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ABSTRACT 
 
Amyloid is defined as extracellular protein aggregates with a characteristic 
fibrillar ultra-structure, Congo red affinity and a unique x-ray diffraction 
pattern. At present, 25 different human amyloid fibril proteins have been 
identified, and amyloid aggregation is associated with pathological 
manifestations such as Alzheimer’s disease, spongiform encephalopathy and 
type 2 diabetes. Amyloid aggregation triggers apoptosis by incorporation of 
early oligomers in cellular membranes, causing influx of ions. Amyloid is the 
only visible pathological islet alteration in subjects with type 2 diabetes, and 
islet amyloid polypeptide (IAPP) is the major islet amyloid fibril component. 
IAPP is produced by beta-cells and co-localized with insulin in the secretory 
granules. Both peptides are synthesised as pro-molecules and undergo 
proteolytic cleavage by the prohormone convertase 1/3 and 2. Although IAPP 
is the main amyloid constituent, both proIAPP and proIAPP processing 
intermediates have been identified in islet amyloid.  

The aim of this thesis was to study the role of impaired processing 
of human proIAPP in early islet amyloidogenesis. Five cell lines with 
individual processing properties were transfected with human proIAPP and 
expression, aggregation and viability were studied. Cells unable to process 
proIAPP into IAPP or to process proIAPP at the N-terminal processing site 
accumulated intracellular amyloid-like aggregates and underwent apoptosis. 
Further, proIAPP immunoreactivity was detected in intracellular amyloid-like 
aggregates in beta-cells from transgenic mice expressing human IAPP and in 
transplanted human beta-cells. ProIAPP was hypothesized to act as a nidus for 
further islet amyloid deposition, and to investigate this theory, amyloid-like 
fibrils produced from recombinant IAPP, proIAPP and insulin C-peptide/A-
chain were injected in the tail vein of transgenic mice expressing the gene for 
human IAPP. Pancreata were recovered after 10 months and analysed for the 
presence of amyloid. Both IAPP and proIAPP fibrils but not des-31,32 
proinsulin fibrils, caused an increase in affected islets and also an increase of 
the amyloid amount. This finding demonstrates a seeding capacity of proIAPP 
on IAPP fibrillogenesis. IAPP has been known for some time to trigger 
apoptosis in cultured cells, and a novel method for real time detection of 
apoptosis in beta-cells was developed. Aggregation of recombinant proIAPP 
and proIAPP processing intermediates were concluded to be inducers of 
apoptosis as potent as IAPP fibril formation.  

From the results of this study, a scenario for initial islet 
amyloidogenesis is proposed. Initial amyloid formation occurs intracellularly 
as a result of alterations in beta-cell processing capacity. When the host cell 
undergoes apoptosis intracellular proIAPP amyloid becomes extracellular and 
can act as seed for further islet amyloid deposition.  
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BACKGROUND 
 

Amyloid and amyloidosis 

History and definitions 
The term amyloid was introduced in medicine in 1854 by the German 
physician Rudolph Virchow (1). He stained human tissue with iodine and 
sulphuric acid and found typical staining for cellulose in corpora 
amylacea and named it amyloid from amylum, the Latin word for starch. 
The difference between starch and cellulose and their restricted existence 
to plants was unknown at that time, and five years later Friedreich and 
Kekulé demonstrated that amyloid deposits from spleen consisted mainly 
of protein (2). Staining with the cotton dye Congo red is the most 
commonly used procedure for amyloid detection. Congo red tinctorial 
features with the amyloid specific apple green birefringence was first 
described by Divry and Florkin in 1927 (3). The widely used protocol for 
Congo red detection of amyloid was introduced by Puchtler et al. in 1962 
(4). Cohen and Calkins used electron microscopy and showed that at high 
resolution amyloid consists of unbranched fibrils of variable length 
approximately 10nm in diameter (5). The appearance of the fibril does 
not depend on the amyloid protein (6). 
 
Amyloidosis is a pathological manifestation where normally soluble 
proteins or peptides undergo conformational changes that results in the 
formation of intermolecular hydrogen bonds, beta sheet conformation 
and fibril formation. Today, 25 different amyloid proteins or peptides 
have been identified from human amyloid disorders (7). Amyloid 
diseases are divided into systemic or local forms depending on the 
deposition pattern. In systemic forms, the precursor proteins are derived 
from circulating proteins and deposited at various locations (8, 9). In 
local forms, the amyloid precursor is generally derived from locally 
produced proteins and the amyloid is deposited at that location (10, 11) . 
 
Criteria for definition of amyloid are:  
 

• Extracellular protein deposits that stain with Congo red and reveal 
a green birefringence when viewed in polarized light.  

• Characteristic fibrillar ultra-structure. 
• An amyloid specific X-ray diffraction pattern.  
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All of above stated criteria should be fulfilled for the definition of 
amyloid (7). Synthetic or recombinant peptides that form fibrils should 
not be considered amyloid since they are not of cellular origin. Instead 
these should be referred to as amyloid-like fibrils or amyloid-like 
aggregates. Intracellular aggregates recognized by Congo red are not at 
present considered to be amyloid.  
 

The amyloid forming process  
Aggregation of amyloid requires that the protein partially unfolds from 
its native state. Why this occurs is not known, but destabilizing mutants 
of amyloidogenic proteins are characteristic in aggressive forms of 
familial types of amyloid diseases (12). Small amyloidogenic peptides 
such as islet amyloid polypeptide (IAPP) and A-beta protein (Aβ) are 
considered to be natively unfolded and to be in random coil state (13). 
These peptides can adopt a partially structured conformation which can 
further be stabilized by the formation of oligomers (14) .   
 
The amyloid-like aggregation process in vitro occurs via nucleation-
dependent oligomerization and can be divided into three phases (14, 15). 
First, at a critical concentration, peptide monomers self-assembly and 
form prefibrillar oligomeric species. This process is referred to as the lag 
phase and is thermodynamically unfavourable and the rate-limiting step 
of fibril formation. The second phase is the extension phase, where a 
rapid elongation of the amyloid-like fibrils occurs, and when most of the 
molecules are transformed into fibrils a final plateau phase is reached 
(Fig. 1). 
  
 

 
Figure 1. Illustration of amyloid formation and the seeding effect. 
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Seeding effect and transmissibility  
A reduction or an elimination of the lag phase occurs if preformed fibrils 
of the same protein are added to a monomeric solution. This process is 
referred to as the seeding mechanism and has been shown in vitro for 
many of the amyloidogenic proteins (15-18). The seeding phenomenon 
has also been described in vivo in several animal models. There is a well 
characterized mouse model for secondary amyloidosis where AA 
amyloid is deposited secondary to chronic inflammation. Reactive 
amyloid appears after five or six weeks, but the induction time is 
shortened to 2 days if the animal receives a water extract from an AA-
amyloid containing mouse organ. This extract is referred to as amyloid 
enhancing factor (AEF) (19, 20). Recent studies have suggested that the 
active component in AEF is the amyloid fibril itself and in the 
experimental model, AEF activity was independent of the route of 
administration (injection, inhalation or oral) (21, 22). In another study, 
brain homogenate containing Aβ amyloid from human or monkey with 
Alzheimer’s disease was injected into the brain of marmosets (small 
primates) (23). Cerebral Aβ-amyloid developed in 89% of these animals 
as compared to 12% in the uninjected group.  
 
Prion diseases are characterised by accumulations of an amyloidogenic 
isoform of the prion protein called PrPSc (PrP scrapie) which is derived 
from a normal cellular membrane glycoprotein PrPC (PrP cellular) (24, 
25). Amyloid accumulations of PrPSc in the brain cause spongiform 
encephalopathy which is a form of lethal neurodegenerative disease 
affecting both humans and animals. The term prion stands for “protein 
infectious particle” and refers to the protein conformation, which is the 
transmissible agent causing this group of diseases. Human forms of prion 
disease are Creutzfeldt-Jakob disease (CJD), fatal familial insomnia, 
Gerstmann-Sträussler-Scheinker disease and Kuru (26, 27). CJD is an 
extremely rare age related disease that develops sporadically but, after the 
bovine spongiform encephalopathy (BSE) outbreak in Great Britain, a 
new form of human CJD appeared in the British population affecting 
younger individuals which was called variant CJD. A form of spongiform 
encephalopathy called Kuru affected tribes with ritual cannibalism in 
Papua New Guinea, but since cannibalistic feasts were prohibited the 
disease has virtually ceased to exist (27, 28). Both of these diseases are 
believed to be caused by ingestion of prions, and transmissibility of prion 
disease is evident both within and across species (29).  
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Apolipoproteins are the protein components in the lipoprotein complex. 
The amyloidogenic apolipoprotein A-II (ApoAII) is abundant in serum 
high density lipoproteins (HDL) and is deposited in aging mice having 
the amyloidogenic apoAII-C gene (30). Systemic ApoAII amyloidosis is 
induced in young mice by intravenous injections and also by oral 
administration of ApoAII amyloid fibrils. This finding suggests a prion-
like mechanism of transmissibility (31, 32).  
 
In contrast to the above mentioned examples, injections of preformed 
transthyretin (TTR) fibrils in transgenic mice expressing human wild-
type TTR do not result in enhancement of amyloid deposition in these 
animals (33). 
 
Cross-seeding occurs when amyloid or amyloid-like fibrils from one 
specific protein has the ability to accelerate fibril aggregation of another 
protein. In vitro studies on fibril formation have shown that Aβ1-40 fibrils 
are potent seeds and can cross-seed IAPP fibril formation, but inversely 
IAPP fibrils do not seed Aβ1-40 fibril formation (17). A sequence 
similarity between two proteins with cross-seeding properties seems to be 
important. When Aβ1-40 and IAPP were sequenced aligned an overall 
sequence identity of 25% and a sequence similarity of 50% was 
recognized. Cross-seeding between almost identical proteins with the 
discrepancy of amino acid substitutions or differences in total number of  
amino acid residues like Aβ1-40 and Aβ1-42 have been reported (17, 34, 
35). Seeding of a protein in solution with amyloid-like fibrils from the 
same protein originating from a different species with a high sequence 
homology has also been reported (35). Hen lysozyme fibril formation 
was accelerated by seeds from human lysozyme fibrils with 60% identity 
to hen lysozyme. In the same study, fibrils from bovine insulin having 
0% sequence identity with hen lysozyme did not enhance the aggregation 
process. Cross-seeding has also been demonstrated in vivo. Amyloid-like 
fibrils that consist of approximately 10 amino acid residues from 
amyloidogenic TTR and IAPP sequences have been able to accelerate 
experimental AA amyloidosis in mice (21, 36). Further, experimental AA 
amyloidosis was also enhanced by administration of silk, Sup 35 and 
curli which are amyloid-like fibrils found in nature (37).  
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Induction of ApoAII amyloid deposition in the ApoAII-C mouse was 
accelerated by injections of human and murine amyloid-like fibrils from 
various recombinant and synthetic peptides like TTR, Serum Amyloid A 
(SAA) and Aβ1-40 (38). Injection of these peptides in monomeric form did 
not enhance deposition of ApoAII amyloid in these mice.  
 
