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Abstract 
 
Amyloidoses comprise a group of gain-of-toxic function protein misfolding diseases, in which 
normally soluble proteins in their functional state undergo conformational changes into highly 
organized and generally intractable thread-like aggregates, termed amyloid fibrils. These struc-
tures accumulate predominantly in the extracellular space but growing evidence suggests that 
amyloids may start to form intracellularly. At least 26 different human proteins, intact or in 
fragmented form, are known to form amyloid, which is linked with many debilitating neurode-
generative diseases such as Alzheimer’s disease (AD), Creutzfeldt-Jakob disease, and 
transthyretin (TTR)-related amyloidosis (ATTR). 

In this work, we focus on ATTR, which is one of the most frequent systemic amyloid dis-
eases. A functional link was established between hereditary ATTR, a severe and fatal disorder 
and the enhanced propensity of the human plasma protein transthyretin (TTR) to form aggre-
gates, caused by single point mutations in the TTR gene. The disease is heterogeneous and 
clinical symptoms vary from cardiomyopathy to progressing sensorimotor polyneuropathy de-
pending on TTR variant involved and the amyloid deposition site. 

Despite the fact that TTR-derived amyloid accumulates in different organs such as heart, 
kidney, eyes, and predominantly in the peripheral nerves of ATTR patients, the exact mecha-
nism of the disease development is not understood. In contrast to the case of AD, it has been 
difficult to generate an animal model for ATTR in transgenic mice that would be useful in un-
derstanding TTR aggregation processes and the mechanisms of the associated toxicity as these 
mice did not develop any neuropathic phenotype besides amyloid deposits. Therefore, we cre-
ated a disease-model in Drosophila due to its huge repertoire of genetic techniques and easy 
genotype – phenotype translation, as well as its success in modeling human neurodegeneration. 

We have generated transgenic flies that over-express the clinical amyloidogenic variant 
TTRL55P, the engineered variant TTR-A (TTRV14N ⁄ V16E), and the wild-type protein. All 
TTR variants were found in the secreted form in the hemolymph where misfolding occurred 
and depending on the pool of toxic species, the fate of the fly was decided. Within a few weeks, 
both mutants (but not the wild-type TTR) demonstrated a time-dependent aggregation of mis-
folded molecules in vivo. This was associated with neurodegeneration, change in wing posture, 
attenuation of locomotor activity including compromised flying ability, and shortened life span. 
In contrast, expression of the wild-type TTR had no discernible effect on either longevity or fly 
behavior. 

In this work, we also addressed the correlation between TTR transgene dosage and thus, 
protein levels, with the severity of the phenotypes observed in TTR-A flies which developed a 
“dragged wing” phenotype. Remarkably, we established that degenerative changes such as dam-
age to the retina strictly correlated with increased levels of mutated TTR but inversely with 
behavioral alterations and the dragged wing phenotype. We characterized formation of aggre-
gates in the form of 20 nm spherules and amyloid filaments intracellularly in the thoracic adi-
pose tissue and brain glia (both tissues that do not express the transgene). Moreover, we de-
tected a fraction of neurotoxic TTR-A in the hemolymph of young but not old flies. We pro-
posed that these animals counteract formation and persistence of toxic TTR-A species by re-
moval from the circulation into intracellular compartments of glial and fat body cells and this is 
part of a mechanism that neutralizes the toxic effects of TTR. 

We validated the fly model for ATTR by applying a genetic screen during study of modifier 
genes. We found Serum amyloid P component (a product of the APCS gene) as a potent modi-
fier of TTR amyloid-induced toxicity that was effective in preventing the apoptotic response in 
cell culture assay and capable of reducing the dragged wings when co-expressed in TTR-A flies. 

Finally, we optimized this fly model in order to screen for therapeutic compounds effective 
against ATTR. Feeding assays showed the effectiveness of several compounds among known 
native-state kinetic stabilizers of TTR against its aggregation. We described several early end-
points in this model, which can be used as a rapid and cost-effective method for optimizing 
concentrations and pre-screening of drug candidates. As the proof of principle, by feeding flies 
with increasing doses of diflunisal analogue (an FDA-approved Non-Steroidal Anti-
Inflammatory Drug) a dose-dependent reduction of the dragged wings was observed.
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FAC Familial amyloid cardiomyopathy 
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"The artist is nothing without the gift, but the gift is nothing 
without work."  

- Emile Zola (1840-1902) 
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Introduction  

1.1. PROTEIN FOLDING AND MISFOLDING 

Proteins are the most abundant molecules in living organ-
isms and carry out diverse biological functions including struc-
tural support, muscle movement, food digestion, defense 
against infections, transport of molecules, control of senses and 
many others. Therefore, not without reason, the name protein 
comes from the Greek protos, meaning “of primary impor-
tance”. The human body contains more than 100,000 different 
types of proteins distinguished by their unique sequence of 
amino acids, the main building blocks in the polymeric struc-
ture of the polypeptide chain. In order to play their specific 
function, proteins must be properly folded into a unique three-
dimensional structure selected through evolutionary pressure 
that usually corresponds to the most thermodynamically stable 

Proteins are dis-
tinguished by their 
unique amino acid 
sequence  
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structure under physiological conditions, that is the native state 
(Dobson, 2003). However, the folding process depends on the 
environment in which it takes place. Many incompletely folded 
proteins inappropriately expose certain areas to the solvent 
such as hydrophobic residues that are normally buried in the 
native molecule. This raises a risk of inappropriate interactions 
with other molecules in the crowded intracellular milieu (high 
protein concentration up to 400 mg/ml (Ellis & Minton, 
2003)). Several mechanisms have evolved to assure efficient 
folding including molecular chaperones to reduce the probabil-
ity of competing reactions, particularly aggregation (Ellis, 1990). 
In addition, there are several classes of folding catalysts that 
accelerate potentially slow steps in the folding process including 
protein disulfide isomerases that enhance the rate of disulfide 
bond formation and peptidyl-prolyl isomerases that are key 
players in cis-trans isomerization (Gething & Sambrook, 1992; 
Schiene & Fischer, 2000). 

Molecular chaper-
ones assure effi-
cient protein fold-
ing  

Many proteins are synthesized in eukaryotic cells that are 
destined for secretion to the extracellular space (e.g. plasma 
proteins). Such proteins are translocated into the endoplasmic 
reticulum (ER), where folding takes place prior secretion via the 
Golgi apparatus. The ER lumen contains a number of the pre-
viously mentioned specialized chaperones and folding catalysts 
that assist protein folding in parallel with post-translational 
modifications e.g. signal peptide cleavage, disulfide bond for-
mation, or N-linked glycosylation. Thus, proteins that fold in 
the ER must pass a stringent protein quality control system 
prior to export (Figure 1; (Gregersen et al., 2006)). This step is 
especially important since few extracellular chaperones have 
been identified besides clusterin and haptoglobin (Yerbury et al., 
2005a; Yerbury et al., 2005b). Changes in the 

polypeptide chain 
may give rise to 
protein misfolding 

Changes in the polypeptide chain (from either inherited or 
acquired gene variations or from abnormal amino acid modifi-
cations) may influence the folding process and give rise to pro-
tein misfolding (Gregersen et al., 2006). Misfolded or misas-
sembled proteins may be retained in the ER in association with 
chaperones. If their structure cannot be rectified they are dislo-
cated to the cytoplasm and degraded by the cytosolic ubiquitin-
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proteasome system, a process commonly known as ER-
associated degradation (Tsai et al., 2002; Sitia & Braakman, 
2003; Meusser et al., 2005). However, inefficient proteolysis may 
lead to the formation of deposits of ubiquitylated proteins, of-
ten referred to as aggresomes (Johnston et al., 1998; Kopito, 
2000).  

 

 

Figure 1.  Functioning of protein quality control systems. Protein quality control systems 
manage the pool of unfolded and partially folded conformations (center). Folding chaperones 
promote folding, holding chaperones maintain solubility, and unfolding chaperones disaggre-
gate aggregates or unfold misfolded proteins and inject them into proteolytic chambers of pro-
tein quality control proteases (adapted from Gregersen et al. (2006)). 

Thus, under normal conditions cells possess mechanisms to 
actively prevent protein misfolding and aggregate formation. 
Failure of these systems (due to oxidative stress, point muta-
tions in components of the protein quality control system, etc.) 
to suppress protein aggregation might have detrimental conse-
quences for the organism. Once aggregates are formed they 
tend to be refractory to proteolysis and accumulate in the body. 
Intracellular and extracellular accumulations of aggregated pro-

Protein quality 
control systems 
prevent protein 
misfolding  
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teins are linked to many diseases, including age-related neu-
rodegeneration and systemic amyloidosis. 

1.2. AMYLOIDOSIS 

The amyloidoses comprise a group of human diseases as-
sumed to arise from misfolding of proteins that are normally 
soluble in their functional state but undergo conformational 
changes into highly organized and generally intractable thread-
like aggregates termed amyloid fibrils, also referred to as 
plaques (Chiti & Dobson, 2006). These structures predomi-
nantly accumulate in the extracellular space of different tissues; 
although increasing evidence suggests that many amyloid types 
may start to form intracellularly (Gouras et al., 2000; Paulsson et 
al., 2006; Westermark et al., 2007). To date, at least 26 intact or 
fragmented human proteins have been found to form amyloids 
(Table 1; (Westermark et al., 2007). Depending on the amyloi-
dogenic precursor, accumulation of amyloids may occur in 
close proximity to the protein synthesis site and leads to so-
called localized amyloidosis. This is often associated with aging 
and many neurodegenerative disorders of the brain like Alz-
heimer’s disease (AD), Creutzfeldt-Jakob disease, and several 
types of familial dementia.  

In localized amy-
loidosis, amyloid 
deposits in prox-
imity to the protein 
sythesis site, and 
at multiple loca-
tions in systemic 
amyloidosis 

However, in many cases, amyloid is derived from plasma 
protein and deposits at multiple locations, meaning it is found 
in several organs, and causes systemic amyloidosis. Typical ex-
amples are Light chain or Serum amyloid A amyloidoses (AL, 
AA amyloidoses, respectively), as well as transthyretin (TTR)-
related amyloidosis (ATTR), which will be the main subject of 
this thesis.  
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Table 1. Amyloid fibril proteins and their human precursors (modified from Westermark et al. (2007)). 
 

Amyloid 
protein/ 
peptide 

Precursor  
 

Systemic (S) 
or localized 
(L)  

Clinical syndrome  
or involved tissue 

 
AL 
 
AH 
 
Aβ2M  
 
ATTR 
 
 
 
AA 
AApoAI 
 
AApoAII 
AApoAI
V 
AGel 
ALys 
AFib 
ACys  
ABri 
ADan 
Aβ 
APrP 
ACal 
AIAP 
 
AANF 
APro 
 
AIns 
AMed 
AKer 
ALac 
AOaap 
 
ASemI 
ATau 
 

 
Immunoglobulin light chain 
 
Immunoglobulin heavy 
chain 
β2-microglobulin 
 
Transthyretin 
 
 
 
(Apo)serum AA 
Apolipoprotein AI 
 
Apolipoprotein AII 
Apolipoprotein AIV 
Gelsolin 
Lysozyme 
Fibrinogen α-chain  
Cystatin C 
 
ABriPP 
ADanPP 
AβPP 
Prion protein 
(Pro)calcitonin 
Islet amyloid polypeptide 
 
Atrial natriuretic factor 
Prolactin 
 
Insulin 
Lactadherin 
Kerato-epithelin 
Lactoferrin 
Odontogenic ameloblast-
associated protein 
Semenogelin I 
Tau 

 
S, L 
 
S, L 
 
S 
L? 
S 
 
 
L? 
S 
S  
L 
S 
S 
S 
S 
S 
S 
 
S 
L 
L 
L 
L 
L 
 
L 
L 
 
L 
L 
L 
L 
L 
 
L 
L 
 

 
Myeloma-associated AL amyloi-
doses  
Myeloma-associated AL amyloi-
doses  
Hemodialysis-related amyloidosis 
Joints 
Senile systemic amyloidosis 
Familial amyloid polyneuropathy  
Familial amyloid cardiomyopathy 
Tenosynovium 
AA amyloidosis 
Familial amyloid polyneuropathy  
Aorta, meniscus 
Hereditary renal amyloidosis  
Sporadic, associated with ageing 
Finnish hereditary amyloidosis 
Lysozyme amyloidosis 
Hereditary renal amyloidosis  
Hereditary cerebral amyloid an-
giopathy 
Familial British dementia  
Familial Danish dementia  
Alzheimer’s disease 
Spongiform encephalopathies 
C-cell thyroid tumors 
Diabetes, type II; Islets of Langer-
hans, Insulinomas 
Cardiac atria 
Aging pituitary, Prolactinomas 
 
Iatrogenic 
Senile aortic, arterial media 
Hereditary lattice corneal dystrophy 
Corneal amyloidosis 
Odontogenic tumors 
 
Vesicular seminalis 
Alzheimer’s disease, fronto-
temporal dementia, aging, other 
cerebral conditions 
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1.3. AMYLOID 

 

1.3.1. AMYLOID FIBRIL STRUCTURE 

Amyloidogenic proteins lack a common sequence identity 
and thus, have no structural homology or functional similarity. 
Despite this, upon conversion into amyloid fibrils all amyloido-
genic proteins have identical β-sheet secondary and cross β-
sheet quaternary structures in which the β-strands run perpen-
dicular to the fibril axis ((Eanes & Glenner, 1968; Sunde & 
Blake, 1997) Figure 2). Examination of the morphology by 
transmission electron microscopy (TEM) and atomic force mi-
croscopy (AFM) revealed that the fibril usually consists of 2-6 
protofilaments each of 2-5 nm in diameter (Serpell et al., 2000). 
These protofilaments associate laterally and often twist around 
one another to form a rigid, unbranched fiber 7-13 nm thick 
and of indefinite length (Sunde & Blake, 1997; Serpell et al., 
2000). 

