% acetic acid) 
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until the background staining was sufficiently removed. The destaining was followed by a 
quick wash in tap water. 
 Gels that were to be stained in silver nitrate were fixated in destaining solution (20% 
methanol, 10% acetic acid) over night at 4ºC. The following day the destaining solution was 
replaced by new such solution and incubation was performed for 15 minutes. The gels were 
washed in milliQ water for 3x10 minutes and incubated for 30 minutes in a sensitization 
solution of 25% ethanol, 0.2% sodium thiosulfate and 3.4% sodium acetate. After the 
sensitization, the gels were washed for 20 and 3x30 minutes in milliQ water. The gels were 
stained in 0.25% silver nitrate for 45 minutes in darkness at 4ºC. A rinse in milliQ for 1-2 
minutes was followed by incubation in developing solution (2.5% sodium carbonate, 0.015% 
formaldehyde) until enough staining had appeared. The developing reaction was terminated 
by putting the gels in destain solution (20% methanol, 10% acetic acid) for 10 minutes. 
 The gels, stained with coomassie blue or silver nitrate as described above, were incubated 
in gel dry solution (40% methanol , 10% glycerol) for at least 15 minutes before being 
mounted between Dry Ease Mini Cellophane sheets (Invitrogen).  
 

5.8. Mass spectrometry and Edman degradation 
 
The stained and mounted gels that contained the extracted and purified aortic tissue sample 
were sent to Ulf Hellman, Ludwig Institute for Cancer Research, for protein identification. 
Interesting bands were cut out of the gel, treated with trypsin and the resulting peptides were 
analyzed by matrix assisted laser desorption ionization-time of flight-mass spectrometry 
(MALDI-TOF-MS) (Ultraflex TOF/TOF, Bruker Daltonics, Bremen, Germany) as described 
(Hellman, 2000).  
 A fraction of the homogenized aortic tissue sample was sent to the research group of Alan 
Salomon in Knoxville, USA, where RP-HPLC was performed and two collected fractions 
were analyzed by Edman degradation.  
 

5.9. Western blot 
 
The proteins separated in SDS-PAGE were transferred from the gel to a 0.3 µm nitrocellulose 
membrane (Amersham Biosciences, Uppsala, Sweden). The transfer was run at 350 mA for 1 
hour in transfer buffer (39 mM glycine, 48 mM Tris pH 9.2, 20% methanol). The membrane 
was blocked over night at 4 ºC with 3% non-fat dry milk in a solution containing 0.1% Tween 
in TBS (TBS-Tween). The following day the membranes were washed with TBS-Tween for 
2x5 minutes before being incubated with the primary antisera A183, diluted 1:500 in TBS or 
AB947, diluted 1:5000 in TBS-Tween with 5% non-fat dry milk, for 1 hour at room 
temperature. This was followed by washing in TBS-Tween containing 1% dry milk for 4x5 
minutes and rinsing in TBS-Tween for 2x5 minutes. The secondary antisera (horse radish 
peroxidase-conjugated swine-anti-rabbit IgG (1:10000) or swine-anti-goat IgG (1:2000), 
DAKO, Glostrup Denmark) were applied for 1 hour at room temperature. After a 6x5 minute 
wash in TBS-Tween the results were developed by incubating the membranes in enhanced 
chemiluminescence (ECL) Western Blotting detecting reagents (Amersham Bioscience) for 1 
minute before exposing the membrane to an ECL Hyperfilm (Amersham Bioscience).  
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