In humans, amyloid depositions in the heart of patients with familial 
amyloid polyneuropathy (FAP) that were heterozygous for mutant forms 
of TTR were composed of approximately 50% wild-type TTR (39). In 
one of these FAP patients that had undergone a liver transplantation 
which is the site of TTR production, 80% of the cardiac amyloid was 
concluded to be wild-type TTR. This finding suggests that fibrillar forms 
of mutant TTR can act as seed for wild-type TTR amyloidogenesis.  

Toxic effect of amyloid forming process 
Amyloid cytotoxicity is believed to occur via a common mechanism 
independent of protein or peptide (40, 41). Spherical particles of 
approximately 3-10nm have been identified with electron and atomic 
force microscopy at an early phase of fibril formation and to disappear as 
mature fibrils appear. These aggregates are referred to as oligomers or 
proto fibrils (42). Oligomers can be incorporated into and form pores or 
channels in cellular membranes, resulting in cell leakage and influx of 
cations which can trigger the apoptosis cascade (43-45). Therefore, the 
amyloid fibril itself is considered to be a non-toxic end product of the 
aggregation process. Aggregation of IAPP has been shown to trigger 
apoptosis in cultured beta-cells and toxic oligomers of IAPP are 
estimated to consist of 25-6000 molecules (46-50).  

Functional amyloid 
Amyloid is not only considered to be a product of a pathological 
manifestation but has also been shown to have a functional role in nature 
(51). As an example, certain bacteria such as some E. coli and 
Salmonella express extracellular fibers named curli which are considered 
to be a virulence factor (52). Curli consist of the protein curlin and have 
all the properties of amyloid-like fibrils including binding of Congo red 
(53). Melanocytes and retinal pigment epithelium produce the 
melanosome organelle which has a core structure containing a proteolytic 
fragment of Pmel17 protein called Mα.  Mα was recently found to self-
assemble and form an amyloid-like structure in the melanosome (54). 
The function for aggregated Mα is to bind and orientate melanin 
precursors. Finally, silk from the silk worm Bombyx mori and spider silk 
have a beta-sheet rich fibrillar ultra-structure which have been proposed 
to have amyloid-like properties (37, 55).  
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Islet amyloid polypeptide  

Introduction 
Islet amyloid was described in 1901 by Eugene Opie who reported that 
the parenchyma of the pancreatic islets of Langerhans was replaced by a 
hyaline substance in autopsy material from a patient with diabetes (56). 
The peptide content of islet amyloid were for a long time unidentified, 
but the amyloid deposit was known to be associated with type 2 diabetes 
(57-59). The deposited peptide was identified 1986 and fully 
characterized in 1987 as a 37 amino acid residue polypeptide and given 
the name islet amyloid polypeptide (IAPP)  (11, 60).  
 

Tissue expression 
IAPP is produced by the beta-cells in the islets of Langerhans and IAPP 
is stored and secreted together with insulin upon stimulation (61, 62). 
IAPP is located in the halo region together with C-peptide while insulin 
is stored in the dense core of the secretory granule (63). The intragranular 
concentration of IAPP is approximately 1-4mM and the molar ratio to 
granular insulin is 1-10% (63-65) . Human plasma levels of IAPP at 
fasting state are normally between 2-10 pM (66-68). IAPP is well 
preserved phylogenetically and has been detected in the pancreas of all 
studied mammals, chicken and in the insulin producing Brockmann body 
of sculpin and salmon (69-76). IAPP expression has also been reported in 
a subfraction of somatostatin producing pancreatic delta-cells in rats, in 
enteroendocrine cells in human fundus, and in the gastrointestinal tract of 
rodents (77, 78). Also sensory neurons in rats have been reported to 
express IAPP (79).  
 

Embryogenesis 
The pancreas develops from the ventral and dorsal buds of the primitive 
gut epithelium at the foregut/midgut junction and in the fetal mouse 
pancreas, and IAPP and insulin are both detected at embryonic day 10.5-
12 (80, 81). Glucagon producing cells are distinguished at embryonic day 
9.5 and make up the majority of the endocrine cells until the day 13.5. An 
interesting observation is that glucagon expressing cells also produce 
IAPP at embryonic day 12.5 and, as embryonic development precedes the 
numbers of IAPP expressing alpha-cells falls and no IAPP reactivity can 
be detected in alpha-cells in the adult murine pancreas. In human fetal 
pancreas, insulin expressing cells emerge at 9-12 weeks of gestational 
age while no IAPP reactivity can be identified in the tissue at this time 
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(81, 82). IAPP expression can be detected at week 13 of gestation in cells 
situated in duct walls and scattered between acinar cells (82). After week 
14 a small number of IAPP positive cells can be detected in islet-like 
clusters, and most of the IAPP positive cells are centrally located in islets 
by week 24 (82). Co-expression of IAPP and glucagon in fetal pancreatic 
endocrine cells have been reported at weeks 18 and 22 of gestational age, 
but contradictory results exist where double labeling for Insulin/IAPP, 
glucagon/IAPP and somatostatin/IAPP provided convincing IAPP 
staining of insulin producing cells only at week 19-24 of gestational age. 
In general, IAPP expression is apparent in pancreatic pluripotent 
endocrine stem cells during human embryological development and the 
early onset of IAPP expression suggests that IAPP might have a role in 
fetal development (83).  

Genetics 
The human IAPP gene was isolated and characterized in the late 80´s 
(84-86). The gene is composed of 3 exons situated on the short arm of 
chromosome 12 where exon 1 is non-coding,  exon 2 codes for the signal 
peptide and 5 residues of the N-terminal proIAPP and exon 3 encodes the 
remaining part of the pre-proIAPP molecule (87). Transcription of the 
IAPP gene is controlled by a promoter region located from -2798 
to+450bp relative to the transcriptional start. Insulin and IAPP have 
similar promoter regions, and both genes are activated in response to 
glucose by the transcription factor called pancreatic duodenal homeobox-
1 (PDX-1) (88-90).  
 
IAPP is a member of the calcitonin gene peptide family together with 
calcitonin (CT), calcitonin gene-related peptide (CGRP) and 
adrenomedullin (91). CGRP is a 37 amino acid neuropeptide which is a 
potent vasodilator, and receptors for CGRP are widely distributed in the 
body (92, 93). CT is a 32 amino acid peptide hormone produced by the 
C-cells of the thyroid gland and is a potent inhibitor of osteoclast-
mediated bone resorption (94). IAPP shares 43-46% residue homology 
with CGRP-I and II and 20% with human CT (85, 95). CT and CGRP-I 
are products from the CT/CGRP gene and alternative splicing leads to the 
translation of the CGRP and CT peptides in a tissue-specific manner (91, 
96). CGRP-II is a product of a separate gene but differs only at 3 out of 
37 residues from CGRP-1 (97).   
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Prohormone processing 
Pre-proIAPP consists of 89 amino acid residues, and a 22 residue signal 
peptide is cleaved after entrance into the endoplasmic reticulum (ER) 
(98). The proIAPP molecule of 67 residues is transported through the 
golgi network and is subsequently packed in secretory granules (62, 99).  
 
ProIAPP is first processed at the C-terminal processing site by the 
prohormone convertase (PC) 1/3 at the basic amino acid residues lysine 
and arginine (Lys50 –Arg51 ) (Fig. 2) (100). Some studies indicate that this 
process may start in the late part of the trans-golgi network (TGN) since 
PC1/3 exists in a partially active form at this location (101, 102). PC1/3 
is produced as a precursor molecule proPC1/3 and its activation is 
initiated by autocatalytic cleavage at the N-termini in the ER, followed 
by C-terminal cleavage in the mature secretory granule where full 
processing activity is gained (102-104).  
 
At the N-terminus, proIAPP is processed by PC2 after basic residues 
lysine and arginine (Lys10-Arg11) (105). PC2 also has the ability to 
process proIAPP at the C-termini in the absence of PC1/3 (100). 
Maturation of proPC2 is initiated in the ER where the 7B2 protein binds 
to and facilitate proPC2 transport to the TGN (106, 107). ProPC2 is then 
activated by auto-enzymatic cleavage in the characteristic milieu of the 
secretory granule with low pH and a high calcium concentration (102, 
108). In contrast to PC1/3, no enzymatically active PC2 precursors exist. 
Carboxypeptidase E (CPE) is responsible for the removal of the dibasic 
residues lysine and arginine in the C-termini of processed proIAPP 
exposing a glycine used for carboxyamidation by the peptidyl amidating 
monooxygenase complex (PAM) (109, 110). Formation of a disulfide 
bond between cysteine 2 and 7 is required to gain full biological activity 
(98, 111). A second dibasic cleavage site is found in the C-terminal 
flanking peptide of proIAPP but no processing has been described at this 
site. 
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Figure 2. Schematic image of IAPP and insulin processing 
 
Proinsulin is processed by the same prohormone convertases as proIAPP  
and PC1/3 initially cleaves proinsulin at the B-chain/C-peptide dibasic  
junction (Arg31-Arg32) with the formation of the proinsulin processing 
intermediate des-31,32 proinsulin (Fig. 2) (112, 113). PC2 cleaves 
proinsulin at the C-peptide/A-chain junction after dibasic residues (Lys64-
Arg65), and this results in equimolar production of insulin and C-peptide 
(114). CPE is responsible for the removal of the basic residues from the 
cleavage sites (115). 
 

Biological function 
A large range of physiological effects have been ascribed to IAPP, and 
the most important will be reviewed here.  
 
Autocrine and paracrine effects of IAPP 
IAPP act on beta-cells and suppress glucose and arginine stimulated 
insulin secretion via a negative feedback mechanism (116, 117). 
However, recent findings have suggested that IAPP exert a dual action 
and act via positive feedback on basal insulin secretion (118). IAPP 
would by this mean act as a modulator of insulin fluctuations. An 
increased insulin secretion was detected when isolated rat islets were 
studied in a perfusion system with the presence of IAPP antagonist (IAPP 
8-37), and elevated insulin levels were noted in glucose challenged 
transgenic male mice deficient of IAPP compared to wild-type littermates 
(111, 119). IAPP has been demonstrated to exert an inhibitory effect on 
alpha-cells and suppresses glucagon secretion. A similar negative effect 
on somatostatin release from delta-cells has been reported (118, 120).  
 