Amyloid fibrils are 
rigid, umbranched, 
7-13 nm thick, and 
consist of 2-6 pro-
tofilaments with a 
typical cross β-
sheet structure 

 

 
Figure 2. Molecular model of an amyloid fibril derived from an SH3 domain (based on 
cryo-EM analysis). Four “protofilaments” twist around one another. Each protofila-
ment has a typical cross β-sheet structure, where β-sheets align perpendicularly to the 
fibril axis (adapted from Dobson (1999)). 

All amyloids bind 
thioflavin T and 
Congo red 

 
The typical appearance of an amyloid fibril examined under 
TEM is presented in figure 3. All amyloid fibrils have the ability 
to bind two specific dyes, thioflavin T and Congo red. The lat-
ter feature is commonly used in histological examination of 
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amyloidosis as Congo red bound to amyloid displays a red 
staining in the light microscope and a phenomenal apple-green 
birefringence in polarized light (Nilsson, 2004). 
 

 
 
Figure 3. Electron micrograph of transthyretin 
Val30Met fibrils from the vitreous humour. The 
fibrils were negatively stained with uranyl acetate. 
The scale bar, 200 nm (adapted from Serpell et al. 
(1997)). 
 
 
 

 
Interestingly, some amyloid deposits formed in vivo as well as 
fibrils generated in vitro, have been shown to self-assemble into 
higher-order 10-100 µm in diameter spherical structures, 
known as spherulites (Krebs et al., 2004). Spherulites exhibit a 
characteristic Maltese-cross pattern under polarized light as 
represented in the figure 4 by insuline spherulites. 

Some amyloids 
self-assemble into 
higher-order stuc-
tures 

 

 
Figure 4. Insuline spherulites observed by scanning electron microscopy (A), Maltese-
cross pattern in polarized optical microscopy (B), and proposed schematic structure with 
fibrils composed of cross β-sheets. The scale bar, 50 µm (adapted from (Krebs et al., 
2004)). 

 

1.3.2. COMMON NON-FIBRILLAR COMPONENTS OF 
AMYLOID FIBRILS 

A predominant part of any amyloid deposit is the disease-
specific amyloid fibrils with their characteristic core cross-β 
structure (Sunde & Blake, 1998). In addition, all types of amy-
loid contain a number of non-fibrillar constituents, the identity 
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of which is essentially independent of the main precursor pro-
tein comprising the fibrils. These universal non-fibrillar com-
ponents include proteoglycans (especially of the heparan sulfate 
and chondroitin sulfate types), Serum amyloid P component 
(SAP), apolipoprotein E (ApoE), as well as some other compo-
nents of the basement membrane such as laminin, entactin, and 
collagen IV (Kisilevsky, 2000a; b). The exact role of these 
molecules in amyloidogenesis is not known, nor the structural 
details of their interaction with amyloid fibrils. However, their 
universal presence in all known deposits implicates functional 
meaning and therefore, presents a growing interest in clinical 

search. re
 
Glycosaminoglycans (GAGs) are hydrophilic, long, un-
branched chains of negatively charged heteropolysaccharides 
consisting of a repeating disaccharide unit. Based on the struc-
ture of the repeated motif, GAGs can be divided into five 
classes: heparin/heparan sulfate (HS), chondroitin sulfate, der-
matan sulfate, hyaluronan, and keratan sulfate (Scott, 1993; Ste-
vens & Kisilevsky, 2000). With the exception for hyaluronan, 
most of the other GAGs are covalently bound to a protein 
backbone forming a complex termed proteoglycan (PG) 
(Iozzo, 1998; Stevens & Kisilevsky, 2000). Both GAGs and 
PGs are macromolecules constituting a significant proportion 
of the extracellular matrix. In relation to amyloidogenesis, HS 
appears to be the most important GAG and together with PG 
(typically perlecan; HSPG) these have received the most atten-
tion (Kisilevsky & Fraser, 1997; Magnus & Stenstad, 1997). The 
deposition of HS and HSPG in mouse models coincides with 
the AA protein and their quantity increased in the tissue in par-
allel with the AA fibrils during AA amyloid induced formation 
(Snow & Kisilevsky, 1985; Snow et al., 1987; Snow et al., 1991). 
Moreover, the presence of HS was confirmed to be a part of 
every type of amyloid so far examined whereas, perlecan has 
been found in deposits of AA, Aβ (AD), ATTR (familial amy-
loid polyneuropathy), and AIAPP (Stevens & Kisilevsky, 2000). 
In vitro studies revealed a high affinity interaction between 
HSPG and soluble Alzheimer’s amyloid precursor proteins (the 

Heparan sulfate 
proteoglycan is 
one of the most 
common non-
fibrillar amyloid 
components 
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695-, 751-, and 770-amino acid) (Narindrasorasak et al., 1991) 
and that perlecan accelerates Aβ fibrillogenesis and stabilizes 
the amyloid fibrils (Castillo et al., 1997). Structure examinations 
by circular dichroism demonstrate increased β-sheet content in 
SAA and Aβ proteins upon interaction with HS and/or heparin 
(Stevens & Kisilevsky, 2000). Different GAGs and PGs are 
consistently found in all types of amyloid and are suggested to 
prevent proteolytic cleavage and thus, clearance of the deposits. 
Therefore, drugs that inhibit binding of these conjugates might 
increase the turnover of the amyloid proteins by increased ex-
posure to naturally occurring proteases (van Horssen et al., 
2003). Interestingly, orally administered low molecular weight 
anionic sulfonate or sulfated compounds substantially reduce 
experimentally induced murine AA amyloid development, and 
this strategy has been subjected to phase II/III clinical trials of 
the GAG mimetic agent Fibrillex™ in patients with AA amy-

idosis (Hirschfield & Hawkins, 2003). 

However, in some other animal species (e.g. mice), SAP rather 

component (SAP) 

lo
 
SAP is a highly conserved plasma glycoprotein that belongs to 
the pentraxin superfamily (Pepys & Baltz, 1983). It is com-
posed of 5 or 10 identical polypeptide subunits non-covalently 
associated in pentameric rings interacting face to face (Figure 5; 
(Emsley et al., 1994)). The name "pentraxin" is derived from 
the Greek word for five (penta) and berries (ragos) relating to 
the radial symmetry of the molecule (Osmand et al., 1977). SAP 
protomers have a molecular mass of 25 kDa and in the pres-
ence of physiological calcium levels they form a 127 kDa pen-
tamer. In contrast, in the absence of calcium ions in otherwise 
physiological saline buffers, isolated SAP is a stable decamer 
(Ashton et al., 1997). Human SAP has a 51% sequence homol-
ogy with C-reactive protein (CRP), a classical acute phase re-
sponse plasma protein, and is a more distant relative to the 
"long" pentraxins such as PTX3 (a cytokine modulated mole-
cule) and several neuronal pentraxins (Garlanda et al., 2005). 
Although in humans circulating levels of CRP may increase up 
to 1000-fold during an acute phase response, plasma levels of 
SAP remain in the range of 30–40 µg/ml (Pepys et al., 1978). 

Serum amyloid P-



 

than CRP acts as the main acute phase reactant (Pepys & Baltz, 
1983; Steel & Whitehead, 1994). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Serum amyloid P component (adapted from Wikipedia). 
 

SAP is a constitutive serum protein that is synthesized by hepa-
tocytes. It is also a normal component of a number of basement 
membranes and found as a constituent of all amyloid plaques 
(Zahedi, 1997). The biological role of pentraxins is not yet clear, 
however, they have been shown to mediate a variety of biologi-
cal processes. Similarly to CRP, human SAP shows a calcium-
dependent binding of ligands that involve various types of bac-
teria (Noursadeghi et al., 2000), influenza virus (Andersen et al., 
1997), and lipopolysaccharide (LPS) (de Haas et al., 1998). SAP 
was originally characterized by its binding to agarose (Painter et 
al., 1982) but many more ligands exist. They include compo-
nents of the extracellular matrix such as laminin, type IV colla-
gen, fibronectin, heparin, heparan sulfate, and dermatan sulfate 
proteoglycans (Hamazaki, 1987; Zahedi, 1996; 1997). Addition-
ally, SAP is the major DNA and chromatin binding protein of 
the serum and is also able to bind and replace histones (Pepys 
& Butler, 1987; Butler et al., 1990; Hicks et al., 1992). 

SAP exhibits cal-
cium-dependent 
ligand binding 
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SAP and CRP can bind to the collagen-like region of C1q when 
attached to most of their ligands, activating the classical com-
plement pathway (Ying et al., 1993). Through association with 
C4b-binding protein (C4bp), SAP prevents factor I-mediated 
inactivation of C4b (Schwalbe et al., 1990). SAP has also been 
shown to bind to apoptotic cells via exposed phosphatidyletha-
nolamine residues, suggesting its role in clearance of the cellular 
debris, similarly to opsonization with the complement (Familian 
et al., 2001). 

SAP exhibits calcium-dependent binding to all known 
forms of amyloid deposits characteristic of systemic amyloi-
doses, AD, and prion diseases (Pepys et al., 1979). It has been 
suggested that SAP stabilizes the deposits when bound to the 
fibrils by preventing them from degradation by phagocytic cells 
and proteolytic enzymes and thus, is assumed to participate in 
the pathogenesis of the disease (Tennent et al., 1995). To sup-
port this hypothesis, the role of SAP in amyloidogenesis has 
been investigated in vivo in SAP knock-out mice showing the 
induction of AA amyloid is delayed and the amount of the de-
posits reduced (Botto et al., 1997).  

SAP binds to all 
known types of 
amyloid deposits 
which prevents 
them from degra-
dation 

Due to high affinity of SAP for different amyloids, scinti-
graphy of radioiodinated SAP is used as a quantitative whole-
body imaging method that enables in vivo assessment of visceral 
amyloid deposits (Hazenberg et al., 2006). Moreover, the SAP – 
amyloid interaction has been explored as the main target of a 
possible therapeutic approach for treating both systemic and 
localized amyloidoses. A competitive inhibitor (CPHPC) of 
SAP binding to amyloid fibrils has been designed and shown to 
be able to dimerize SAP molecules in vivo. This triggers a very 
rapid clearance of the cross-linked protein by the liver and 
thus, exposes the amyloid and allows its regression (Pepys et al., 
2002). CPHPC has proven beneficial effects in clinical studies 
in patients with various forms of systemic amyloidosis where it 
is extremely well tolerated, free of significant adverse effects, 
and that it removes SAP from amyloid deposits (Hirschfield & 
Hawkins, 2003). 

SAP removal – a 
therapeutic ap-
proach for treating 
amyloidosis 
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ApoE is a plasma protein that serves as a ligand for very low 
density lipoprotein receptors and through this interaction, par-
ticipates in the transport and catabolism of cholesterol and 
other lipids among various cells of the body. In humans, ApoE 
may be present in three different isoforms of -E2, -E3, -E4 
(Mahley, 1988). Interestingly, ApoE4 is a significant risk factor 
for developing Alzheimer’s disease that decreases the age of 
onset and duration of the disease (Corder et al., 1993; Strittmat-
ter et al., 1993). In contrast, ApoE2 is able to diminish Aβ lev-
els and attendant pathogenic plaques (Stoppini et al., 2004; 
Federoff, 2005). The way ApoE may be involved in the patho-
genesis of AD is not known. For example, apoE3 and -E4 have 
a differential effect on neurite outgrowth, with the latter having 
a negative impact (Nathan et al., 1994; Bellosta et al., 1995; Na-
than et al., 1995). Apo-E4 is suggested to act as a “pathological 
chaperone” promoting aggregation of Aβ peptide, possibly 
through propagation of the β-sheet conformation (Wisniewski 
& Frangione, 1992; Ma et al., 1994; Sanan et al., 1994). In re-
spect to other amyloids, apoE presence has been indicated in in 
vivo AA and AL systemic deposits (Gallo et al., 1994; Castano et 
al., 1995). 

Apolipoprotein E 
(ApoE) is found in 
several amyloid 
deposits and 
ApoE4 is a risk 
factor of Alzhei-
mer’s disease (AD) 

 
Despite the fact that SAP and HSPG are always present in tis-
sues with amyloid fibrils (Snow & Wight, 1989; Gillmore et al., 
1997; Magnus & Stenstad, 1997), amyloid fibrils can be formed 
in vitro in their absence from several natural polypeptides in-
cluding insulin, glucagon, calcitonin, immunoglobulin light 
chains, amyloid β peptide, transthyretin, and many others. 

1.4. TRANSTHYRETIN (TTR) 
 

1.4.1. DEFINITION, LOCALIZATION, AND PHYSIOLOGI-
CAL FUNCTION 

Human transthyretin (TTR) was first identified in 1942 in 
serum (Siebert & Nielson, 1942) and cerebrospinal fluid (Kabat 
et al., 1942a; 1942b) and was formerly called prealbumin for its 
ability to migrate faster than serum albumin in an electrical 
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field. The discovery of TTR function, first as the main retinol 
(vitamin A) transport protein via formation of a complex with a 
smaller retinol-binding protein (RBP), and later as the thyroid 
hormone thyroxin (T4), made researchers change its name 
from prealbumin to transretin, and eventually to transthyretin 
(1981). 

TTR is encoded by a single-copy gene, which has been 
mapped to chromosome 18 (Sparkes et al., 1987). It gives rise 
to a 127 amino acid long polypeptide corresponding to a single 
monomer (14 kDa). Four identical monomers associate to-
gether through non-covalent binding to form a functional 
tetramer with a molecular mass of 55 kDa (Blake et al., 1978). 
TTR is primarily synthesized by liver hepatocytes and secreted 
into the blood stream (0.2 – 0.25 mg/ml) (Bellovino et al., 
1996), where it has a half-life of 2 days (Vahlquist et al., 1973). 
The native TTR tetramer contains two identical binding sites 
for T4 located at the center of the molecule (Blake et al., 1974). 
However, only one molecule of the hormone can be bound at 
a time due to negative cooperativity (Irace & Edelhoch, 1978). 
TTR transports between 15 and 20% of circulating T4 in the 
plasma while thyroxine-binding globulin, which has 100-fold 
higher affinity for T4, carries 75% of all plasma T4 (Robbins & 
Edelhoch, 1986). TTR also has four binding sites for RBP, but 
steric hindrance prevents the binding of more than two mole-
cules per tetramer (Monaco et al., 1995). The formation of 
TTR-RBP-retinol complex occurs in the ER of hepatocytes and 
has an important function as it prevents loss of holo-RBP from 
the plasma through glomerular filtration of the kidneys 
(Bellovino et al., 1996). Moreover, the binding sites for T4 and 
RBP are independent of each other and the binding between 
RBP and TTR does not interfere with the T4-binding ability 
(Nilsson & Peterson, 1971). 

Transthyretin 
(TTR) is a homo-
tetrameric trans-
port protein for 
vitamin A and the 
thyroid hormone 
thyroxine (T4) 

TTR is also present in the ventricular cerebrospinal fluid 
(CSF) as the result of synthesis and subsequent secretion by 
epithelial cells of the choroid plexus (Schreiber & Richardson, 
1997). Although the level of TTR in the CSF (0.02 - 0.04 
mg/ml) is 10-fold lower than in plasma, TTR is the main T4-
carrier (up to 80%) from the blood across the blood–CSF bar-
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rier into the CSF and via the CSF throughout the brain 
(Herbert et al., 1986). Additionally, TTR is synthesized by the 
retinal pigment epithelium and released to the vitreous humour 
(Inada, 1988). There, it is proposed to be involved in the deliv-
ery of retinol, which upon conversion to retinoic acid is re-
quired for proper photoreceptor function (Bridges et al., 1984; 
Ong et al., 1994). TTR synthesis has also been demonstrated in 
human placenta, where it is proposed to be involved in transfer 
of thyroid hormones (T3 and T4; THs) from mother to foetus 
(McKinnon et al., 2005). Moreover, low levels of TTR are pre-
sent in the intestines during foetal development (Loughna et al., 
1995) and in the pancreas (Jacobsson et al., 1990). The exact 
function in these organs is unknown. 

TTR is a negative acute-phase reactant in the plasma and 
its synthesis, and thus plasma concentrations, are known to de-
crease during inflammation and malnutrition (Ritchie et al., 
1999). Therefore, TTR has been used as a clinical marker for 
nutritional status in humans and recovery from surgery or dis-
ease (Ingenbleek & Young, 1994). In contrast, such a decline in 
TTR levels in the CSF is not observed (Richardson, 2007), sug-
gesting differential regulation of TTR synthesis between the 
choroid plexus and the liver. Thus, when the body experiences 
trauma or inflammation, normal rates of TTR gene transcrip-
tion in the choroid plexus ensure protection of the brain against 
reduced levels of the THs (Dickson et al., 1986). 

TTR is a negative 
acute-phase reac-
tant in the plasma 

Interestingly, to date there has not been a report of a hu-
man lacking TTR (Richardson, 2007). Therefore, it has been 
speculated that TTR must be essential to human life and possi-
bly because of its role in the central nervous system (CNS) dur-
ing development (Harms et al., 1991).  
 

1.4.2. NEW ROLES FOR TTR IN THE NERVOUS SYS-
TEM 

TTR has recently received more attention in TH-related 
disorders like dementia and depression as it is the only T4 dis-
tributor protein within the brain and many genes involved in 
normal growth and development (particularly of the brain) are 
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regulated by THs (Richardson, 2007). In fact, insufficient level 
of TH during development leads to irreversible brain damage 
that results in mental retardation (Morreale de Escobar et al., 
2004). In turn, reduced levels of TH in adults can result in de-
pression (Haggerty & Prange, 1995). It has also been reported 
that patients with depression have reduced levels of TTR 
(Hatterer et al., 1993; Sullivan et al., 1999) and similarly, TTR 
knock-out mice have been shown to develop a depression-like 
behavior (Sousa et al., 2004).  

Decreased levels of TTR are also present in the CSF of pa-
tients with AD, Down’s syndrome (Elovaara et al., 1986), and 
dementia (Riisoen, 1988). In vitro studies have shown that TTR 
sequesters soluble Aβ peptide present in CSF thus, preventing 
amyloid formation (Schwarzman et al., 1994). These facts raise 
the possibility that amyloid fibrilization can be promoted in pa-
tients with late onset AD by the lack of sufficient concentra-
tions of TTR (Serot et al., 1997). Interestingly, in transgenic 
mice over-expressing Aβ precursor protein (AβPP), the soluble 
fragment of Aβ protected these animals against development 
of AD pathology whereas, chronic infusion of antibodies di-
rected towards TTR into the hippocampi lead to increased Aβ 
accumulation, tau phosphorylation, and neurodegeneration 
(Stein et al., 2004). 

TTR plays roles in 
the nervous sys-
tem 

TTR has been suggested to play a role in the peripheral 
nervous system as deduced from a large number of amyloidoses 
with sensorimotor dysfunctions. Findings from TTR knock-out 
mice have demonstrated that the sensorimotor performance of 
these animals had deteriorated and thus, TTR putatively par-
ticipates in nerve physiology. Moreover, these studies showed 
TTR to enhance nerve regeneration by direct interaction of 
TTR with the nerves rather than simply by its the ligand-
binding properties (Fleming et al., 2007).  
 

1.4.3. TTR THREE-DIMENSIONAL STRUCTURE 

The structure of the normal (wild-type) homotetrameric 
human TTR has been determined at 1.7 Å by X-ray crystallog-
raphy (Blake et al., 1974; Blake et al., 1978; Wojtczak et al., 
1992; Hamilton et al., 1993). Later, the general features of TTR 
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were confirmed at increased resolution (1.5 Å), which allowed 
the identification of water molecules at structurally important 
positions (Hornberg et al., 2000). The X-ray diffraction pattern 
indicates that the dominant secondary structure is the β-sheet. 
A single TTR polypeptide chain comprised of 127 residues con-
tains 45% β-sheet secondary structure and 7% α-helix. The re-
mainder consists of loops and turns necessary to obtain the β-
sheet topology (Blake et al., 1974; Blake et al., 1978; Wojtczak 
et al., 1992; Hamilton et al., 1993). Each monomer contains 
two four-stranded β-sheets, comprising strands D-A-G-H and 
C-B-E-F (Figure 6A), organized in a two-layered structure 
termed “β-sheet sandwich”. The α-helix is located after the E-
strand involving a stretch of amino acids between 75 and 83 
residues (Wojtczak, 1997). 

Two monomers associate with each other through hydro-
gen bonds established between the H and H' strands of two 
identical subunits to form a dimer (the prime symbol refers to 
strands from a different monomer). This results in the forma-
tion of an intermolecular anti-parallel β-sheet (Figure 6B) com-
prised of 8 β-strands D-A-G-H - H'-G'-A'-D' belonging to two 
monomers. This β-sheet is nearly planar with the exception for 
the external D-strands, which are significantly twisted in order 
to hinder further undesirable self-association (Kelly & Lans-
bury, 1994). The two β-strands F and F' predominantly interact 
with each other through side chains and interconnecting water 
molecules (Wojtczak et al., 1996). The interactions between the 
two dimers within a tetramer involve hydrogen bonds between 
two perfectly flat β-sheets D-A-G-H – H'-G'-A'-D', as well as 
hydrophobic interactions between two loops. The AB loop lo-
calized between residues 17 and 23 of one dimer predominantly 
makes contact with the GH loop that is located between resi-
dues 112 and 119 of the other anti-parallel 8-strand β-sheet 
structure. Additionally, the –AB loops of the neighboring 
dimers act as a so-called spacer, preventing direct contact be-
tween the two anti-parallel D-A-G-H – H'-G'-A'-D' β-sheets 
(Kelly & Lansbury, 1994).  

TTR is a 127 
amino acid poly-
peptide, rich in β-
sheet secondary 
structures 
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Figure 6. Ribbon drawing of the transthyretin structure. (A) The monomer stucture 
The β-strands from each monomer are denoted A-H as suggested by Blake et al. 
(1978); (Kelly & Lansbury, 1994) (B) The structure of the dimer with monomer A 
(dark gray) and monomer B (light gray). Two monomers dimerize through an intermo-
lecular main chain interaction involving the H- and H’-strands from each monomer to 
form a continuous eight-stranded β-sheet (D-A-G-H – H’-G’-A’-D’). (C) The struc-
ture of the tetramer. The two dimers interact through hydrophobic contacts involving the 
loop regions between β-strands G and H and β-strands A and B. The thyroxine-
binding sites are situated in one large hydrophobic channel formed between the two 
dimers. The positions of 36 buried water molecules are indicated as blue spheres (modi-
fied from (Hornberg et al., 2000)). 
 
The association of two dimers leads to the formation of a hy-
drophobic channel running through the center of the molecule 
(Figure 6C), where two identical binding sites for the T4 thy-
roid hormone are located (De La Paz et al., 1992; Wojtczak et 
al., 1996). Interestingly, these two T4 binding sites have been 
reported to accommodate other ligands (e.g. retinoic (Zanotti et 
al., 1995) and flufenamic acids (Peterson et al., 1998)), which 
has been exploited in the drug design of substances preventing 
dissociation of the tetrameric TTR. Moreover, the interactions 
between two monomers are much stronger than those between 
the two dimers forming a tetramer. Therefore, it has been sug-
gested that point mutations occurring within β-strands involved 
in the intermolecular interactions may influence TTR quater-
nary structure stability (Damas & Saraiva, 2000). 

TTR has two T4 
binding sites in the 
hydrophobic 
pocket 
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1.5. TTR-DERIVED AMYLOIDOSIS 

TTR is the main constituent of amyloid fibrils found in 
several distinct clinical forms of either sporadic (Westermark et 
al., 1990; Gustavsson et al., 1995; McCarthy & Kasper, 1998) or 
hereditary TTR-related amyloidoses (ATTR) (for recent reviews 
see (Benson & Kincaid, 2007; Hou et al., 2007a)). They include 
sporadic forms of senile systemic amyloidosis (SSA), familial 
cases of amyloid cardiomyopathy (FAC), amyloid polyneuropa-
thy (FAP), and the recently discovered CNS-associated amyloi-
dosis (CNSA). 

 

1.5.1. SENILE SYSTEMIC AMYLOIDOSIS (SSA) 

SSA is an idiopathic amyloidosis (previously called senile 
cardiac amyloidosis (Cornwell et al., 1983)) caused by selective 
deposition of wild-type TTR (TTRwt)-derived amyloid fibrils in 
cardiac tissue. SSA is a late onset disease, shown to affect ≈25% 
of the population above 80 years old. The disease course is 
usually benign and without symptoms. However, in some indi-
viduals (mainly man) heavy deposits in the myocardium may 
lead to cardiomegaly and later develop into congestive heart 
failure (Wright & Calkins, 1975; Westermark et al., 1990).  

Wild-type TTR 
(TTRwt) is the 
main constituent 
of amyloid fibrils in 
senile systemic 
amyloidosis (SSA)  

 

1.5.2. HEREDITARY ATTR 

Familial cases of ATTR arise from tissue selective deposi-
tion of amyloid derived from one of approximately 100 variants 
of TTR ((Benson & Kincaid, 2007); a list of known TTR muta-
tions can be found at http://www.bumc.bu.edu/ 
Dept/Content.aspx?DepartmentID=354&PageID=5530). 
They are inherited in an autosomal-dominant manner, where 
only one allele of the mutated TTR gene is sufficient to induce 
amyloid-associated pathology. Most of the affected individuals 
are indeed heterozygous for a pathogenic variant and the wild-
type form of TTR. The majority of the mutations arise from a 
single nucleotide substitution in the coding sequence of the 
TTR gene. Mutations in TTR destabilize the native homo-
tetramer accompanied by formation of toxic oligomers and 

Mutated TTR vari-
ants lead to famil-
ial forms of TTR-
related amyloido-
sis (ATTR) 
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later mature amyloid (McCutchen et al., 1993; McCutchen et al., 
1995; Colon et al., 1996; Kelly et al., 1997; Wiseman et al., 
2005). However, TTR seems to have an inherent potential to 
form amyloid in vivo, as manifested by SSA, which might be due 
to its high β-sheet content. 