Anorectic effect 
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IAPP has a hormonal role in the control of food intake, as both acute and 
chronic infusions of IAPP have resulted in anorectic effects in rats (121, 
122). IAPP can cross the blood-brain barrier, and systemic or local 
administration of IAPP impact food intake by reducing meal sizes (121, 
123-125). Area postrema/nucleus of the solitary tract (AP/NTS) in the 
brain is an important site for mediating the satiety effect of IAPP, and 
damage in this area reduces the anorectic effect of administered IAPP in 
rats.  
 
Effect on calcium homeostasis 
IAPP have been suggested to have a regulatory role in calcium 
homeostasis, and infusion of IAPP decrease circulating levels of calcium 
in human subjects (126). IAPP can stimulate proliferation of rat and 
human osteoblasts and reduce bone resorption by inhibition of osteoclast 
motility (126-128). In a recent study, a 50% reduction of bone mass were 
detected in IAPP deficient mice when compared to wild-type littermates 
and increased bone resorption was determined to be the cause of the low 
bone mass (129). IAPP is believed to exert its effects on calcium 
homeostasis through activation of the calcitonin receptor (130). 
 

IAPP receptors 
High affinity receptors for IAPP are generated from the calcitonin 
receptor (CTR) and the receptor activity modifying proteins (RAMPs) 
(131). RAMPs exists in three forms designated RAMP-1, -2 and -3 and 
they are single trans-membrane proteins with a short intracellular domain 
and a relative long extracellular domain (132). The CTR exists in several 
isoforms due to alternative splicing, and the most common are CTR-1 
and CTR-2 (133). A combination of CTR-2/RAMP-1 or CTR-2/RAMP-3 
generate receptors with high affinity for IAPP when co-expressed in cell 
lines from monkey, hamster, rabbit and frog but other combinations of 
CTR/RAMP receptors with high affinity for IAPP have been described 
(131, 134-136). The CTR-2/RAMP-1 and CTR-2/RAMP-3 IAPP 
receptors have been identified to occur naturally on murine beta-cells 
(137). 

IAPP degradation 
The enzyme responsible for intracellular degradation of insulin and IAPP 
is insulin degrading enzyme (IDE) (138). IDE is a ubiquitously expressed 
protein with high expression in liver, testes, muscle and brain, and the 
enzyme has a molecular mass of 110 kDa and is suggested to exist in an 
active form as a dimer or trimer (139, 140). In the cell, IDE is found in 
the cytosol, peroxisomes, rough ER, and cell membrane and has also 
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been found in extracellular locations such as the cerebrospinal fluid 
(139). IDE has highly restricted substrate specificity, but amino acid 
sequence comparisons reveal no similarity between different IDE 
substrates. It is believed that the enzyme recognizes elements of 
secondary or tertiary structure (141). IDE has been shown to degrade 
several amyloidogenic peptides such as Aβ-peptide, atrial natriuretic 
peptide (ANP), calcitonin and IAPP and has been suggested to function 
as a scavenger for amyloidogenic peptides (141). Reduction of IDE 
activity in cultured rat beta-cells exposed to human IAPP resulted in 
impaired IAPP degradation, intracellular Congo positive material and 
increased IAPP induced cytotoxicity (142). IDE is secreted at high levels 
from microglia cells and has been shown to degrade Aβ peptide 
extracellularly (143). These findings suggest that IDE has a role in the 
clearance and prevention of amyloid aggregation. Circulating IAPP is 
eliminated from plasma by renal excretion (144). 
 

Type 2 diabetes and islet amyloid 

Introduction to type 2 diabetes 
There are two distinct forms of diabetes, type 1 and type 2. Type 1 
diabetes usually debuts at an early age and is an autoimmune disease that 
result in a total loss of beta-cells and insulin production (145). Regular 
administration of exogenous insulin is essential for survival of type 1 
diabetic individuals.  
 
Type 2 diabetes is a multifactorial disease related to genetic 
predisposition, lifestyle and age (146, 147). The disease is characterised 
by a peripheral insulin resistance in muscle and fat tissue in combination 
with a large reduction of beta-cells. A high insulin demand will initially 
be compensated for by an increase in insulin production that will result in 
beta-cell stress and as the disease progress, beta-cell failure will occur 
with hyperglycemia as a result.  
 
Today, the number of people affected with diabetes world wide is 
approximately 150-200 million (148-150). Predictions state that the 
number of affected persons will rise to 366 million by the year 2030, and 
the word epidemic have been used for the increasing numbers of type 2 
diabetic subjects (148). It has been debated whether the escalated 
numbers of diabetes cases is derived from an increased world population, 
longer life expectancy and earlier onset of the disease, but, when 
accounted for, these factors are merely contributing and do not give a 
complete explanation for the global rise of diabetes (151). More then a 
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billion of the world’s population are overweight and factors such as 
obesity, food consumption and lack of exercise are important factors 
closely associated to the development and pathogenesis of type 2 diabetes 
(152).  
 
Type 2 diabetes is a progressive disease and strategies of treatment 
changes as the course of the disease advance. Early changes in lifestyle 
with increased physical activity and more healthy dietary habits can 
improve peripheral insulin resistance and thereby reduce insulin demand 
(153).  Pharmaceutical improvement of peripheral insulin sensitivity can 
be obtained with thiazolidinediones such as rosiglitazone, or with 
metformin that in addition to enhanced insulin sensitivity also suppresses 
hepatic glucose output and has a beta-cell protective feature (154-156). 
Other strategies are sulfonylurea treatment that increase insulin secretion 
from beta-cells, and, in late stages of the disease, administration of 
exogenous insulin is necessary to keep the patient normoglycemic. 
 

Islet amyloid and amyloidogenic sequences 
Islet amyloid is the only microscopically detectable pathological feature 
of type 2 diabetes, and islet amyloid depositions have been found in 60-
95% of type 2 diabetic individuals at autopsy (59, 157, 158). In non-
diabetic age matched individuals, islet amyloid was found in 15% of 
subjects with less degree of amyloid load. Islet amyloid depositions have  
also been reported in 50% of patients suffering from insulinomas (159). 
Monkeys and cats also deposit islet amyloid in parallel to diabetes and 
insulinomas (160, 161). The residues at position 20-29 of the polypeptide 
chain have been determined to be the amyloidogenic region of the 
peptide and proline substitutions in the 24-29 region of rodent IAPP 
abolish amyloid fibril formation completely (85, 162, 163). Proline is a 
beta-sheet breaker and when single proline substitutions in the human 
wild-type 20-29 region was performed, a total inhibition of amyloid 
formation was seen when proline was substituted at position 22, 24, 26, 
27 or 28 (164). Other regions of the IAPP molecule  have been proposed 
to have amyloidogenic properties (30-37 and 8-20), but their  
significance is difficult to evaluate since they only form amyloid as short 
synthesized peptides and not when they are in the IAPP molecule (165, 
166). A serine to a glycine substitution at position 20 (S20G) of the IAPP 
molecule have been reported in Asian individuals with early onset of type 
2 diabetes, and this mutation has been associated with increased risk of 
development of the disease (167, 168). The mutant S20G peptide are 
more fibrillogenic in vitro than wild-type human IAPP (169, 170).  
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Transgenic animal models  
Rodents do not develop islet amyloid due to the proline substitutions in 
the IAPP molecule, and several transgenic mice strains expressing human 
IAPP have been established as models for islet amyloidogenesis. 
Strategies for generation of transgenic animals have been to express the 
human IAPP gene driven by the rat insulin I or II promoter or link cDNA 
for human IAPP to the rat insulin II promoter (171-174). One strain 
expresses the human IAPP gene driven by the human insulin promoter 
(175). Studies on the transgenic mouse strains showed that an over-
production of IAPP did not result in amyloid formation with the 
exception of one of the developed strains (171-175). Factors other than 
over-expression had to be involved in islet amyloidogenesis. Islet 
amyloid was reported in transgenic mice fed a diet high in fat or treated 
with growth hormone and dexamethasone (176, 177). Induction of 
human IAPP in mouse strains with diabetic traits did also result in 
formation of islet amyloid (178, 179). A transgenic mouse strain 
expressing human but not murine IAPP (+hIAPP/-mIAPP) was created 
by crossbreeding with a mIAPP knockout mouse, but islet amyloid was 
only deposited in male mice fed a diet high in fat (180). Islet amyloid is 
an uncommon finding in female transgenic mice, but when 
oophorectomized, islet amyloid occurs and ovarian products are 
suggested to have a protective role for islet amyloidogenesis (181). IAPP 
knock-out mice have a normal phenotype and have normal blood glucose 
and insulin fasting levels but increased insulin response following 
glucose administration (119). In recent years, transgenic rats expressing 
human IAPP have been created and islet amyloid deposition together 
with beta-cell reduction and increase of fasting blood glucose have been 
reported (182). 
 

Beta-cell dysfunction and death 
Beta-cell dysfunction is present in type 2 diabetes and is initiated years 
before clinical symptoms appear. Insulin secretion from beta-cells can be 
divided into two phases (183, 184). The first phase is a direct response to 
increased blood glucose where secretory granules in the very proximity 
of the plasma membrane dock and release their content. This response 
lasts for approximately 10 minutes. The second phase is more prolonged 
and continues until the blood glucose is normalized. During this phase, 
secretory granules are being translocated to the cell membrane from a 
central pool of secretory granules, and some of these carry newly 
synthesized insulin (185). The first phase of glucose induced insulin 
secretion is defective in impaired glucose tolerant (IGT) subjects without 
fasting hyperglycemia, and both phases are reduced in individuals with 
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type 2 diabetes (186, 187). Also, spontaneous pulses of insulin release 
occur every 12-15 min in healthy individuals and this pulsatile insulin 
secretion is impaired in type 2 diabetic individuals, indicating aberrant 
beta-cell function (188). Studies have shown that increased plasma levels 
of proinsulin or the processing intermediate des 31,32 proinsulin in initial 
stages of the disease and an increased demand of insulin that exceed the 
rate limiting step of the PC´s are possible explanations (189-191). 
However, an aberrant processing of proinsulin may also be a response to 
beta cell dysfunction caused by elevated plasma non-esterified fatty acids 
(NEFA). Dyslipidemia is a hallmark of type 2 diabetes, and chronic 
exposure of NEFA to rat beta-cells resulted in down regulation of 
biosynthesis, or reduced auto-catalytic activation of, PC2, PC1/3 and 7B2 
leading to elevated secretion of proinsulin (192). 
 