Familial forms of ATTR are typically more severe and can 
give symptoms in patients as early as the second decade that 
without intervention lead to organ dysfunction and ultimately 
death within 10 years. However, the clinical presentation of 
ATTR is very heterogeneous. The age at symptom onset, pat-
tern of organ involvement, and disease course vary and are 
mostly dependent on the TTR variant underlying the amyloid 
deposit. The majority of mutations are associated with cardiac 
(FAC) and/or the peripheral nerve involvement (FAP). The 
gastrointestinal tract, vitreous, and carpal ligament are also fre-
quently affected. Regardless of which organ is involved most 
heavily, the general term is simply amyloidosis-transthyretin 
type abbreviated ATTR. However, in order to highlight the 
phenotypic aspect of ATTR, terms FAP (neuropathy) or FAC 
(cardiomyopathy) will be frequently used in this thesis. 

Familial ATTRs are 
very heterogenous 

 

1.5.2.1. FAMILIAL AMYLOID POLYNEUROPATHY (FAP) 

The most prominent feature of most FAP mutations is 
progressive sensorimotor polyneuropathy. Neuropathic symp-
toms include diminished sensation and pain in the extremities, 
which often starts in the lower limbs and later progresses to the 
upper that is followed by sensory loss and motor dysfunctions 
within a few years. These lead to muscle atrophy and weakness 
of the extremities. Autonomic neuropathy occurs early in the 
disease course and usually involves gastrointestinal tract motil-
ity problems (diarrhea alternating with constipation), bladder 
retention, and sexual impotence in men. A considerable num-
ber of other symptoms frequently present in patients with FAP 
including carpal tunnel syndrome is often seen as an early fea-
ture but may be the only clinical manifestation (Murakami et al., 
1994). Vitreous opacities are quite common and seen in 20% of 
TTR mutations, often as the first sign of FAP (Soltau et al., 
1991; Yazaki et al., 2002; Kawaji et al., 2004). Cardiac and renal 

FAP is a progres-
sive sensorimotor 
polyneuropathy 
with autonomic 
dysfunctions 
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dysfunctions are also commonly recognized during the course 
of the illness, whereas symptoms from the CNS are rather in-
frequent. 
 

TTR variants associated with FAP 

 
Val-30-Met TTR (TTRV30M). The most abundant data per-
tain to the V30M TTR variant that has a methionine substituted 
into valine at position 30 of the 127 amino acid long polypep-
tide. It was identified as one of the most common underlying 
genetic variants of FAP (Saraiva et al., 1984). Although the 
TTRV30M allele has been detected in extended kindreds and 
multiple loci worldwide (Saraiva, 2001; Connors et al., 2003; 
Ando et al., 2005) it is prominent in populations of three en-
demic areas of northern Portugal (Andrade, 1952; Alves et al., 
1997), Japan (Tawara et al., 1983; Araki, 1984), and northern 
Sweden (especially Skellefteå and Piteå area; (Andersson, 1976; 
Benson & Cohen, 1977; Holmgren et al., 1994)). In Swedish the 
disease is locally termed the Skellefteå-disease (in Swedish, 
Skellefteå-sjukan). 

ATTRV30M has 
variable pene-
trance 

Since the substantial data exist on this variant it has been 
established that variable penetrance of ATTR among mutated 
gene carriers occurs. In Sweden, ATTRV30M presents with 
late-onset clinical symptoms (mean age 55-60 years) and has 
low penetrance of about 2% (Sandgren et al., 1991) though con-
siderable variation is observed between affected families with 
an incidence as high as 50% in some families (Drugge et al., 
1993). In contrast, in Portugal and Japan the same variant 
causes earlier onset of clinical disease in 30-35 year old indi-
viduals (Sousa et al., 1995; Ando et al., 2005) and has >80% 
penetrance among gene carriers (Sousa et al., 1995). Interest-
ingly, the variant TTR is present in the blood of individuals 
from the moment of birth but does not form detectable amy-
loid or associated symptoms until adult life (Harats et al., 1989). 
Also, for unknown reasons, the disease penetrance is greater 
and age of onset earlier in males than in females (Andersson, 
1976; Sequeiros J, 1990). Moreover, homozygous carriers of 
TTRV30M do not suffer from a more severe form of ATTR 
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and there are cases of homozygotic carriers that do not develop 
the disease at all (Holmgren et al., 1988; Yoshinaga et al., 1992). 
These facts suggest that a mutation in TTR is necessary but in-
sufficient to cause ATTR, and that there must exist other un-
known environmental and/or genetic factors that contribute to 
the disease development.  
 
Leu-55-Pro TTR (TTRL55P) is known as the most patho-
genic systemic TTR variant that leads to an early-onset (about 
15-20 years of age) aggressive form of diffused amyloidosis. 
Clinical manifestations present with both cardiac and neu-
rologic involvement (Jacobson et al., 1992). Despite of high 
structural instability of TTRL55P introduced by the mutation 
(Sebastiao et al., 1998), this variant is secreted to the blood 
stream with the same efficiency as TTRwt (Sekijima et al., 2005). 
Death may occur by the age of 35 years. 
 

1.5.2.2. FAMILIAL AMYLOID CARDIOMYOPATHY (FAC) 

FAC is a late-onset (age above 60 years) cardiac amyloido-
sis, which is very frequently associated with TTRV122I but 
other variants also exist. Interestingly, it appears that 
TTRV122I is the most common amyloid-associated TTR vari-
ant worldwide. It is carried by 3.9% of African Americans 
(about 1.3 million people) and over 5% of the population in 
some areas of West Africa (Jacobson et al., 1997; Afolabi et al., 
2000; Buxbaum et al., 2006). Although the age of onset is simi-
lar as for SSA, FAC (V122I) patients (especially in the case of 
V122I homozygosity) are much more likely to suffer cardiac 
failure (about 13000 African Americans) though these patients 
do not develop peripheral neuropathy (Jiang et al., 2001a). An-
other allele, TTRL111M, is a common cause of FAC in patients 
of Danish origin and gives penetrance of cardiac symptoms 
close to 100% among the gene carriers (Nordlie et al., 1988; 
Ranlov et al., 1992). 

Some TTR variants 
only cause cardiac 
problems 
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1.5.2.3. CENTRAL NERVOUS SYSTEM-ASSOCIATED 
AMYLOIDOSIS (CNSA) 

CNSA exhibits as a late-onset amyloidosis due to amyloid 
found in the leptomeninges (for a review see Benson (1996)). 
This brain-selective pathology is associated with 10 different 
highly unstable variants of TTR (i.e. TTRA25T, -D18G; 
(Garzuly et al., 1996; Sekijima et al., 2003)). Due to the chaper-
oning activity of  the T4 in the choroid plexus, these variants 
are efficiently secreted to the CSF but not to the blood stream 
(Sekijima et al., 2005). CNS specific TTR-derived amyloid is 
frequently found in the walls of leptomeningeal vessels, in pia 
arachnoid, and also as subpial deposits. Clinical manifestations 
are typical of CNS impairment and involve dementia, ataxia, 
and spasticity. Interestingly, post-mortem studies revealed ex-
tensive leptomeningeal amyloid deposits in Portuguese and 
Swedish origin ATTRV30M patients (Benson & Cohen, 1977; 
Arpa Gutierrez et al., 1993). 

In CNSA, TTR-
derived amyloid is 
found in the lep-
tomeninges 

 

1.5.3. TTR SEQUENCE HETEROGENEITY 

TTR is encoded by a single-copy gene that has been 
mapped to the long arm of chromosome 18q11.2 – q12.1 
(Sparkes et al., 1987). The gene has a size of about 7 kbp and is 
composed of four exons and three introns. The consensus 
TATA and CAAT sequences are found 30 and 101 nucleotides, 
respectively, upstream from the putative cap site and a 
polyadenylation signal sequence AA-TAAA is found in the 3'-
untranslated region (Sasaki et al., 1985; Tsuzuki et al., 1985). Ex-
pression of the gene results in a pro-polypeptide, which upon 
cleavage with the N-signal peptidase gives a protein product of 
127 amino acids corresponding to a TTR monomer. There is a 
huge heterogeneity of the TTR nucleotide sequence among 
humans. 

To date, over 100 point mutations in the gene have been 
reported, of which the majority are amyloidogenic and lead to 
ATTR. They occur throughout the length of the TTR subunit, 
which is in contrast to the evolutionary mutations concentrat-
ing within the N-terminal part of the monomer (Richardson, 
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2007). Interestingly, no mutation has been reported for exon 1, 
while 37 amyloidogenic mutations have been found within 
exon 2, 45 mutations in exon 3, and 16 in exon 4. The majority 
of TTR gene mutations are mis-sense mutations resulting from 
a single nucleotide substitution. Only one deletion in the gene 
has been reported (ΔV122) and two mutations result from a 
double-nucleotide substitution within the same codon (Uemichi 
et al., 1997; Benson & Kincaid, 2007). Moreover, of the 100 
point mutations in human TTR that result in disease, 6 of these 
have been found in other animal species: -V30L, -E42D, -I68L, 
-Y69I, -A81T, and -R104H. Only -R104H does not lead to 
amyloidosis in humans whereas, the remaining 5 mutations are 
amyloidogenic and result in cardiac deposition (Richardson, 
2007).  

1.6. TTR AMYLOID 

 

1.6.1. TTR FIBRILLOGENESIS 

The precise in vivo molecular mechanism underlying TTR 
fibril formation is not known, although there have been several 
hypotheses postulated on TTR fibrillogenesis that differed in 
the conditions necessary to initiate fibrillogenesis. It is debat-
able whether fibril formation occurs under acidic conditions 
such as that in the lysosomes or at physiological pH (Colon & 
Kelly, 1992; Quintas et al., 1999). Despite that, several precur-
sors were proposed including TTR monomers, dimers, trun-
cated dimers, and tetramers (for a review see (Sousa & Saraiva, 
2003; Hou et al., 2007a)).  

The precise in vivo 
molecular mecha-
nism of TTR fibril-
logenesis is un-
known 

Most of the knowledge about TTR fibrillization comes 
from in vitro biochemical studies, many of which were carried 
out under optimal acidic conditions for in vitro fibril formation. 
TTR is a secreted soluble protein with a well-defined tetrameric 
conformation before it becomes amyloidogenic. Interestingly, 
crystallographic data based on a comparison of 23 structures of 
both amyloidogenic and non-amyloidogenic TTR variants indi-
cated no obvious significant differences in their three-
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dimensional structure compared to the native wild-type mole-
cule (Hornberg et al., 2000).  
For TTR aggregation to occur a partially unfolded state needs 
to be adopted and it is well established that amyloidogenic mu-
tations destabilize the native structure of TTR. Present under-
standing indicates that TTR aggregation commences by rate-
limiting dissociation of the native tetramer into monomers, 
which is further followed by partial unfolding of the mono-
meric subunits to an aggregation competent conformation, re-
ferred to as amyloidogenic intermediate (Colon & Kelly, 1992; 
McCutchen et al., 1995; Colon et al., 1996; Lai et al., 1996; 
Lashuel et al., 1998; Liu et al., 2000; Jiang et al., 2001b; Wiseman 
et al., 2005). Subsequently, the amyloidogenic intermediates self-
assemble into amyloid fibrils that is proposed to proceed via a 
downhill polymerization mechanism under acidic conditions, 
and also possibly under physiological conditions (Hurshman et 
al., 2004). In this process the rate of interaction between amy-
loidogenic intermediates is the same and energetically favorable 
independently of the number of TTR molecules involved in the 
aggregation reaction (Hurshman et al., 2004). This is in contrast 
to nucleation dependent polymerization, typical for most other 
types of amyloid-forming proteins (e.g. Aβ, prion) where for-
mation of a high energy oligomeric nucleus before aggregation 
is necessary, and preformed oligomers (termed seeds) accelerate 
the aggregation reaction (Kelly & Lansbury, 1994). For TTR, 
aggregation is not accelerated by seeds under low pH, denatu-
rating conditions (Hurshman et al., 2004). 

Dissociation of the 
native TTR 
tetramer into 
monomers is the 
rate-limiting step 
in TTR-derived 
amyloid formation 

Interestingly, under physiological conditions (including 
temperature, ionic strength, and protein concentration) amyloi-
dogenic TTR molecules dissociate into non-native monomers 
with a distinct compact structure capable of partially unfolding 
and forming high molecular mass aggregates which can assem-
ble to amyloid fibrils (Figure 7). In contrast, the rate of disso-
ciation of non-amyloidogenic variants (i.e. TTRT119M) is 
much slower and did not yield in unfolded monomers. 
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Figure 7. Model for amyloid fibril formation by TTR at commonly encountered 
physiological conditions. At 37 °C and pH 7, tetrameric TTR may dissociate into a 
non-native monomer which in turn, depending on its conformational stability, may un-
dergo partial unfolding that leads to aggregate formation and eventually amyloid fibril 
assembly. Both amyloidogenic and non-amyloidogenic TTR variants dissociate to a non-
native monomer. However, only the amyloidogenic variants produce large amounts of 
partially unfolded monomeric species as a consequence of the marginal conformational 
stability of the non-native monomer (adapted from Quintas et al. (2001)). 
 
Thus, the amyloidogenic potential of TTR variants depends not 
only on tetramer stability to dissociation but also conforma-
tional stability of the non-native monomer to unfold (Quintas et 
al., 1999; Quintas et al., 2001).  

Several studies suggest that the TTR amyloidogenic inter-
mediate has a modified monomer structure in which 6 out of 8 
β-strands retain their native fold whereas, the C- and D-strands 
together with the connecting loop dislocate from their native 
edge region and form a large CD-loop (Kelly & Lansbury, 
1994). Analysis of TTR amyloidogenic mutation distribution 
revealed a “hot-spot” between residues 45 and 58, which ex-
actly corresponds to the stretch between the C- and D-β-
strands at the edge of each monomer (Serpell et al., 1996). Stud-
ies of in vitro obtained fibrils from a clinically relevant 
TTRY114C variant confirmed this model as stretches corre-
sponding to the native strands A, B, E, F, G, and H were found 
to constitute the core of the fibril. Again, residues exposed to 

The ‘hot-spot’ re-
gion for amyloido-
genic mutations in 
TTR is between 45 
and 58 residues 
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the solvent overlapped with the dislocated CD-loop (Figure 8; 
(Olofsson et al., 2004)).  

The hypothesis of the dislocated edge region can be fur-
ther supported by a characteristic proteolytic cleavage pattern 
(at residues 45, 48, and 51) found in TTRwt fibrils isolated 
from SSA patients, which does not occur in the native fold 
(Westermark et al., 1990; Gustavsson et al., 1995). Moreover, the 
design of amyloid state specific monoclonal antibodies revealed 
the presence of `cryptic epitopes´ only exposed in the amyloi-
dogenic fold and corresponding to the loop regions after 
strands C (mAb 39–44) and D (mAb 56–61) (Goldsteins et al., 
1999). These findings suggest the possibility of a common amy-
loidogenic intermediate for different TTR variants and that 
conformationally changed monomers may be the main building 
blocks of TTR-derived amyloid fibrils. However, several studies 
have shown that cross-linked TTR dimers or tetramers used as 
the starting material resulted in fibril formation. Knowledge 
about the in vivo fibril formation mechanism is limited and 
many other factors may play an important role including uni-
versal amyloid-associated components, proteolytic enzymes, 
and/or chaperones. These molecules may affect the in vivo 
process of fibril dynamics and also turnover and therefore, the 
need for a good animal model is well motivated. 

Conformationally 
changed mono-
mers may be the 
main building 
blocks of TTR-
derived amyloid 

 
 
 

 
 
 

Figure 8. Proposed model for a TTR fibril. The image was prepared in 
MOLMOL. The N´ and C´ termini of one monomer are indicated with the C- and 
D-β-strands dislocated in the mature fibril (modified from Olofsson et al. (2004)). 



 

1.6.2. TTR AMYLOID FIBRIL STRUCTURE  

Studies by high-resolution EM and immunolabeling per-
formed on sural nerve biopses from individuals with 
ATTRV30M (FAP) revealed that extracellular spaces in the vi-
cinity of myelinated and unmyelinated peripheral nerves were 
filled with TTR-derived amyloid fibrils 12 nm in diameter as 
well as deposits of `amorphous material´. The isolated fibrils 
were composed of a surface layer and a core. The surface layer 
was made up of heparan sulfate proteoglycan and was exter-
nally associated with a loose assembly of 0.5- to 1-nm-wide 
filaments. The core had a microfibril-like structure in which 
amyloid P component is enclosed in a tight helical structure of 
chondroitin sulfate proteoglycan. The peripheral fine filaments 
consisted of TTR, where its basic building unit was a modified 
monomer (Figure 9). The amorphous deposits were a mixture 
of individual components of the fibril (Inoue et al., 1998). 
Coimbra and Andrade (1971) reported that the presence of 
amorphous-granular material in biopses was detected in early 
stages of the disease and it was suggested that the formation of 
fibrils might occur within these amorphous assemblies. 

Sural nerve TTR 
amyloid deposits 
consist of 12 nm 
thick fibrils and 
amorphous mate-
rial 

 

 
Figure 9. Schematic drawing of the formation of ATTR amyloid fibril. AP, amyloid 
P component in the form of pentagonal frame; CSPG, chondroitin sulfate proteoglycan; 
HSPG, heparan sulfate proteoglycan; and TTR, transthyretin (adapted from Inoue et 
al. (1998)). 

 
An image reconstruction analysis of electron micrographs ob-
tained on TTRV30M-derived vitreous fibrils reported an annu-

Introduction 27 



 

lar arrangement of four parallel protofilaments, 4 to 5 nm wide 
each, with a central lumen, together of about 13 nm in the cross 
section (Figure 10; (Serpell et al., 1995)). 

 
Figure 10. Transthyretin Val30Met amyloid fibrils (removed by vitrectomy) from 
patients homozygous for the FAP mutation. Negatively stained fibrils visualized by 
EM. The scale bar, 100 nm. (left panel). Micrographs of isolated fibrils in cross-
sections (13 nm) representing an annular arrangement of 4 protofilaments (4-5 nm 
each; right panel) (adapted from Serpell et al. (1995)). 
 
These two models of mature amyloid fibrils display apparent 
structural variations, which may depend on differential mecha-
nisms that govern fibril maturation at different localizations. 
The role for the extracellular matrix components in TTR fibril 
formation is not yet understood. 

13 nm eye TTR 
fibrils consist of 
four parallel proto-
filaments, 4-5 nm 
wide 

 

 1.6.3. TTR-INDUCED NEUROTOXICITY IN ATTR (FAP) 

Analysis of ATTRV30M patients biopsy and autopsy ma-
terial indicate a characteristic pattern of amyloid deposition (for 
a review see Sousa & Saraiva (2003)) found diffusely distributed 
in the peripheral nervous system (PNS), including nerve trunks, 
plexuses, sensory and autonomic ganglia. However, no reports 
on intracellular localization of TTR-derived amyloid have been 
published. In FAP patients, fibre degeneration is axonal. Pa-
tients with an affected sensory and autonomic nervous system 
manifest advanced neurodegeneration and axonopathy and this 
may be the reason for the observed characteristic progressive 
ascending neuropathy (Luis, 1978). Interestingly, neurodegen-
eration usually begins from un-myelinated or thin myelinated 
fibres. However, degeneration of the heavy myelinated fibres is 
only observed in advanced cases. There is a severe degeneration 
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with preferential loss of small diameter neurons in ganglia (in-
cluding the dorsal root ganglia) where amyloid deposition oc-
curs in the stroma (Sobue et al., 1990) that correlates with the 
observed involvement of pain and temperature sensations and 
also autonomic functions. Still, the mechanism that leads to the 
neurodegeneration in FAP is not understood. Several hypothe-
ses were made based on these pathological data including ef-
fects of accumulating extracellularly amyloid deposits, i.e. le-
sions and/or compression of the nerves, or ischemia. Similarly, 
vitreous amyloid causing opacities or cardiac amyloid disturbing 
normal heart function suggest physical/mechanical effects of 
the deposits exerted on the neighboring tissues, but no molecu-
lar link has been established between the two of them. 

Recent studies have changed the focus of amyloid toxicity 
from the highly organized amyloid fibrils towards the low-
molecular-mass oligomeric aggregates formed either on or off 
the fibrillogenesis pathway. These structures are suggested to be 
the main mediators of pathogenicity in many misfolding dis-
eases (Bucciantini et al., 2002). Many independent studies pro-
vide evidence that oligomeric or low-molecular-mass diffusible 
species are the most toxic forms of Aβ (Lambert et al., 1998; 
Walsh et al., 1999; Walsh et al., 2005; Hou et al., 2007a). In fact, 
small highly cytotoxic oligomers have been reported to be 
formed in vitro from recombinant TTR. They corresponded to 
size no bigger than hexamers (<100 kDa) (Reixach et al., 2004). 
Similarly, a dimeric variant of TTR assembles into spherical ag-
gregates (approx. 30 nm in diameter) capable of inducing cell 
death through an apoptosis-like mechanism in the cell based 
assay (Matsubara et al., 2005). The low-molecular-mass TTR 
aggregates also bind to cell membranes and alter their fluidity 
(Hou et al., 2005), as well as induce calcium influx via voltage-
gated calcium channels (Hou et al., 2007b). A careful compara-
tive analysis of different TTR morphologies and associated tox-
icity revealed that only the pre-fibrillar aggregates induced cell 
death. This was manifested by exposure of specific apoptotic 
markers, including phosphatidylserine reversal in the plasma 
membrane (Annexin V), and fragmentation of DNA (poly 
(ADP-ribose) polymerase (PARP) cleavage and the TUNEL 

Low-molecular 
mass oligomeric 
aggregates and 
pre-fibrillar struc-
tures (of TTR) are 
the most toxic 
species in vitro 
and in vivo 
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reaction)). In contrast, soluble TTR, fibrillar forms and mature 
ex vivo vitreous fibrils from ATTRV30M patients are harmless 
to the cells in this assay (Andersson et al., 2002; Olofsson et al., 
2002). 

Small oligomeric TTR species with similar cytotoxic prop-
erties have yet not been found in vivo. However, pathological 
data provides evidence that the aggregated non-fibrillar TTR 
deposits in nerves of presymptomatic FAP patients coincided 
with signs of oxidative and inflammatory stress (Sousa et al., 
2001a). The identification of these toxic TTR structures mainly 
detected in vitro, either in oligomeric or pre-fibrillar state, may 
increase understanding of the neurodegeneration process ob-
served in ATTR (FAP). Still, the molecular mechanism of TTR-
induced toxicity remains to be elucidated and therefore, the 
need for a good animal model is well motivated. 

1.7. ATTR THERAPIES 

To date, there is no common treatment for ATTR since 
the disease is heterogeneous and clinical symptoms are mostly 
dependent on the TTR variant involved. Also, there is no 
pharmacologic therapy available that reverses the process of 
TTR amyloid fibril formation.  

Liver transplana-
tion is the only 
curative therapy 
for ATTR 

 

1.7.1. ORTHOTOPIC LIVER TRANSPLANTATION (OLT)  

OLT is the only potentially curative therapy used for 
ATTR, but it requires a careful case investigation in respect to 
the TTR variant involved, affected organs, and the health status 
of each patient. Since the liver is the main source of TTR syn-
thesis, the method implies replacement of the variant TTR with 
normal-sequence TTR and thereby, reduces levels of faulty 
TTR in the circulation. The first OLT for hereditary ATTR was 
performed in Sweden in 1990 (Suhr et al., 2000). Since then, the 
procedure has been commonly used but follow-up studies indi-
cate that it is most useful for younger patients with the most 
prevalent form of ATTRV30M who had mild symptoms 
(Stangou & Hawkins, 2004). Some reports indicate excellent 
outcomes from OLT, including regression of visceral amyloid 
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deposits, as well as relief of some symptoms such as improve-
ment in autonomic and to a lesser extent peripheral nerve func-
tion (Herlenius et al., 2004; Stangou & Hawkins, 2004). Al-
though the patients benefit from the method, paradoxically the 
deposition of TTRwt-derived amyloid following OLT occurs in 
the heart of some patients. Combined heart and liver transplan-
tation may be a rational option (Dubrey et al., 1997; Pilato et 
al., 2007). There have also been reports on acceleration of vit-
reous amyloid as the result of OLT (Munar-Ques et al., 2000). 

In the case of carpal tunnel syndrome, the treatment is 
surgical to relieve (decompress) the entrapped median nerve, 
similarly as vitrectomy is used in patients to remove the vitre-
ous amyloid (O'Hearn et al., 2007). 
 

1.7.2. NATIVE-STATE KINETIC STABILIZERS OF TTR 

Due to the finding that the tetramer dissociation is the rate-
limiting step in TTR fibrillogenesis, another treatment strategy in 
ameliorating ATTR has emerged (Miroy et al., 1996; Hammar-
strom et al., 2003b). Researches noticed that T4 (the natural ligand 
of TTR) exerts a stabilizing effect on the tetrameric TTR, and this 
effect is suggested to be the cause of tissue-selective amyloidosis 
(Sekijima et al., 2005). Similarly, the trans-suppressor variant 
TTRT119M has been shown to retard development of 
ATTRV30M in TTRV30M/T119M heterozygotic carriers (Alves 
et al., 1993). Thus, kinetic stabilization of the native tetramer of 
TTR by small molecules binding to the T4 sites might be an inter-
esting option for a common pharmacologic therapy in ATTR. 
Several classes of small compounds have been designed, which 
have proven to bind to TTR and block amyloid formation in vitro 
(Baures et al., 1998; Peterson et al., 1998; Baures et al., 1999; Oza et 
al., 1999; Klabunde et al., 2000; Petrassi et al., 2000). One potent 
molecule termed diflunisal (belonging to the group of non-
steroidal anti-inflammatory drugs (NSAIDs)) has been shown to 
inhibit in vitro TTR dissociation (Adamski-Werner et al., 2004; 
Reixach et al., 2004; Reixach et al., 2006) and has promising effects 
in initial in vivo tests (Sekijima et al., 2006; Tagoe et al., 2007). 
Diflunisal has been recently subjected to the clinical trials but the 
results have yet not been released. 