Beta-cell mass is adaptive, and a balance between insulin supply and 
metabolic demand is maintained by adjustments in beta-cell growth and 
survival (193). An increase in beta-cell mass will compensate for higher 
insulin demand, and insulin resistance when gaining weight (158). This 
mechanism eventually fails and type 2 diabetic individuals have a 60% 
reduction of beta-cell mass compared to health individuals; this reduction 
is most likely caused by high levels of apoptosis (158). Normal beta-cell 
replication and neogenesis could not compensate for the cell loss, and 
islet amyloid was found in more than 80% of diabetic subjects included 
in this study (158). A study by the same authors performed on obese 
transgenic mice expressing human IAPP showed an 80% reduction in 
beta-cell mass in parallel with deposition of islet amyloid and 
development of diabetes (194). This finding is consistent with the 
proposal that amyloid aggregation causes beta-cell apoptosis (194). An 
increase of alpha-cells has been observed in conjunction with beta-cell 
reduction and may contribute to hyperglucagonaemia and 
hyperglycaemia (195-197). 
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IAPP and cytotoxicity 
Apoptosis seems to be the major route for the beta-cell reduction in type 
2 diabetes and IAPP fibril formation has been suggested to be the cause 
of cell death. Cultured beta-cells undergo apoptosis when incubated with 
human IAPP but not with the non-amyloidogenic murine IAPP, and the 
cytotoxic effect is ascribed to the formation of ion leaking pores in cell 
membranes (47, 48, 198). Replicating beta-cells in culture are more 
sensitive to IAPP fibrillization induced apoptosis than non dividing cells 
(199). Intracellular apoptosis pathways triggered by IAPP aggregation is 
not fully understood, but the common downstream protease caspase 3 
with upstream activated JNK pathway (c-jun NH2-terminal kinase/stress-
activated protein kinase) have been observed in two independent studies 
(46, 50). Zhang et al. also reported activated caspase 8 and caspase 1 
proteases upstream of caspase 3.  
 

Islet fibrillogenesis: initiation and location 

Production, secretion and degradation of IAPP occur in healthy 
individuals without aggregation and deposition of islet amyloid. The 
amyloid criteria state that amyloid deposits should be extracellularly 
located but factors or events that trigger initiation of IAPP fibrillization 
may be of intracellular origin. Here, extra and intracellular mechanisms 
suggested to initiate fibrillogenesis are described.  

Basal membrane components 
Heparan sulphate proteoglycans (HSPG´s) are important components of 
extracellular matrix and basement membranes and are present in islet 
amyloid deposits (200). HSPG´s consist of a protein core with one or 
several negatively charged glucoseaminoglycans (GAG´s) side chains.  
The heparan sulphate GAG side chains of the HSPG perlecan are able to 
enhance IAPP fibril formation in vitro (201). A heparin binding site has 
been identified at the N-terminus of proIAPP and processing of proIAPP 
by PC2 will remove this positive charged site (202, 203). This 
observation suggests that secreted proIAPP could be bound to the 
proteoglycans present in the basement membranes, giving rise to a local 
increase of peptide concentration and thereby facilitating amyloid 
formation. Amyloid is often seen in the peri-vascular area of the islet. 
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Hyperglycemia and islet amyloid 
Chronic hyperglycemia results in a non-enzymatic glycation of proteins 
referred to as advanced glycation end-products (AGE) (204). It is most 
unlikely that a monomeric form of AGE-IAPP exists in vivo, since 
secreted IAPP has a half-life of approximately 30 minutes, and AGE 
conversion is associated with low turn-over rate proteins such as 
haemoglobin and collagen (205). Instead, glycation of deposited islet 
amyloid might occur and in vitro studies have shown that AGE-IAPP 
amyloid-like fibrils have a more potent seeding capacity than IAPP 
amyloid-like fibrils (206). This finding suggests that glycation of islet 
amyloid may enhance further deposition, but it is not important for initial 
fibril formation since amyloid deposition also occurs in hypo and 
normoglycaemic subjects such as patients with insulinoma (60).  
 

Beta-cell granule components 
In addition to IAPP, the beta-cell granule hosts a wide range of proteins 
and peptides such as insulin, C-peptide, transthyretin, chromogranin A, 
chromogranin B, synaptophysin, parathyroid hormone-like peptide, PCs, 
CPE and many more (64, 207-209). The mature granule has an acidic 
environment with a pH of 5.2 and high concentrations of Ca2+ and Zn2+ 
which are required for prohormone processing and insulin crystallisation 
(210). Mechanisms that protect against the strong amyloidogenicity of 
IAPP must exist in the secretory granule where IAPP is present at 
millimolar concentrations. In vitro studies on the beta-cell granule 
components and their effect on IAPP fibril formation revealed that 
insulin and proinsulin can act as inhibitors and prevent fibril formation 
(63, 65, 211). C-peptide, Ca2+ and Zn2+ individually enhanced the 
formation of fibrils, while the combination of C-peptide and Ca2+ lead to 
an inhibitory effect (63). These results point to the complexity of the 
granule environment and highlight the importance to maintain a delicate 
balance in the secretory granule in order to avoid fibril formation (212, 
213). Intra granular fibrils have been recognized in the halo region of 
beta-cells from cultured islets and transgenic mice (175, 214, 215). 
 
Overproduction of IAPP in relation to insulin has also been implicated as 
a factor for early amyloid formation. Obese patients with IGT had 
significantly higher fasting levels of IAPP than normal control subjects, 
while a progression to a diabetic state reduces the level of plasma IAPP  
(216).  Mice fed a long term high fat diet developed glucose intolerance 
accompanied by an increased beta-cell mass, hyperinsulinemia and a 
50% increase in plasma level of IAPP (217). In parallel to these 
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observations, a reduced cellular insulin mRNA expression was detected 
while mRNA levels of IAPP were unaltered, suggesting a change of 
intracellular insulin/IAPP ratio during long time exposure to a high fat 
diet (217). 
 

IAPP fibrillogenesis and non-esterified fatty acids (NEFA) 
NEFA can act directly on beta-cells through the cell surface receptor 
GPR-40 and amplify glucose stimulated insulin secretion (218, 219). 
Type 2 diabetic subjects have elevated NEFA levels in plasma, and a 
linear correlation with levels of blood glucose is observed (220, 221). 
Transgenic mice that over-express human IAPP do not spontaneously 
develop islet amyloid. Instead, amyloid developed after an extensive 
period on high fat diet (176, 180). Islets from theses transgenic mice were 
cultured in the presence of different NEFA´s, and formation of 
intragranular fibrils immunoreactive for IAPP were observed in beta-cells 
(215). IAPP fibrillogenesis was studied in vitro in presence of NEFA and 
all investigated NEFA´s catalyzed fibril formation without being 
incorporated into the fibril itself (215, 222).  
 

Cell membrane components and fibrillogenesis 
Cellular membrane components and their role in fibrillogenesis are of 
interest, since the cytotoxicity of human IAPP has been linked to the 
formation of pore structures in membranes. Phospholipids extracted from 
pancreas from a diabetic subject enhanced fibrillogenesis of synthetic 
IAPP in vitro and additional studies demonstrated that negatively charged 
synthetic liposomes were potent enhancers of IAPP fibril formation 
(223). The authors suggest that the N-terminal part of human IAPP 
interacts with negatively charged phospholipids and that the assembly of 
IAPP oligomers/protofibrils occurs on the cell membrane. The most 
abundant anionic phospholipid in cell membranes, phosphatidylserine 
(PS), has in the form of synthetic liposomes been able to accelerate IAPP 
fibrillogenesis in vitro (224). It is difficult to evaluate these findings since 
PS is restricted to the cytosolic surface of the plasma membrane of 
mammalian cells and is only exposed extracellularly during early 
apoptosis (225).  
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Aberrant processing of proIAPP 
Aberrant prohormone processing appears in the early stage of type 2 
diabetes, as detected by an increased level of proinsulin and the des-
31,32 proinsulin processing intermediate in plasma (189, 190). A 
subsequent change in proIAPP processing is expected since the 
prohormones are processed by the same convertases and at the same 
location. Some evidence for this hypothesis was presented by Percy et al. 
who detected increased plasma levels of IAPP immunoreactive material 
in individuals with IGT and molecular mass analysis of the IAPP 
peptides revealed masses corresponding to proIAPP and or proIAPP 
processing intermediates (68). Prolonged exposure of human beta-cells to 
high glucose showed increased intracellular proportion of proIAPP and 
its processing intermediate N-terminal+IAPP (N-IAPP) (213). Islet 
amyloid deposits consist primarily of fully processed IAPP but 
immunoreactivity against proIAPP and/or N-IAPP intermediate has been 
described in islet amyloid deposits from human and mouse (226, 227).  
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AIM OF THE THESIS 
 
The general aim of this thesis was to investigate the occurrence and 
impact of aberrant processing of human proIAPP on early islet 
amyloidogenesis.  
 
This was performed by: 
 

- Study processing and aggregation of human proIAPP in endocrine 
cell lines with individual processing properties. 

 
- Investigation of human proIAPP immunoreactivity in intracellular 

amyloid-like deposits in human and murine beta-cells. 
 

- Production and characterisation of recombinant proIAPP, proIAPP 
processing intermediates and IAPP. 

 
- Investigation of the seeding effect of proIAPP amyloid-like fibrils 

in vivo and in vitro. 
 

- Development of an assay for real-time detection of beta-cell 
apoptosis and the study of the cytotoxic effect of proIAPP and the 
processing intermediates. 
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MATERIAL AND METHODS 
 
Some key methods and techniques used for this thesis are described. 

Immuno-detection (paper I, II and III) 

Immunohistochemistry: tissue sections 
Tissue were fixed in 10% neutral buffered formalin and embedded in 
paraffin and sections were placed on glass slides (plus slides; Histolab, 
Gothenburg, Sweden) deparaffinised and rehydrated. Antigen retrieval 
was performed by placing sections in preheated 0.2M sodium citrate pH 
6.0 and left to cool to room temperature (paper I), heat treatment in 
121°C for 20 minutes in 10mM citric acid pH 6.0 (paper II) or 1 minute 
incubation in formic acid (paper III). Primary antibodies used in this 
thesis are listed below (Table 1). Visualisation of immunoreactivity with 
horse radish peroxidase (HRP)/diaminobenzidine (DAB) reaction 
required inactivation of endogenous peroxidase in 0.3% hydrogen 
peroxidise in TBS (50mM Tris-HCl, 150mM NaCl pH 7.6) for 30 
minutes prior to immunolabeling (paper I and II). Visualisation of 
peroxidase rich erythrocytes was performed by incubation of tissue 
sections in 0.7mM DAB in TBS, prior to immunolabeling with alkaline 
phosphatise linked secondary antibodies and Fast red substrate (Sigma-
Aldrich, St. Louis, MA, USA) (paper III). Slides were counter stained 
with Mayer’s hematoxylin, dehydrated and mounted. 
 
Table 1. Primary antibodies used for immuno-detection.  

 



MATERIAL AND METHODS 

 - 34 - 

Immunohistochemistry: cultured cells  
Cells cultured on cover slips were fixed in 2% paraformaldehyde in PBS 
(137mM NaCl, 2.7mM KCl, 4.3mM Na2HPO4, 1.4mM KH2PO4, pH 7.4) 
for 30 minutes and incubated with diluted IAPP polyclonal rabbit 
antibodies in BSS-HEPES buffer (137mM NaCl, 5.36mM KCl, 0.8mM 
MgSO4*7H20, 0.44mM KH2PO4, 1.4mM NaHPO4, 1% HEPES) with 
0.1% saponin at +4°C overnight. Cells were rinsed 3 times in BSS-
HEPES-saponin buffer and incubated with Alexa conjugated secondary 
antibodies (Molecular probes, Eugene, OR, USA) and diluted 1:1000 in 
BSS-HEPES-saponin for 2 hours at room temperature. Cells were 
washed 3 times in BSS-HEPES-saponin and 3 times in BSS-HEPES 
buffer and incubated with 25μg/ml propidium iodide with 250μg/ml 
RNAse A in BSS-HEPES buffer for 15 minutes for nuclear staining. 
Cover slips were mounted with 50/50 PBS/glycerol and studied in a 
confocal microscope. 

Immunoelectron microscopy  
Tissue was fixed in 2% paraformaldehyde with 0.25% glutaraldehyde in 
PBS and embedded in epon or unicryl (Ladd Research Industries, 
Burlington, VT, USA).  Part of the tissue was post-fixed in OsO4. Ultra-
thin sections were placed on formvar coated nickel grids and antigens 
were retrieved by incubation of sections in sodium periodate (NaIO4) 
saturated aqueous solution for 10 minutes. Grids were thoroughly washed 
in deionised water and background staining was blocked in 3% BSA in 
TBS for 30 minutes followed by overnight incubation with primary 
antibody diluted in 1% BSA in TBS. In the detection step, sections were 
incubated with secondary antibodies or protein A conjugated with 10nm 
colloidal gold particles diluted 1:200 in 1% BSA in TBS for 2 hours. 
After being rigorously washed, specimens were contrasted with 2% 
uranyl acetate in 50% ethanol for 10 minutes and in Reynold´s lead 
citrate (120mM sodium citrate, 25mM lead citrate, pH 12) for 1.5 
minutes.  
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Production of recombinant peptides (paper I, III and IV) 

Recombinant protein production and purification was performed by blunt 
end insertion of PCR amplified fragments corresponding to cDNA of 
desired peptides into the multiple cloning site of pGEX 2TK expression 
vector (GE healthcare, Uppsala, Sweden). The pGEX vector contains a 
glutathione S-transferase (GST) in front of the multiple cloning site, and 
peptides are expressed as GST-fusion proteins. High protein yield 
bacteria Y1090 E. coli were transformed and cultured at +37°C until the 
OD600 reached 0.8 and protein synthesis was induced with 3mM 
isopropyl β-D-1 thiogalactopyranoside (IPTG) (Fermentas, St Lenon Rot, 
Germany) for 3 hours at +25°C. Bacteria were harvested and resuspended 
in TEDG buffer (50mM Tris-HCl, 1.5mM EDTA, 400mM NaCl, 10% 
Glycerol, pH 7.4), sonicated and ultra centrifuged at 100000g in a SW41 
Ti rotor for 30 minutes at +4°C. The supernatant was transferred to 
sepharose 4B beads (GE healthcare) and incubated rotating for 2 hours at 
+4°C. Sepharose beads were washed three times in NET-N buffer 
(50mM Tris-HCl, 150mM NaCl, 5mM EDTA, 0.5% NONIDET-NP 40, 
pH 7.4) followed by three times wash in PBS. While still bound to the 
beads, the GST-tag was enzymatically removed by thrombin protease 
(GE healthcare), 20U/mg expected peptide, in PBS (paper III and IV) or 
the fusion protein was recovered by boiling the beads (paper I). 
 

Production and characterisation of monoclonal antibodies 

(paper I) 

Antigen production 
A 71 amino acid residue sequence corresponding to position 397-467 of 
mouse PC1/3 were chosen as immunogen for production of monoclonal 
PC1/3 antibodies. This sequence has 98.6% and 97.2% identity with 
corresponding sequences of rat and human PC1/3 respectively. A peptide 
sequence of 81 residues corresponding to position 376-456 of rat PC2 
was selected as immunogen for production of monoclonal PC2 
antibodies. This peptide sequence has 98.8% and 97.5% identity with 
mouse and human PC2 respectively. mRNA was isolated from AtT-20 
mouse pituitary cells and GH3 rat pituitary cells and cDNA libraries were 
made and used for PCR amplification of DNA fragments corresponding 
to the immunogens were inserted into the pGEX 2TK (GE healthcare) 
vector and expressed as fusion proteins. Expressed GST-PC1/3 and GST-
PC2 were suspended in X2 tricine sample buffer (0.1M Tris-HCl, 25% 
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Glycerol, 8 % SDS, 0.2M DTT, 0.02% Coomassie blue G-250), heated 
and separated by tricine-SDS-polyacrylamide gel electrophoresis as 
described by Schagger el al (228). Peptide bands corresponding to the 
theoretical molecular masses of GST-PC1/3 (35 kDa) and GST-PC2 (36 
kDa) were excised from the gel and extracted in isotonic sodium chloride 
solution. 
 

Production of monoclonal antibodies 
Twelve BALB/c mice (Scanbur-BK, Sollentuna, Sweden) were 
immunized intraperitoneal with GST-PC1/3 or GST-PC2 peptides mixed 
1:1 with Freund´s complete adjuvant (Difco Laboratories, Detroit, MI, 
USA). For the subsequent immunisations Freund´s incomplete adjuvant 
was used. The presence of antibodies reactive against islet cells was 
verified in blood taken from the retro orbital plexa. Three days prior to 
hybridisation, animals received a booster injection. The spleen was 
recovered after cervical dislocation and the splenocytes were isolated. 
Splenocytes were mixed 10:1 with non secreting SP2/0 mouse myeloma 
cells and fused by addition of 50% polyethylene glycol in PBS (229). 
Cells were incubated for 2 hours in RPMI medium supplemented with 
10% fetal bovine serum (FBS), 1mM sodium pyrovate, 100IU/ml 
penicillin, 100mg/ml streptomycin and 50µM β-mercaptoethanol at +37 
°C in a humidified milieu containing 5% CO2. The cell suspension was 
seeded into 96-well microtiter plates (Costar, Cambridge, MA, USA) 
with peritoneal mouse macrophages as feeder-cells. Cells were cultured 
for two weeks in the presence of HAT supplemented medium (0.1mM 
hypoxanthine, 0.4μM aminopterin and 16μM thymidine) for selection of 
hybridomas.  
 

Characterization of antibodies 
Medium was collected from wells with cell growth and screened for 
PC1/3 and PC2 antibody producing clones by immunohistochemistry on 
formalin fixed human pancreas sections. Positive clones were collected, 
and limited-dilutions were performed twice. Specificity for the antigen 
and absence of cross reactivity between the PC antibodies were analysed 
with western blot technique, and the immunoreaction was abolished by 
absorption with respective peptide. The isotypes of the monoclonal 
PC1/3 and PC2 antibodies were determined with a mouse monoclonal 
antibody isotyping test kit (Serotech, Oxford, UK).  
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Cell transfection protocols (paper I and IV) 

Cell lines were obtained from American Type Culture Collection (ATCC, 
Manassas, VA, USA) and cultured in RPMI-1640 medium with 11mM 
D-glucose containing 10% FBS, 100IU/ml penicillin and 100μg/ml 
streptomycin (Sigma-Aldrich) in humidified air with 5% CO2 at +37°C. 
The medium of insulin producing Beta-TC-6 (B-TC-6) cells was 
supplemented with 50µM β-mercaptoethanol. Cells were cultured to 80% 
confluency on 14mm diameter cover glasses (Menzel GmbH, 
Braunschweig, Germany). Medium containing 0.4mg/ml G-418 selection 
antibiotics (GE healthcare) was added to cells 24 hours after transfection.  

Calcium-phosphate transfection 
For 20ml transfection medium, 50μg DNA in 1ml 0.25M CaCl2 was 
mixed with 1ml HEPES-buffered saline X2 (0.28M NaCl, 0.05M 
HEPES, 1.5mM NaHPO4, pH 7.05) and left to precipitate for 10 minutes. 
The precipitate was mixed with 18ml culture medium which was 
subsequently added to cells. After 5 hours incubation, medium was 
substituted to 10% glycerol in HEPES-buffered saline, and the cells were 
incubated for 2 min. After a rinse in PBS, new medium was added to the 
cells. 

DOTAP liposomal transfection  
Preparation of 20ml transfection medium required 20μg DNA in a 480μl 
HEPES-buffered saline mixed with 120μl DOTAP (Roche, Basel, 
Switzerland) followed by 10 minutes of incubation. The DNA-DOTAP 
solution was added to RPMI medium and rigorously mixed before adding 
to cells. After 5 hours of incubation, the medium was replaced with new 
culture medium.  

Electroporation 
Cells were trypsinized and resuspended in PBS and 10μg of DNA was 
added to a volume of 400μl cell suspension containing 100000 cells and 
transferred to an electroporation cuvette. Electropermeabilization of the 
cell membrane was generated with 4 pulses at 0.6kV and 25μF using a 
gene pulser electroporator (Bio-Rad, Hercules, CA, USA). Cells were 
transferred to wells with 14mm ∅  cover glasses and culture medium was 
added after 1 hour of incubation.  
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Polyethyleneimine (PEI) transfection 
One hour prior to transfection, cell culture medium was changed to serum 
free medium. A solution of 40µg DNA, 10mM PEI (Sigma-Aldrich) and 
5% sucrose in a total volume of 175µl was mixed and left to incubate for 
10 minutes and then added to 9 ml serum free medium. After 6 hours of 
incubation, FBS was added to a final concentration of 10%. 
 