Kinetic stabiliza-
tion on the native 
TTR fold prevents 
amyloid formation 
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1.8. TRANSGENIC ANIMAL MODELS 

 

1.8.1. TTR TRANSGENIC MOUSE 

Attempts to generate animal models for ATTR originated 
in a mouse host but have not been as successful as researchers 
would desire (Buxbaum et al., 2003). Several transgenic mice 
have been created with a random genomic insertion of either 
the human variant TTRV30M, TTRL55P, or the TTRwt genes 
under control of methalothionein-I promoter or as a fusion 
gene (Sasaki et al., 1986; Yamamura et al., 1987; Shimada et al., 
1989; Yi et al., 1991; Teng et al., 2001; Sousa et al., 2002). Al-
though the congophilic amyloid deposits consisting of the hu-
man protein were formed in some of these animals, none of the 
cases developed a neuropathic phenotype, typical of FAP. 
Amyloid was mainly found in the gastrointestinal tract, cardio-
vascular system, and kidneys of at least 6-9 months old mice 
that extended with age to other organs except the choroid 
plexus, and the peripheral and autonomic nervous systems. In-
terestingly, amyloid fibrils detected from the kidneys consisted 
of human TTR and mouse SAP, and were morphologically in-
distinguishable from the FAP patient-extracted amyloid 
(Shimada et al., 1989; Yi et al., 1991; Araki et al., 1994). Com-
parative analysis of all the existing mouse models indicates a 
need for substantially higher levels of TTR protein in the circu-
lation in order to result in immunohistochemically detectable 
tissue deposits (Buxbaum et al., 2003). This unexpected result 
was better understood when researchers discovered formation 
of hybrids between human and murine TTR (Kohno et al., 
1997). The murine molecule may exert a stabilizing effect on 
human TTR in a similar effect observed in humans where the 
TTRT119M variant forms mixed tetramers with TTRV30M in 
compound heterozygotic gene carriers. Targeted disruption of 
the endogenous murine TTR results in acceleration of tissue 
deposits in mice over-expressing human TTRV30M (1 year old) 
and -L55P genes (4 – 6 months old) with a particular involve-
ment of the gastrointestinal tract and skin. Interestingly, in 
TTRL55P transgenic mice in the TTR null background (1-3 

TTR transgenic 
mice develop con-
gophilic amyloid 
but no neuropathic 
phenotype 
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months old), formation of early non-fibrillar TTR deposits that 
are negative for Congo red have been reported (Sousa et al., 
2002). These deposits are similar to the amorphous material 
preceding fibrillar deposit found in the heart and kidneys of 18 
months old TTRwt transgenic mice (Teng et al., 2001). These 
findings from transgenic mice confirm the previously reported 
presence of non-fibrillar aggregates in peripheral nerve biopses 
of presymptomatic ATTRL55P patients (Sousa et al., 2001a). 
These TTR pre-fibrillar depositions have been shown to be cy-
totoxic to surrounding cells/tissues in both mice and humans, 
leading to sustained inflammatory response (activation of 
macrophage colony-stimulating factor) and oxidative stress 
(presence of nitrotyrosine) (Sousa et al., 2001a; Sousa et al., 
2001b). This is suggested to be a possible cause leading to FAP 
pathology, although none of the examined ATTR mouse mod-
els form either non- or fibrillar deposits in the PNS. Thus, cur-
rent mouse models can be useful in study of in vivo amyloid 
formation, but none of them is a true replicant of the human 
disease.  

 

1.8.2. DROSOPHILA MODELS IN STUDY OF AGGREGA-
TING PROTEINS AND NEURODEGENERATION 

A number of different experimental studies have em-
ployed targeted mis-expression of human disease-associated 
proteins in the fruit-fly Drosophila melanogaster to model and ex-
plore neurodegenerative aspects underlying protein misfolding 
in several clinical conditions such as AD, Parkinson’s disease 
(PD), frontotemporal dementia, polyglutamine repeat expan-
sion disorders (e.g., Huntington’s disease), and many others 
(Bonini & Fortini, 2003; Sang & Jackson, 2005). Due to the 
powerful genetic techniques available in Drosophila this organ-
ism allows the analysis of molecular and behavioral phenotypes 
and to uncover genetic modifier pathways relevant to human 
disease. One can question how similar are humans and fruit-
flies, and how this model can be relevant for human disease. In 
fact, fundamental aspects of cell biology are quite similar, in-
cluding regulation of gene expression, membrane trafficking, 
the cytoskeleton, as well as processes such as neuronal connec-

Drosophila 
melanogaster is 
extensively used 
in studies of hu-
man neurodegen-
eration 
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tivity, synaptogenesis, and metabolic pathways. Cell signaling 
and cell death also appear to be reasonably conserved. More-
over, approximately two-thirds of the known human disease 
genes have at least one homolog in Drosophila (666 of 911 
genes), out of which 10 % are involved in neurological disor-
ders (Chien et al., 2002; Greenspan & Dierick, 2004). However, 
there are also apparent differences between these two animals 
as flies have generally much simplified systems, such as an open 
circulatory system, cognitive functions, and genomic organiza-
tion. The simplified systems can also be a benefit, especially the 
genomic organization since in contrast to humans; Drosophila 
genes are not redundant, which simplifies analysis of biological 
processes in the fly. However, flies are often indistinguishable 
from human disease-associated features at the level of behavior 
and its molecular mechanisms (Greenspan & Dierick, 2004) 
and histopathological features underlying neurodegeneration. A 
good example of preservation in ultrastructural phenotype be-
tween the fly mutant spongecake and human Creutzfeldt-Jakob 
disease is presented in figure 11 (Greenspan & Dierick, 2004). 

Two-thirds of the 
known human dis-
ease genes have 
at least one ho-
molog in Droso-
phila (666 of 911 
genes) 

 

 
Figure 11. The brain of the aging spongecake mutant exhibits regionally specific, 
membrane-bound vacuoles similar to those seen in spongiform degenerations such as 
Creutzfeldt-Jakob disease. Left hand panel: ultrastructural defects in the spongecake 
mutant; and right hand panel: a similar membrane-bound vacuole in human brain 
neuropil associated with Creutzfeldt-Jakob disease, a prion disease. Scale bars = 2µm 
(adapted from Greenspan & Dierick (2004)). 

Mutations causing many proteinopathies (e.g. polyglutamine 
diseases and tauopathies, etc.) confer novel toxic functions on 
the specific protein and therefore, are often referred to as gain-



 

of-toxic function disorders where the severity of the disease 
frequently correlates with the expression levels of the protein. 

These diseases are all characterized by prominent pro-
teinaceous inclusions that accumulate in the extracellular milieu 
or intracellular compartments of affected neurons (Table 2, 
(Bonini & Fortini, 2003)).  
 
Table 2. Key features of human neurodegenerative diseases that have been modeled in 
Drosophila. Gene abbreviations: HD, Huntingtin; SCA, spinocerebellar ataxia; 
MJD, Machado-Joseph disease; AR, androgen receptor; UCHL1, ubiquitin C-
terminal hydrolase L1; APP, amyloid precursor protein; PS, presenilin (adapted from 
Bonini & Fortini (2003)). 
 

Neurodegenerative disease/ 

(protein misfolding disease) 
Genes Pathological feature 

Polyglutamine expansion 
diseases: 
  Huntington’s disease 
  Spinocerebellar ataxias 
 
  Spinocelebulbar muscular 
atrophy 
  Dentatorubropallidoluysian   
  atrophy 
 
Parkinson’s disease 
 
 
 
Alzheimer’s disease 
 
 
Frontotemporal dementia  
with parkinsonism 
and other tauopathies 

 
 
HD 
SCA1, 2, 6, 7, 17 
SCA3/MJD 
AR 
 
Atrophin-1 
 
 
α-synuclein, 
Parkin, 
UCHL1 
 
APP, 
PS1, 2 
 
tau 
 
  

 
 
nuclear inclusions 
 
 
 
 
 
 
 
Lewy bodies 
 
 
 
Amyloid 
 plaques 
 
Filamentous 
tau aggregates 
 

 
That Drosophila neuronal accumulations are remarkably similar 
to those found in human lesions emphasizes the usefulness of 
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these fly models and their relevance in understanding patho-
genesis of human disease. 

Taking advantage of the bipartite GAL4/UAS expres-
sional system (Brand & Perrimon, 1993), targeted over-
expression of human disease-linked genes that do not occur 
naturally in Drosophila can be accomplished (Figure 12). This 
might have a special relevance in amyloid-related diseases since 
prions, β-amyloid peptide, and other systemic amyloidogenic 
proteins do not seem to have counterparts in flies. Thus, ex-
pression of mutant, disease-associated (mouse, due to transmis-
sibility) prion protein in cholinergic neurons results in severe 
locomotor dysfunction and premature death of larvae and 
adults, which were accompanied by age-dependent accumula-
tion of typical hallmark features of human Gerstmann–
Sträussler–Scheinker syndrome such as misfolded prion mole-
cules, intracellular aggregates, and neuronal vacuoles (Gavin et 
al., 2006). 

UAS/GAL4 system 
is used for tar-
geted over-
expression of hu-
man disease-
linked genes 

 
tissue specific GAL4 strain UAS-[transgene] strain 

F0:  X 

UAS – [transgene] GAL4 tissue specific 

 
 

Figure 12. The bipartite UAS/GAL4 targeted-expression system in Drosophila. 
When females carrying a UAS transgene responder are mated to males carrying a tissue 
specific GAL4 driver, the progeny containing both elements of the system produce 
GAL4 transcriptional activator in the specific tissue and upon binding to the upstream 
activating sequences (UAS) will drive expression of the transgene. 
 

promoter / enhancer  

specific tissue 

F1: UAS-transgene product 

UAS GAL4 



 

Similarly, over-expression of Aβ in the CNS and the retina 
leads to establishment of several AD fly models (Finelli et al., 
2004; Greeve et al., 2004; Iijima et al., 2004; Crowther et al., 
2005). These models allow correlation between accumulation of 
Aβ1-42 and neurodegeneration (associated with behavioral defi-
cits in locomotor function), olfactory learning, and pronounced 
shortening of the flies life span. Additionally, interesting trans-
lations from in silica prediction of aggregation ability of different 
mutants of Aβ peptide and neurodegeneration-related pheno-
types in the fly have been made in one particular model of AD 
(Luheshi et al., 2007). These authors presented a strong correla-
tion between the pathogenicity of Aβ variants, assessed by the 
climbing phenotype in the fly, and their predicted propensity to 
form protofibrillar aggregates. Although mouse models exist 
for many of these neurodegenerative diseases, Drosophila offers 
many advantages such as acceleration of the disease-related 
pathogenic features, and easily recognizable screening pheno-
types, which can be utilized in a query for genetic modifiers and 
therapeutic compounds. 

Drosophila  shows 
acceleration of the 
disease-related 
pathogenic fea-
tures and easily 
recognizable 
screening pheno-
types 
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The Fly 
 
Little Fly, 
Thy summer’s play 
My thoughtless hand 
Has brushed away. 
 
Am not I 
A fly like thee? 
Or art not thou 
A man like me? 
 
For I dance, 
And drink, and sing, 
Till some blind hand 
Shall brush my wing. 
 
If thought is life 
And strength and breath, 
And the want 
Of thought is death; 
 
Then am I 
A happy fly. 
If I live, 
Or if I die. 
 
 
from ‘Songs of Experience’ 
by William Blake 
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Aims of the thesis 
 

 To create a disease-model for ATTR in Drosophila 
melanogaster 

 
 To address in vivo TTR-amyloid formation and tissue 
targeting  

 
 To determine toxic species of TTR and explain 
mechanisms behind TTR-induced pathogenesis 

 
 To find modifiers of TTR-induced toxicity that coun-
teract ATTR 

 
 To optimize the model in order to screen for thera-
peutics effective against ATTR……………………...
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Results & discussion 

3.1. CREATION AND ANALYSIS OF A DIS-
EASE-MODEL FOR ATTR IN DROSO-
PHILA MELANOGASTER (Papers I & II) 

 
The limited success to create a disease-model for ATTR in 
transgenic mice motivated the search for other animals and 
thus, Drosophila with its huge repertoire of genetic techniques 
and easy genotype – phenotype translation became a good 
option. We generated transgenic strains with human TTRwt 
and two mutated variants of TTR (TTRV14N/V16E, 
termed TTR-A, and TTRL55P) genes, all containing the na-
tive signal peptide sequence and placed them under control 
of the GAL4-responsive UAS promoter (Brand & Perri-
mon, 1993). Initially, transgene expression was carried out 
with pan-neuronal and ubiquitously with either actin-specific 
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or heat shock-inducible GAL4-drivers, and resulted in high 
lethality of TTR-A flies during development. Interestingly, in 
contrast to the variant transgene, over-expression of the 
TTRwt did not affect viability of eclosing flies. Similar ob-
servations were made in a Machado-Joseph disease fly 
model where broad expression of the polyglutamine-
expanded protein confers early death in flies (Jackson et al., 
1998). In order to bypass this experimental limitation, TTR 
transgene expression was directed into developing Drosophila 
eye photoreceptor cells by the use of GMR-Gal4 driver (for 
details see Paper I) as this tissue/organ is completely dispen-
sible for survival and fertility of laboratory strains of Droso-
phila. The adult fly retina is composed of approximately 800 
visual units, called ommatidia; that are arranged in a precise 
hexagonal array and therefore, any minor perturbation in 
this perfectly regular structure amplifies into an easy recog-
nizable phenotype. Moreover, genetic screens using the fly 
eye have been enormously successful in the study of human 
neurodegeneration (Bonini & Fortini, 2003). 