Laser scanning confocal microscopy (LSCM)  (paper I, III 

and IV) 

Basic concept of LSCM 
The concept of confocal microscopy was developed in 1957 by Marvin 
Minsky, a post-doctoral student at Harvard University (230). His 
invention remained mainly unnoticed due to the absence of an intensive 
light source and techniques required for imaging. It was not until 1987 
that the first commercial instrument appeared and extensive technical 
progress has led to the development of the widely used LSCM imaging 
technique. The advantage of LSCM over fluorescence microscopy is the 
use of an aperture pinhole which only lets emitted light from one focal 
plane to pass through and reach a photo detector. This excludes 
secondary fluorescence in areas apart from the focal plane and results in 
very sharp images. A powerful light source is essential and lasers are 
used for the confocal imaging technique. Lasers produce monochromatic 
light with the advantage of highly parallel beams which can travel a long 
distance and be focused into a small spot with high intensity. The laser 
beam is scanned with the help of a dichromatic mirror across the 
specimen in a raster. If emitted from the focal plane the light from the 
specimen passes the dichromatic mirror and the pinhole aperture and hits 
the photo detector (Fig. 3). The detector registers photons and is 
connected to a computer that generates an image of light intensity for 
each point of the scanned area. No colour information exists in a confocal 
image and is solely generated by the computer. Several lasers are usually 
connected to the microscope for detection of multiple fluorophores. The 
fluorophores needs to be very resistant to photo bleaching because of the 
exposure of the specimen to high intensity light. Since a confocal image 
only shows information from one focal plane, it is possible to virtually 
slice the specimen by moving it in the y-axis while taking images at 
different levels, a so called Z-stack. It is possible to create a 3-
dimensional volume render of the specimen from the collected 
information.  
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Figure 3. Illustration of confocal microscopy theory. In A, emitted light from the 
specimen located in the focal plane will pass through the pinhole aperture and hit the 
photo detector while in B, emitted light is away from the focal plane and can not pass.  

 

LSCM and fluorophores  
All confocal microscopy studies were performed in a Nikon eclipse E600 
microscope connected to a Nikon C1 confocal unit with argon 488 nm, 
HeNe 543nm and HeNe 633 nm lasers (Nikon, Kawasaki, Japan). Digital 
images were obtained with an EZ-C1 detector connected to a computer 
with software version 1.0 for Nikon C1 confocal microscopy. Alexa 
488nm and 594nm conjugated to secondary antibodies were used for 
visualisation of primary antibodies and propidium iodide (543nm) or To-
PRO-3 (633nm) (Molecular probes) served as nuclear markers. Congo 
red dye fluoresces red when bound to amyloid and gave a strong signal 
when analyzed with the 543nm laser (231). Erythrocytes auto-fluoresce 
when tissue was investigated with the 488nm laser. This phenomenon 
was taken advantage of when pancreas sections of transgenic mice were 
investigated for localization of amyloid deposits (paper III). 
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Thioflavin T (ThT) assay (paper III and IV) 

Kinetic studies of fibril formation were performed in Sigmacote (Sigma-
Aldrich) treated 96 well black plates (Thermo Labsystems, Stockholm, 
Sweden) in a sample volume of 100μl. Synthetic and recombinant 
peptides were kept in DMSO stock solutions and diluted in assay buffer 
(50mM glycine, 25mM sodium phosphate buffer, pH 7.0 and 10μM ThT) 
prior to experiments. Fluorescence was measured at 442 nm excitation 
and 486 nm emission wavelengths in a Wallac 1420 multilabel counter 
(Perkin Elmer, Turku, Finland) with WorkOut software version 1.5 
(Perkin Elmer). 
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RESULTS AND DISCUSSION 
 

Intracellular amyloid-like aggregates (paper I and II) 

Immunoreactivity for proIAPP has previously been described in islet 
amyloid, and a more profound investigation of the role for proIAPP 
processing in the initial phase of fibril formation was performed by 
expression of human proIAPP in five cell lines with individual 
processing properties (Table 2). 
 
Table 2. Cell line characteristics. 

 
PCR on reverse transcribed mRNA from each cell line was performed for 
verification of PC1/3 and/or PC2 expression. A housekeeping gene was 
included in the analysis so a semi-quantification of PC expression was 
enabled. B-TC-6 cells expressed mRNA for both PC1/3 and PC2 while 
no expression of the processing enzymes was detected in GH4C1 and 
COS-7 cells. The level of PC1/3 mRNA in AtT-20 cells was 80% of the 
expression detected in B-TC-6 cells and no PC2 mRNA was detected in 
AtT-20 cells. PC1/3 mRNA expression was not detected in GH3 cells 
while PC2 mRNA levels corresponded to 20% of PC2 expression in B-
TC-6 cells. An immunohistochemical analysis of prohormone expression 
was performed with the previously described monoclonal antibodies. B-
TC-6 and AtT-20 cells immunolabeled with antibodies against PC1/3 and 
B-TC-6 and GH3 cells were confirmed to express PC2.  COS-7 and 
GH4C1 cells did not immunolabel with antibodies against either of the 
two convertases, in accordance with the mRNA expression analysis. 
There are some contradictory findings on PC2 expression in GH3 cells, 
and it has even been implied that subclones of this cell line with different 
PC2 expression exists (232-234). GH3 cells used in this thesis were 
purchased from ATCC and PC2 mRNA and protein expression was 
demonstrated in these cells, though considered to be quite low when 
compared to B-TC-6 cells. 
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Plasmid constructs for eukaryotic expression of human preproIAPP and 
murine preproIAPP were generated in pcDNA 3. The signal peptide is 
essential for protein expression directed to the regulated secretory 
pathway and will be removed upon entrance of the ER. Vector 
preproIAPP expression in transfected cells will be referred to as human 
proIAPP (hproIAPP) or murine proIAPP (mproIAPP) expression.  
 
The transfection efficiency of four different methods was compared and 
the results are presented below (Table 3). Transfection with PEI was the 
only procedure where all cell lines were transfected and was therefore 
used throughout this thesis.  
 
Table 3. Efficiency of different transfection methods on five cell lines. 

 
 
B-TC-6, GH4C1, COS-7, GH3 and AtT-20 cells were transfected with 
human or murin proIAPP, and expression was verified with antisera 
raised against murine IAPP 1-37, an antiserum which cross-reacts with 
human IAPP. Expression of mproIAPP appeared as a granular deposition 
evenly distributed throughout the cytoplasm in all studied cell lines. No 
amyloid-like depositions appeared in cells after transfection with 
mproIAPP. This is in accordance with earlier findings that mouse IAPP is 
non-amyloidogenic. Expression of hproIAPP in B-TC-6 and GH3 cells 
also showed a granular pattern, but in some transfected GH3 cells 
accumulation of large immunoreactive material was present in the 
cytoplasm. Expression of hproIAPP in GH4C1, COS-7, and AtT-20 cells 
resulted in the formation of intracellular immunoreactive aggregates and 
Congo red staining verified the presence of amyloid-like aggregates in 
GH4C1, COS-7, and AtT-20 cells but not in B-TC-6 and GH3 cells. 
 
Processing of hproIAPP was further characterized with antibodies against 
proIAPP processing sites. These antibodies cover the di-basic PC 
cleavage site at the N-terminus (AA 169) or the C-terminus (AA 165) 
and loss of epitope occurs if proIAPP is processed at these specific sites. 
After immunolabeling of B-TC-6 and GH3 cells with these antibodies, a 
very weak reaction was observed as a result of proIAPP processing. PC2 
were concluded to process the expressed proIAPP both at the N- and C-
terminus in GH3 cells since only a weak reactivity with antibodies 
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against these sites were detected. The ability of PC2 to process proIAPP 
both N- and C-terminally in the absence of PC1/3 has previously been 
described (100). The intracellular amyloid-like aggregates in COS-7 and 
GH4C1 were determined to consist of proIAPP since the aggregates were 
recognized by antibodies specific for the N- and C-terminal processing 
sites. No reactivity against the C-terminal cleavage site was detected in 
AtT-20 cells which were concluded to be a result of PC1/3 processing at 
this terminus. Intracellular aggregates in AtT-20 cells were reactive 
against the antiserum specific for the N-terminal cleavage site and 
determined to consist of N-terminal flanking peptide+IAPP (N+IAPP).  
 
Cell viability after transfection with hproIAPP and mproIAPP was 
monitored for five consecutive days to investigate if the process of 
intracellular amyloid-like aggregation was cytotoxic. No discrepancy in 
degree of transfection was observed between the hproIAPP and 
mproIAPP vectors, but cell death occurred at higher rates in GH4C1, 
COS-7 and AtT-20 cells transfected with hproIAPP compared to the non-
amyloidogenic mproIAPP. Interestingly, viability in GH3 cells 
transfected with hproIAPP did not decline faster than control cells though 
IAPP aggregates were found in some of the GH3 cells. However, these 
deposits were not identified as amyloid-like aggregates by Congo 
staining. Instead, we regard them as transient formations that result from 
low PC2 content. B-TC-6 cells were not included in this study since they 
expresses mproIAPP endogenously. A decrease in cell viability was 
identified only in those cells with impaired proIAPP processing in 
conjunction with amyloid-like aggregation. The result of the time study 
clearly indicates that intracellular fibril formation as a result of aberrant 
processing is a cytotoxic process.  
 
To further investigate the occurrence of intracellular amyloid-like 
aggregates and their content of IAPP precursor molecules, a 
morphological and immunohistochemical study of beta-cells from 
transgenic mice and human transplanted islets were performed. 
Transgenic +hIAPP/-mIAPP mice were fed a diet of standard chow and 
lard ad libitum and killed after 11 months. Pieces of pancreas were fixed 
for light and electron microscopy and studied immunohistochemically. 
Out of 330 investigated islets, 24 had beta-cells containing intracellular 
amyloid and the total number of amyloid containing beta-cells within 
each islet was very low ranging from 1-4. Investigations of islets with the 
M30 antibody detecting apoptosis together with Congo red staining 
showed that cells with congophilic intracellular aggregates were also 
apoptotic. Intracellular fibrillogenesis that triggers apoptosis is probably 
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a phenomenon that can be detected during a short time period in early 
islet amyloidogenesis, since the apoptosis process is relative fast.  
 