 

3.1.1. MISFOLDING AND AGGREGATION OF MU-
TATED TTR INDUCES DEGENERATIVE PHE-
NOTYPES 

 Over-expression of the TTR transgenes in flies resulted 
in properly processed soluble human protein (Triton solu-
ble), which can be detected by Western blot both in the 
head extracts of young flies and in the hemolymph (Fig. 1 
and S2 in Paper I, respectively). Interestingly, the mutated 
engineered TTR-A and clinically relevant TTRL55P variants 
showed time-dependent aggregation and 30 days post-
eclosure when the eye specific driver used (GMR-Gal4) was 
no any longer active, all the extracted mutated TTRs from 
flies were found in the aggregated form (Triton insoluble). 
In contrast, TTRwt always yielded higher protein expression 
levels and remained in the soluble form for weeks (present 
as tetramers), which emphasizes that TTR stability and its 
propensity to aggregate in Drosophila may reflect the kinetic 
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and thermodynamic conditions previously demonstrated in 
vitro by biochemical studies (Hammarstrom et al., 2002; Seki-
jima et al., 2005).  

Secretion of mutated TTR resulted in aggregation in 
the retina (the primary source of TTR in our model) and 
also at distant sites due to the effect of redistribution with 
the hemolymph. This leads to degenerative phenotypes 
which can be easily recognized both at the light microscopic 
(Paper I) and ultrastructural levels (Paper II). Signs of scarce 
disorganization of the retinal array were observed in young 
TTR-A and TTRL55P flies due to the effect of site-directed 
TTR expression and its subsequent time-dependent aggrega-
tion (Fig. 2, Paper I). The disorganization became more 
pronounced with time and resulted in severe degeneration 
and collapse of the retinal structure in two or three week old 
flies (Fig. 3 & S3, Paper I; and Fig. 2, Paper II). This effect 
seemed to be dependent on transgene expression levels in 
flies bearing two copies of TTR-A and practically the entire 
retina vanished by the age of two weeks (Fig. 2B & D, Paper 
II). However, increased levels of TTRwt expression did not 
have a gross impact on the eye ultrastructure, which might 
be explained by the presence of stable tetramers in the 
hemolymph of these flies (data not shown).  

A careful survey of tissues by immunostaining of cryo- 
or paraffin sections with antibodies specific for TTR (Fig.2 
& 3, Paper I, and Fig. 1, Paper II) combined with ultrastruc-
tural studies by TEM (Fig. 3-4, Paper II) revealed the pres-
ence of aggregated TTR in tissues that did not express the 
transgenes during adult life. Thus, TTR-A was found in sub-
retinal and brain glia (see also Fig. 13 below) that are both 
known to actively remove cellular debris by phagocytosis 
(Murai & Van Meyel, 2007). Therefore, it was possible that 
TTR was translocated from the photoreceptors or taken up 
from the hemolymph by the glial cells where arrays of cyto-
plasmic nanofilaments and nanospherules were abundant. 
Interestingly, these nanostructures accumulated in glia of 
TTR-A flies independently of the transgene copy number, 
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and were also present, but less frequently, in flies with two 
copies of the TTRwt transgene (Fig. 3, Paper II).  

 

 
Figure 13. Confocal image of immuno-stained fly head represents misfolded 
TTR G53S/E54D/L55S in the glia and fat body cells (mAb 39-44 
(Goldsteins et al., 1999); in red), neuronal staining (anti-hrp; in green), and nu-
clear counterstaining (DAPI, in blue). Stars indicate degeneration of fat body cells, 
arrows points towards perineurial glia and arrowheads towards subretinal glia. The 
scale bar corresponds to 80 µm. 
 

The most striking finding was on the presence of TTR-A posi-
tive aggregates in the head and thoracic fat body (Fig. 2, Paper 
I; and Fig. 1 & 4, Paper II). Accumulation of membrane en-
closed nanospherules correlated with the pathology of the fat 
body tissue (advanced hypotrophy) in old TTR-A/TTR-A flies 
as reflected by decreased size, fewer lipid droplets, and empty 
spaces suggesting missing fat body cells. Interestingly, accumu-
lation of aggregates in the cells coincided with enlarged rough 
ER cisternae and frequently with the presence of apoptotic 
nuclei. Whereas, damage to the membrane occurred in the case 
of the largest aggregates that suggested cell disintegration. The 
role of the fat body in our model was remarkable as it removes 
misfolded (toxic) TTR molecules from the hemolymph, ac-
cording to its known function in the uptake of proteins from 
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the circulation in both physiological and pathological situations 
(Keeley, 1985). 

None of these nanostructures were found in the brain 
neurons in spite of clear signs of vacuolization, accu-
mulation of phagosomes and lamellar bodies, all indicative 
of neurodegeneration in old TTR-A and TTR-A/TTR-A 
flies (Fig. 3, Paper I; and Fig. 2, Paper II). The finding of 
TTR immunoreactivity in the neuropils of TTR-A flies (Pa-
per I) but apparent lack of intracellular aggregates (Paper II) 
suggested that the staining detects TTR which infiltrates the 
brain tissue from the hemolymph and from the esophagus 
(an additional site of TTR synthesis; see Fig. S1, Paper I) 
that spans through the fly brain, but might also mirror the 
glial staining.  
 

3.1.2. BEHAVIORAL ALTERATIONS 

All the degenerative changes observed in our TTR flies 
including retinal damage, brain vacuolization, possible glial pa-
thology, and hypotrophy with cell death of the head and tho-
racic fat body, seemed to result from TTR aggregation and 
were accompanied by several behavioral alterations. We ob-
served time-dependent progressive locomotor dysfunctions in 
flies expressing mutated variants of TTR such as climbing dis-
ability and loss of flight performance (Fig. 7, Paper I). Notably, 
these flies displayed reduced life span. However, the most re-
markable and early (2 days post-eclosure) alteration found in 
our TTR-A flies was an abnormal posture of the wings that we 
termed ‘dragged wings’ (Figure 14B). These flies showed a clear 
correlation of the presence of the dragged wing phenotype 
with decreased climbing ability (Fig. S5, Paper I) and flight loss. 
Interestingly, flies with the same genotype that did not develop 
abnormal wings did not exhibit any noticeable phenotypes and 
thus, climbed and flew as the TTRwt flies. An additional ob-
servation was on TTRL55P flies that showed nocturnal climb-
ing activity in spite of reduced locomotion during the day-time. 
Some of these flies developed a wing phenotype in the form of 
held-up wings (Figure 14C; but flight ability seemed to be pre-
served). 
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Figure 14. Over-expression of: TTRwt in flies and normal wing posture (A), TTR-
A and dragged wings (B), TTRL55P and held-up wings (C). 

3.1.3. NATURE OF TTR AGGREGATES DEPENDS ON 
PROTEIN EXPRESSION LEVELS AND MODU-
LATES SEVERITY OF THE DEGENERATIVE AND 
BEHAVIORAL PHENOTYPES 

An unexpected finding was that the behavioral mani-
festations in our model were more pronounced in flies het-
erozygous for the TTR-A transgene than in the homozy-
gous. This was true for the dragged wing phenotype and its 
associated reduced climbing ability, flight, and life span. The 
wing phenotype manifested with incomplete penetrance, 
which was inversely correlated with total TTR expression 
levels (Fig. 8, Paper I): the higher the yield of TTR-A in flies 
corresponded to lower penetrance of abnormal wings. Thus, 
moderately low levels of TTR-A in flies conferred the wing 
phenotype frequency of nearly 90% (TTR-A/+) whereas, 
higher expression led to scarce alterations of about 20% or 
less (TTR-A/TTR-A).  

Analysis of aggregates formed in flies by Western blot 
(Fig. 8, Paper I) and TEM studies (Paper II) allowed us to 
determine that levels of TTR-A expression dictated the ag-
gregate size. The aggregates generated at low levels of TTR 
(TTR-A/+ flies) displayed as smears on polyacrylamide gels 
and ranged in size between 70 and 250 kDa and were found 
in the heads and the hemolymph. In contrast, at higher lev-
els of TTR-A synthesis (TTR-A/TTR-A flies) the high mo-
lecular weight aggregates >250 kDa were formed and these 
accumulated in the thoracic fat body as cytoplasmic inclu-
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sions of 30 nm spherules and also 7-9 nm filaments. More-
over, accumulation of these membrane-bound nanostruc-
tures led to pathology of the fat body tissue in TTR-
A/TTR-A but not in TTR-A/+ flies. 

Investigation of the effects of fly extracts enriched in 
hemolymph and fat body content (Fig. 5, Paper II) on cell 
viability of human neuroblastoma IMR-32 cells showed that 
extracts from 2-day old TTR-A flies (where TTR was mostly 
soluble) significantly reduced cell viability in a time-
dependent manner when compared to extracts from TTRwt 
or control flies. Interestingly, the toxic effect exerted on the 
cells by extracts from TTR-A/+ flies was stronger than 
from TTR-A/TTR-A flies. In contrast, independent of 
genotype, extracts prepared from 3 week old flies did not 
show any toxic effect to the IMR-32 cells. Analysis of TTR 
in the extracts revealed that TTR from older flies was more 
aggregated than that from younger flies, and showed a poor 
migration pattern in the gel. 

In our model we found that TTR-A expression levels 
were strictly dependent on the number of the transgenes, 
and at the same temperature, pools of TTR were higher in 
TTR-A/TTR-A than TTR-A/+ flies (Fig. 8, Paper I). This 
correlated well with the severity of damage to the retina and 
the hypotrophied fat body of TTR-A/TTR-A flies but con-
trasted with the penetrance of the dragged wing phenotype, 
which was more frequent in TTRA/+ flies. Therefore, we 
hypothesized that the concentration of TTR-A during late 
stages of metamorphosis and soon after fly eclosure was an 
important factor affecting the type of aggregates. At low lev-
els of TTR-A in the hemolymph, small soluble oligomers 
were probably formed that exerted its toxic effect on certain 
tissues that later resulted in abnormal wing posture. In-
creased concentration of TTR-A in the hemolymph shifted 
the aggregation process towards formation of higher mo-
lecular weight aggregates, which had less impact on devel-
opment of the wing phenotype. It is important to note that 
no abnormalities were detected in the sarcomeric structure 
of flight muscles and other muscles of transgenic flies, 
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which also had apparently normal ultrastructure of nerves 
and motor endings. Still, the wing phenotype can theoreti-
cally reflect a neurological problem caused by neurotoxicity 
of circulating and/or aggregated TTR that did not cause 
overt abnormalities in ultrastructure. 
 

3.1.4. TTR AMYLOID AND TOXICITY 

 In our TTR flies we found that formation of several 
types of aggregates occurred, which seemed to comply with 
amyloid structures described by others. We detected the 
presence of 7-9 nm thick unbranched filaments found in the 
retinal and brain glia in two week old TTRwt/TTRwt, TTR-
A/+ and TTR-A/TTR-A flies and fat body cells in old 
TTR-A/TTR-A flies. These definitions and dimensions cor-
responded well with TTR fibrils extracted from the vitreous 
body of ATTRV30M patients, which measure between 7 
and 13 nm in diameter (Serpell et al., 1995). We also detected 
spherules of approximately 30 nm in diameter in the glia and 
fat body cells of old TTR-A/+ and TTR-A/TTR-A flies, 
and a very few in TTRwt/TTRwt flies. Interestingly, fila-
ments formed in the head (glia and fat body) were long and 
together with spherules were intracellular but without a lim-
iting membrane. The few thorax filaments were short while 
the spherules were packed in a hexagonal array (both were 
enclosed by a membrane) and were restricted to the fat body 
cells of old flies carrying two TTR-A copies. Similar differ-
ences in models (ultrastructural properties) of TTR fibril 
formation were reported on ex vivo isolated long fibrils from 
the vitreous body (Serpell et al., 1995) and short filaments 
from sural nerve biopsies of ATTRV30M patients (Inoue et 
al., 1998). This may reflect differential mechanisms that gov-
ern the process of TTR up-take, and further aggregation and 
fibril formation in two distinct type of tissues such as glia 
and fat body (e.g. phagocytosis versus receptor-mediated 
endocytosis, respectively). 
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Results & discussion 

Figure 15. Proposed scenario for the fate of transgenically expressed TTR in the fly. 