Ultra-structurally, fibrils in the halo region of the secretory granules were 
observed in beta-cells from mice fed lard ad libitum but not in beta-cells 
from mice fed standard chow. These fibrillar structures labelled with 
antibodies raised against processing sites of proIAPP but no reactivity 
against insulin or C-peptide were detected. Larger intracellular amyloid-
like deposits were found in some beta-cells of the transgenic mice. These 
deposits had a fibrillar appearance and were recognized by antibodies 
specific for the N- and C-terminal processing sites and an antibody 
specific for the C-terminus of proIAPP. Reactivity against insulin or C-
peptide was not detected within the fibrillar deposits. Intra-cellular 
amyloid-like material was also apparent in beta-cells of human islets 
transplanted under the renal capsule of non-diabetic nude mice. These 
deposits labelled with antibodies reactive against the proIAPP processing 
sites but to a lesser extent and with a more patch-like appearance than the 
mouse deposits and no intragranular fibrils were detected in the human 
beta-cells. From these results we conclude that intracellular IAPP 
amyloid-like aggregates in beta-cells of mouse and man consists at least 
partially of proIAPP or proIAPP processing intermediates. Unprocessed 
promolecules have been described in other endocrine amyloid deposits 
where proA-type natriuretic peptide (proANP) have been reported in 
atrial amyloid and procalcitonin in amyloid deposits associated with 
medullary carcinoma of the thyroid  (235, 236) .  
 
The presence of proIAPP in intracellular amyloid-like deposits suggests 
that initiation of islet amyloid occurs at this location. Expression of 
proIAPP in cell lines possessing different processing properties put 
emphasis on the importance of processing to prevent aggregation. 
Absence of proIAPP processing resulted in accumulation of intracellular 
aggregates and increased cell death. Processing at the C-terminal flanking 
region was not sufficient to prevent fibrillization since congophilic 
deposits made up by N+IAPP were found in AtT-20 cells. In my study 
the N-terminal processing of proIAPP seems to be important for 
prevention of intracellular aggregation of amyloid-like material. These 
results were confirmed in a recent published paper where GH3 cells (with 
low PC2 expression) were virally transduced with human proIAPP and 
PC1/3 and/or PC2 (232). Results from that study showed that the 
apoptotic rate of GH3 cells expressing high levels of proIAPP decreased 
when cells were co-transduced with PC2 but not with PC1/3. This was 
also demonstrated in cultured islets from a transgenic mouse strain that 
express human IAPP but lack PC2 (+hAIPP/-PC2) (232). Viral 
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transduction of these islets with PC2 restored N-terminal processing of 
proIAPP and amyloid formation and number of apoptotic cells were 
decreased. My results together with the results from the aforementioned 
study demonstrates that impaired processing of proIAPP leads to amyloid 
formation and cell death by accumulation of proIAPP or proIAPP 
intermediates. Impaired processing of proIAPP has been identified in 
beta-cells cultured in high glucose levels and in subjects with IGT (68, 
213). In our transgenic +hIAPP/-mIAPP mouse strain, a diet high in fat is 
necessary for development of islet amyloid but the exact mechanism for 
this observation is not really known (180). One can speculate that 
fibrillogenesis may be triggered by direct effects on beta cells such as 
increased receptor-mediated insulin release and reduced activation of the 
processing enzymes, as well as indirect effects such as peripheral insulin 
resistance. Islet amyloid deposition was reduced but not abolished in 
transgenic hIAPP mice given rosiglitazone and metformin, suggesting 
that mechanisms other than peripheral insulin resistance and thereby 
reduced beta-cell secretory demand are involved in initiation of IAPP 
fibrillization.  
 
I have studied amyloid deposition in transgenic mice fed a diet high in fat 
and in human islets transplanted under the renal capsule of nude mice. 
Intracellular amyloid deposits were found in the mouse model and had 
reactivity for both N and C-terminal processing sites and the C-terminal 
flanking peptide of proIAPP. Different sizes of amyloid-like aggregates 
were observed ranging from the shape and size of a single secretory 
granule to much larger deposits involving the major part of the 
cytoplasm. This finding might reflect different stages in the intracellular 
amyloid forming process suggesting the secretory granule to be the 
location of initial fibrillogenesis. Fibrils that consist of proIAPP was 
detected in the halo region of the secretory granules in the +hIAPP/-
mIAPP mice and fibril formation in this space is interesting for several 
reasons. Oligomers are hypothesized to be the cytotoxic species in the 
amyloid forming process, since it has been shown that exogenous 
addition of human IAPP induces apoptosis in cultured cells under 
conditions where it is also able to permeabilize lipid bilayers (49).  
Amyloid-like fibrils were detected in the halo region of secretory 
granules, and the surrounding lipid membrane of the vesicles may 
function as a platform for induction of fibril formation. Studies on cell 
membrane components in vitro have shown that negatively charged 
phospholipids accelerate IAPP fibril formation and it has been proposed 
that IAPP molecules interact with and assemble into protofibrillar 
structures on, and elongate as fibrils from, the membrane surface (223, 
224). It has also been hypothesised that it is the N-terminal of the IAPP 
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molecule that interacts with cell membrane surfaces (223). If this 
assumption is correct, the N-terminal of proIAPP would be more 
favourable for electrostatic interactions with anionic cellular membranes 
which hold more positively charged amino acid residues such as the 
processing site of PC2. Irrespectively of which part of the molecule binds 
to lipid membranes, the pI value of proIAPP is 9.51 while that if IAPP is 
8.90, making proIAPP a better candidate for membrane interaction. Pore 
formation in the secretory vesicle membrane may result in intra granular 
milieu changes that result in disturbances of PC auto-catalysis and/or 
reduction of the inhibiting effects of insulin or other granule components, 
thus further promoting fibril formation. Secretion of insulin and IAPP 
require that secretory granules dock to and fuse with the beta-cell 
membrane and if granular membranes contain amyloid pores, 
extracellular cationic influx may occur. Intragranular proIAPP fibrils 
might also be secreted from the cell and attach to HSPG in basal 
membranes and function as seeds for extra cellular amyloid deposition 
(203). Since the apoptosis marker M30 and Congo red staining was found 
within the same cell, it is most likely that the large amyloid-like 
aggregates eventually will be extracellular since the apoptotic beta-cell 
will be removed by macrophages and amyloid is known to be protease 
resistant (237, 238).   
 

Extracellular fibrillogenesis (paper III and IV) 

Islet amyloid consists largely of fully processed IAPP, but some proIAPP 
reactivity has been found within the amyloid mass located extracellularly. 
Therefore, a study of possible seeding mechanisms by proIAPP fibrils 
was set up. Attempts to express IAPP and proIAPP with systems such as 
the OmpA signal peptide directing the expressed peptide to the 
periplasmic space of E. coli has previous failed. Recombinant proIAPP, 
proIAPP processing intermediates and IAPP were expressed in a GST-
fusion system where fibril formation was most likely prevented by steric 
hindrance of the 27 kDa GST-tag. When the recombinant peptides were 
enzymatically removed from the GST-tag, aggregates appeared in the 
solution and were harvested after an overnight incubation and identified 
as amyloid-like fibrils by Congo red affinity, apple green birefringence 
and fibrillar ultra-structure. Transgenic +hIAPP/-mIAPP male mice were 
divided into four different groups and injected in the tail vein with 
sonicated amyloid-like fibrils from recombinant human IAPP (recIAPP), 
recombinant human proIAPP (recproIAPP), recombinant human 
proinsulin fragment C-peptide/A-chain (recC-peptide/A-chain) or NaCl. 
These mice were fed lard ad libitum and killed after 10 months and 
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analysed for the occurrence of islet amyloid, islet size and amyloid load. 
Islet amyloid was detected in 20% of investigated islets from mice 
injected with recIAPP, in 10% of mice injected with recproIAPP and in 
1-2% of those injected with recC-peptide/A-chain or NaCl fibrils. Islet 
amyloid found in mice injected with recombinant fibrils were localized to 
the perivascular space and were immunoreactive for IAPP. Labeling with 
antibodies reactive against both proIAPP processing sites were diffuse 
and IAPP was concluded to be the major constituent of the investigated 
islets amyloid. The number of islet affected with amyloid was not only 
greater in the group of animals receiving IAPP or proIAPP recombinant 
fibrils, but the amount of deposited amyloid was also greater (Table 4). 
 
Table 4. Data from in vivo seeding of islet amyloid deposition  

 
 
One group of animals (n=6) were injected with amyloid-like fibrils and 
killed 24 hours after injection. Pancreas, liver, lung, spleen and kidney 
were analyzed for the presence of fibrils, and none were detected. This 
clearly demonstrates that the islet amyloid observed in the transgenic 
mice is endogenous deposits and not the injected amyloid-like fibrils.  
 
Seeding with recombinant amyloid-like fibrils in vitro was measured in a 
ThT assay. Lag phase reduction of IAPP fibril formation was observed 
with proIAPP fibrils while C-peptide/A-chain fibrils did not affect the 
rate of IAPP aggregation.  
 
These results clearly demonstrate a nidus effect of exogenously 
administered fibrillar IAPP and, even more importantly, a seeding effect 
of proIAPP fibrils on IAPP islet amyloid deposition. The sonication step 
of the fibril infusion liquid is important for generation of large amounts 
of free fibril ends and also to shatter large aggregates that may obstruct 
blood vessels. A considerable quantity of the injected fibrils must get 
entangled by the lung capillary network but obviously a fraction passes 
and continues through to the circulation where the fibrils are distributed 
and trapped in capillaries throughout the body. Fibrils trapped in the 
pancreas capillaries where IAPP levels are high can exert their seeding 
effects. The seeding phenomenon of endogenously administered 
amyloid-like fibrils has previously been demonstrated in other animal 
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models for amyloidosis such as AA amyloidosis, ApoAII and 
Alzheimer’s (19, 23, 31). 
 
Here we have been able to demonstrate that proIAPP amyloid-like fibrils 
have the ability to seed IAPP fibril formation, and this finding has been 
verified both in vivo and in vitro. The entire IAPP sequence is located 
within the proIAPP molecule, and we propose that proIAPP fibrils can 
act as platforms for aggregation and elongation of IAPP molecules, 
making this seeding a semi cross-seeding. Very little is known about how 
the IAPP molecules are arranged in amyloid fibrils but a parallel 
arrangement of IAPP peptides within the amyloid fibril have been 
suggested, and position 1 to 8 are not believed to be involved in the fibril 
(239). A computer calculated model suggests 3 strands containing beta-
sheet structure in the IAPP 1-37 molecule (fig 4A.) and either parallel 
(fig 4B) or anti-parallel interactions between IAPP molecules (240).  
 

 
Figure 4. Models of IAPP folding and arrangements in amyloid fibrils. 
 
Insulin is an amyloidogenic peptide, and repeatedly heating and freezing 
in an acidic solution are required for fibril formation in vitro (241). In 
rare occasions, insulin can be iatrogenic deposited at the site of injection 
in insulin treated patients but the insulin amyloid in humans has no 
clinical relevance (242). Since injection of recombinant C-peptide/A-
chain amyloid-like fibrils did not seed amyloidogenesis in the transgenic 
mice, insulin fibrils in humans are most unlikely to seed islet amyloid 
deposition. As reviewed in the introduction, cross-seeding between 
different amyloidogenic peptides has previously been confirmed and 
sequence similarity between the two interacting peptides seems to be an 
important factor. The finding that proIAPP fibrils have a seeding effect 
on IAPP fibrillogenesis goes well with this idea, since the IAPP sequence 
is included in proIAPP. A need for sequence similarity for cross seeding 
to occur can in part explain why a person with one form of amyloidosis 
does not develop other forms. Deposition of both apolipoprotein A-IV 
and transthyretin has been found in one subject with senile systemic 
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amyloidosis, but the amyloid was not co-deposited and concluded to be 
two different forms of amyloidosis (243, 244). However, undetectable 
amounts of seeds could exist in the amyloid deposits. Another interesting 
finding is that Aβ1-40 fibrils seed IAPP fibril formation but IAPP fibrils 
do not enhance Aβ fibrillogenesis (17). These two peptides share a 50% 
sequence similarity, and the reason for the one way cross-seeding is not 
known. The fact that IAPP is more amyloidogenic than Aβ might make 
IAPP less sensitive to sequence homology or fibril structure.  
 
A novel method for real time measurement of beta-cell apoptosis was 
developed for the investigation and identification of cytotoxicity 
associated with the fibrillization process of synthetic and recombinant 
human IAPP. Beta-TC-6 cells were transfected with the pFRET2-DEVD 
vector which expresses a construct consisting of enhanced cyan 
fluorescent protein (ECFP) and enhanced yellow fluorescent protein 
(EYFP) linked by the amino acid residues DEVD (Asp, Glu, Val, Asp). 
This residue sequence is a specific substrate for caspase-3-like proteases 
and when ECFP and EYFP are linked by DEVD, fluorescence resonance 
energy transfer (FRET) will occur. If caspase 3 is activated in transfected 
cells, DEVD is cleaved, and the two fluorophores disperse and a loss of 
FRET can be monitored as a decrease of the 535nm /480nm fluorescence 
ratio. Evaluation of the method was performed with synthetic human 
IAPP, and the apoptotic agent staurosporine. A FRET reduction caused 
by the cleavage of the DEVD sequence by caspase-3-like activity was 
detected in cells incubated with staurosporine but also in cells incubated 
with seeded synthetic IAPP. Apoptosis is a transient event and the 
established assay allowed analysis on the same cell population over time. 
The developed apoptosis assay is highly reproducible, cost effective and 
easy to handle compared to other apoptosis assays. MTT assay is 
frequently used in cell studies but is not a proper apoptosis assay since it 
measures living cells. Assays where Ac-DEVD-AMC is used as substrate 
are labour intensive and reflect only one time point. It is important to 
consider factors such as cell density and rate of cell division when 
dealing with apoptosis assays. In the novel method described above, a 
ratio level of two fluorophores is measured so the number of cells does 
not have to be compensated for in the interpretation of the results. A 
weakness of the FRET assay is the poor medium in which the assay is 
performed. Further investigations of possible media that prolonged the 
survival of the beta-cells would be beneficial in allowing measurements 
over a longer time span. 
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It has been suggested that proIAPP and proIAPP processing 
intermediates are cytotoxic and trigger apoptosis when deposited as 
intracellular amyloid-like aggregates. The apoptotic effect of these 
peptides was investigated in the FRET assay. Recombinant proIAPP 
(recproIAPP), N-terminal+IAPP (recN+IAPP), IAPP (recIAPP) and 
IAPP+C-terminal (recIAPP+C) were expressed and identified as 
amyloidogenic. A FRET reduction was observed in beta-cells incubated 
with fibril forming recombinant peptides that correspond to apoptotic 
rates of 49% for recproIAPP, 46% for recN+IAPP, 72% for recIAPP and 
59% for recIAPP+C. No statistically significant differences in cell 
toxicity between the four recombinant peptides were observed. One 
research group has previously described production and characterisation 
of recproIAPP with a trx-his-tag expression system and these authors 
state that proIAPP is less amyloidogenic and less cytotoxic than IAPP 
(245). This finding is in contradiction to the results obtained by us where 
fibrillogenesis of proIAPP or IAPP was equally cytotoxic. Future 
prospects for this method are to study beta-cell apoptosis in the presence 
of anti-amyloidogenic or amyloid enhancing factors. 
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GENERAL DISCUSSION  
 
IAPP is one of the most amyloidogenic peptides known in nature, and 
islet amyloid deposition of IAPP is a well described pathological 
characteristic of type 2 diabetes. However, most humans do not develop 
islet amyloid, and a sustained balance of production, processing and 
clearance must interplay with protective mechanisms to prevent fibril 
formation. Islet amyloid is an early event in the pathogenesis of type 2 
diabetes and can be detected in transgenic mice and rats before 
hyperglycemia arises (246). This observation suggests that an increased 
demand of circulating insulin and thereby an elevated production of 
proIAPP/IAPP is a key factor for development of islet amyloid. In later 
stages of the disease, reduced insulin production, beta-cell reduction and 
hyperglycemia occur in close association with the degree of deposited 
islet amyloid (179). Islet amyloid appears to be a direct pathogenic factor 
of type 2 diabetes.  
 
The aim of this thesis was to study impaired proteolytic processing of 
proIAPP and its role in early islet amyloidosis. The intracellular 
consequence of this process was evaluated in cultured endocrine cell 
lines and in human and murine +hIAPP/-mIAPP beta-cells. Intracellular 
amyloid-like deposits were detected and identified as N+IAPP or 
proIAPP. Subjects with type 2 diabetes have disproportionate high levels 
of circulating proinsulin reflecting disturbances in the prohormone 
processing machinery influenced by factors such as hyperglycemia or 
hyperlipidemia. Our transgenic mice over-express human IAPP but do 
not develop islet amyloid unless they are fed a diet high in fat. This 
finding demonstrates that factors in addition to high levels of IAPP are 
necessary for the development of islet amyloidosis. The presented results 
suggest that aberrant processing of the precursor IAPP peptide in parallel 
with over-expression triggers intracellular fibrillogenesis and beta-cell 
apoptosis. 
 
To further investigate a role for proIAPP in islet amyloidogenesis, 
recombinant peptides of proIAPP, proIAPP processing intermediates and 
IAPP were produced. These amyloidogenic peptides were excellent tools 
for the study of seeded fibrillization both in vivo and in vitro and to study 
cytotoxicity effects on beta-cells. By injection of recproIAPP and 
recIAPP in fibrillar form, islet amyloid deposition was accelerated 
immensely in +hIAPP/-mIAPP mice and the load of deposited amyloid 
were also increased. This acceleration of islet amyloid formation may be 
described as prion-like mechanistically. The transgenic animals would 
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have developed islet amyloid later in life irrespectively of fibril 
injections, and this can also be said about some humans, since we all 
have the amyloidogenic sequence of IAPP. For obvious reasons, ways of 
administration of IAPP or proIAPP fibrils do not exist and no seeding 
effect was evident for other fibrils such as the proinsulin fragment. Kuru 
was a form of spongiform encephalopathy affecting tribes in Papua New 
Guinea and was caused by ingestion of human brain but I doubt that 
pancreas is a delicacy though it got is name from Greek meaning all 
meat. These results should instead be seen as a demonstration of what 
happens when intra-cellular amyloid goes extracellular. I have been able 
to demonstrate that extracellular amyloid-like fibrils of proIAPP can 
trigger amyloid deposition of fully processed IAPP further strengthening 
my hypothesis that aberrant processing of proIAPP is an important factor 
for initiation and accumulation of islet amyloid.  
 
IAPP fibril formation has been shown to trigger apoptosis in cultured 
cells and the cytotoxic properties of proIAPP and proIAPP intermediates 
were investigated with a novel assay for real-time detection of beta-cell 
apoptosis. ProIAPP and its processing intermediates are able to form 
amyloid-like fibrils and have cell toxic features which were demonstrated 
by the FRET assay. The oligomerization process of the peptides was 
identified to trigger beta-cell apoptosis, while mature amyloid-like fibrils 
from the same peptides did not. These results demonstrate the importance 
of identifying where the initial fibril formation occurs in order to prevent 
beta-cell apoptosis.  
 
A scenario for initial islet amyloid formation based on results from us 
and others is proposed. Two routes of events are described which may 
occur in parallel. Electron micrographs from +hIAPP/-mIAPP male mice 
will illustrate the sequence of events.  
 

A. An increased demand of insulin and/or a direct effect on the beta-
cell results in impaired processing of proIAPP. Fibril formation of 
proIAPP or N+IAPP processing intermediate takes place 
intragranularly. Amyloid pores and protofibrils are formed in the 
secretory granule lipid bilayer that results in a disturbance of the 
granule milieu and disintegration of its structure.  

 
B. Granules merge and form larger amyloid-like aggregates.  

 
C. The growth of amyloid-like aggregates in the beta-cell triggers 

apoptosis and cell debris is removed by macrophages. 
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D. The amyloid remains since it is resistant to proteolytic degradation 
and is now extracellular and can act as nidus for IAPP secreted 
from surrounding beta-cells. 

 
E. In the second suggested pathway, secretory granule with proIAPP 

fibrils in the halo region and/or proIAPP/IAPP pore structures 
incorporated in the vesicle membrane fuses with the cell 
membrane to release its content. Now, the cell membrane is 
permeable for ions and fibrils are in the extracellular space acting 
as seeds.  

 
       Figure 5. Electron micrographs of islet amyloid fibrillization process. 
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According to the presented hypothesis, intracellular events that result in 
formation of intracellular amyloid-like aggregates cause beta-cell death 
while the extracellular accumulation of islet amyloid occupy islet volume 
which may disturb normal cellular communication and regeneration. 
Therapeutic strategies should be aimed at prevention of initial 
fibrillogenesis and metformin and rosiglitazone have been shown to at 
least reduce the amount of deposited amyloid and to some degree prevent 
beta-cell reduction (247). Sulfonylurea increases secretory output of 
insulin and IAPP and would not be an optimal choice since a risk of 
further beta-cell stress occurs. Instead, insulin treatment at an early stage 
of the disease together with a change in diet and increased amount of 
exercise could be a way to reduce the strain on beta-cells, improve 
peripheral insulin resistance and prevent islet amyloid formation.  
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