According to current understanding, amyloid represents the 
inert end-state of a rescue mechanism for removal of toxic spe-
cies formed in protein misfolding process (Andersson et al., 
2002). We believe that in our model TTR released into the 
hemolymph in young flies (from the retina and additional sites 
of synthesis, see Fig. S1, Paper I) continue to misfold and ag-
gregate, which represents the neurotoxic fraction of TTR-A 
seen on neuronal cells in vitro (Fig. 5, Paper II). We assumed 
that these toxic species corresponded in size to previously de-
scribed in vitro formed cytotoxic TTR assemblies of <100 kDa 
(Reixach et al., 2004). The finding that TTR extracted from old 
flies was no longer toxic (Figure 15, corresponds to Fig. 6, Pa-
per II) suggested that misfolded, toxic TTR was actively se-
questered from the hemolymph and subsequently segregated 
into cytoplasmic quasi-crystalline arrays of nanospherules by 
glial and fat body cells as a part of a mechanism that neutralizes 
the toxic effects of TTR.  

We consider that proliferation of these aggregates and 
growth beyond the range of 5 or 6 microns probably chal-
lenged the physical integrity of the cell and leads to cell damage. 
This will cause a consequent release of the aggregated, but non-
toxic, TTR into the circulation. 
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It was surprising that the 30 nm structures formed in our flies 
were not toxic as similarly sized TTR spherical aggregates 
formed in vitro induce cell death through an apoptosis-like 
mechanism (Matsubara et al., 2005). Still, it is possible that in 
our model, TTR aggregates formed intracellularly are subjected 
to modifications (e.g. ubiquitination or proteolytic cleavage) 
that do not occur during fibrillogenesis in vitro, and which could 
explain difficulties with their immunodetection in the fat body 
cells of TTR-A/TTR-A flies. 

 

3.1.5. RESEMBLANCE OF ATTR FLY MODEL TO 
HUMAN DISEASE 

Our TTR transgenic flies seemed to recapitulate some 
important aspects of ATTR (FAP). Secreted, mutated TTR 
aggregated at local and remote sites and thus, aggregation 
occurred in the retina similarly to the fibrils found in the 
human eye (Serpell et al., 1995). We detected aggregates in 
the brain glia, which may account for remote deposits found 
on leptomeninges. TTR assemblies were also found in fat 
body cells, analogous to the deposits in human adipose tis-
sue, and subcutaneous fat is commonly used as a diagnostic 
marker in determination of a type of systemic amyloidosis 
(Westermark et al., 2006). TTR is found in the hemolymph 
of TTR-A transgenic flies and reacts with the monoclonal 
antibody specific for misfolded amyloidogenic state 
(Goldsteins et al., 1999) in the same way as plasma TTR 
from different FAP patients (Palha et al., 2001). Thus, these 
flies may be used for further characterization of the neuro-
toxic fraction of TTR present in the hemolymph. 

Mutated TTR flies developed several locomotor defects 
such as compromised climbing and flying abilities, which 
may resemble the loss of motor functions in upper and 
lower limbs in humans. We also observed shortened life 
span of flies expressing mutated TTR and especially in-
creased risk of death in flies that developed the dragged 
wings. Patients diagnosed with FAP or FAC, die within 10 
years without medical intervention. 
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The observed aggregates seemed to have typical amyloid 
ultrastructural properties and gave a positive reaction with 
the misfolded state specific antibody, and also with Thiofla-
vin S. However, further studies are needed for characteriza-
tion of the toxic aggregates in comparison with aggregates in 
human lesions e.g. concerning the role of SS bridges. In our 
model amyloid was found intracellularly, which is in contrast 
to its initial definition and the findings on TTR amyloid in 
humans. The term has changed as more evidence exists on 
the presence of intracellular aggregates of e.g. Aβ in AD 
(Gouras et al., 2000; Takahashi et al., 2002a; Takahashi et al., 
2002b) and islet amyloid polypeptide-derived amyloid in 
type II diabetes (Paulsson et al., 2006). Therefore, our Droso-
phila model may address early formation of intracellular TTR 
amyloid in relevant tissues involved in pathology of ATTR 
that has been overlooked in patients due to late diagnosis. 

However, some aspects of aggregate tissue localization 
and the pattern of degenerative changes were not strictly 
recapitulated in our TTR flies although this does not neces-
sarily undermine the use of these flies as an ATTR model. 
The evolutionary distance between flies and mammals sug-
gests anatomic and physiological differences. In contrast to 
humans, flies do not have a typical blood – brain barrier, 
thus presence of TTR in the hemolymph means it will be 
distributed to other tissues within the open circulatory sys-
tem. The CNS degeneration observed in our model is rather 
rare condition found in ATTR patients (Hammarstrom et al., 
2003a), but brain vacuolization is a frequent feature present 
in other fly models of neurodegenerative diseases (Crowther 
et al., 2005; Gavin et al., 2006). This was possibly due to TTR 
induced axonal degeneration of surrounding neuronal cell 
bodies, the pathology of the supporting glial cells, or the 
death of interconnecting neurons due to massive photore-
ceptor degeneration. The observed vacuoles were randomly 
distributed in the brain and were not restricted to any spe-
cific type of neurons or specialized brain areas, which may 
reflect the finding that TTR aggregates are toxic to several 
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neuronal cell types (Sousa et al., 2001a; Andersson et al., 
2002; Reixach et al., 2004). 

In contrast to what has been shown in humans, all the 
phenotypes displayed gender-dependent differences in pene-
trance as females were more affected (Sequeiros J, 1990). 
We rather ascribe the sex difference to the driver used as we 
observed slightly higher levels of expression in females from 
the driver used (GMR-Gal4). Interestingly, males expressing 
the TTRwt transgene showed reduced climbing activity (data 
not shown) and together with the fact that TTRwt aggre-
gates were found in our flies but did not associate with any 
pathology, this suggests that these flies might serve as a 
model to study SSA. 

The dragged wing phenotype in TTR-A flies might not 
have a direct counterpart in ATTR patients but can still be 
used as an early hallmark of a fly pathology associated with 
TTR aggregation. Similar wing phenotypes (both droopy 
and held-up wings) have been linked to mitochondrial dys-
functions in the flight muscles in a Drosophila model of fa-
milial form of Parkinson’s disease (FPD) (Greene et al., 
2003; Yang et al., 2006). In vitro studies of TTR toxicity re-
vealed a decrease in cellular metabolic activity, besides other 
signs of mitochondrial pathology (our unpublished observa-
tions). Interestingly, TTR has been recently suggested as a 
substrate for DJ-1 protease, which is in turn involved in 
anti-oxidative stress and mutations in this gene are linked 
with FPD (Koide-Yoshida et al., 2007). 
 

3.1.6. PRECAUTIONS IN MODEL INTERPRETATION 

Two important points must be considered when inter-
preting this fly model. The GAL4 ⁄ UAS system has been 
extensively employed in Drosophila to control transgene ex-
pression in a spatial and temporal manner. However, it has 
been reported that the transcriptional activator GAL4 pro-
tein, which is intrinsic to our model, has a deleterious, dos-
age- and temperature-dependent effect on the expressing 
cells (Kramer & Staveley, 2003; Rezaval et al., 2007). To 
minimize this effect, flies were raised at 21-22°C in our ex-
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periments for ultrastructural studies. We noted that none of 
the TTRwt-expressing flies developed any obvious retinal 
degeneration even at two weeks of age, which is the end 
point of the GMR-Gal4 driver activity. We cannot com-
pletely rule out that the driver used contributes to the ob-
served phenotypes (synergistic effect) but our finding that 
the phenotypes only occur in transgenic flies with mutated 
TTR accompanied by aggregate formation strongly supports 
the validity of these flies as a disease model for ATTR. 

Similarly, there was a concern that the use of the 
TM3SerSb balancer chromosome in flies with a single TTR-
A transgene copy (refers to DHet flies in Paper I, and TTR-
A/+ in Paper II) might contribute to the stronger pheno-
types in these flies. However, assessment of the fly wing 
phenotype with or without the balancer (the balancer out-
crossed over the wild-type chromosome) in the otherwise 
identical genetic background showed similar ratios. This in-
dicated the role of TTR-A transgene expression as the main 
contributor of the wing phenotype. Still, we cannot exclude 
the possibility that the balancer affected life span especially 
in females (Fig. 6, Paper I) and therefore, we focused on the 
wing phenotype in the subsequent studies of these flies as a 
disease model for ATTR. This was for several reasons as 
this feature developed early post-eclosure, had a strong cor-
relation with locomotor activity (i.e. climbing), and reflects 
levels of systemic pool of toxic TTR that is the causative 
agent of dragged wings. 

3.2. EXPLORATION OF ATTR FLY MODEL 
TO STUDY MODIFIER GENES AND THE-
RAPEUTIC COMPOUNDS (Papers III & IV) 

Our finding that the phenotypes only occurred in 
transgenic flies over-expressing mutated TTR concomitant 
with aggregate formation strongly supported the validity of 
these flies as a disease model for ATTR. Therefore, we de-
cided to explore the model and search for modifier genes of 
ATTR pathology and also inhibitors of TTR aggregation.



 

3.2.1. MODIFIER GENES OF ATTR - A NEW ROLE 
FOR SERUM AMYLOID P COMPONENT (SAP) IN 
INHIBITION OF AMYLOID-INDUCED TOXICITY 
(Paper III). 

SAP is a universal non-fibrillar component of amyloid 
fibrils that binds not only to amyloid fibrils in vivo, but also 
to fibrils extracted ex vivo, and fibrils formed in vitro from 
pure proteins or peptides. This suggested a direct interaction 
of SAP with a structural motif common to all amyloid fi-
brils. It is believed that the way SAP stabilizes the fibrils 
prevents them from degradation by phagocytes or prote-
olytic enzymes (Tennent et al., 1995). However, we showed 
that SAP can also bind to in vitro formed prefibrillar TTR 
aggregates (Fig. 1) and this interaction did not affect the fi-
brilization process. This is similar to the finding that induced 
synthesis of SAP in a FAP mouse did not effect the rate and 
extent of TTR deposition (Murakami et al., 1994). Interest-
ingly, the TTR prefibrillar aggregates (but not the mature 
fibrils) are described as the main cytotoxic species in vitro 
(Andersson et al., 2002; Olofsson et al., 2002) and they are 
possibly similar to the amorphous non-fibrillar TTR depos-
its found in vivo (Sousa et al., 2001a; Sousa et al., 2002). We 
showed that the toxic response induced by TTR- and also of 
Aβ amyloidogenic intermediates was inhibited in the pres-
ence of SAP (in a dose-dependent manner) but not of other 
amyloid-associated molecules i.e. hyaluronic acid, chondro-
itin sulfate, or CRP (a structural homologue of SAP; Fig. 2).  

There are several hypotheses for amyloid-induced cyto-
toxicity, many of which involve oxidative stress and resul-
tant activation of the apoptotic cascade in response to ag-
gregating TTR and Aβ (Behl et al., 1994; Sousa et al., 2001b; 
Andersson et al., 2002). In contrast to catalase (specialized in 
the break-down of reactive oxygen species) that was capable 
of inhibiting TTR- and Aβ-induced cell death (Andersson et 
al., 2002), hydrogen peroxide-induced oxidative stress was 
not blocked by SAP in our cell culture studies. Interestingly, 
SAP prevented the apoptotic response in cells exposed to 
pre-aggregated TTR and Aβ as measured by TUNEL reac-
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tion and PARP-cleavage (Fig. 3). Thus, binding of SAP to 
amyloid fibrils and precursor states may represent another 
defense mechanism against toxic aggregates. 

To evaluate a role for SAP in TTR-associated amyloi-
dosis pathogenesis we performed a genetic study in our Dro-
sophila model for ATTR. We generated several strains of 
transgenic flies that over-expressed SAP protein (encoded 
by APCS gene) with differential levels of the transgene ex-
pression (based on genomic incorporation locus of the 
transgene). Using two independent strains with a single copy 
of the TTR-A transgene, we showed that these flies devel-
oped variable frequency of the characteristic dragged wings 
ranging between 60-74%. Co-expression of SAP and TTR-A 
in flies confirmed our in vitro findings on the protective role 
of SAP in TTR-induced toxicity (Fig. 4). We demonstrated a 
significant protective effect of SAP overexpression on TTR-
induced phenotype seen as a reduction of the dragged-wing 
posture (<20%) to almost complete rescue (~1.3%). At the 
same time, overexpression of SAP did not lead to any no-
ticeable alterations in wing development. Interestingly, this 
protective effect of SAP seemed to be dose-dependent in 
both in vitro and in vivo studies.  

An epidemiological study (Soares et al., 2005) in pa-
tients suffering from ATTRV30M supports the unknown 
protective role served by SAP as one of two allelic forms of 
the APCS gene found to cause predisposition to the onset 
of the late age (vs. early) disease. We propose that SAP de-
tects early amyloidogenic intermediates of TTR, and thus it 
might act as a scavenger against toxic effects of pre-fibrillar 
species. This study proved that our TTR-A fly and its early 
dragged wing phenotype reflected overall levels of toxic 
TTR and may be used in screens for modifying genes of 
ATTR pathology. 

3.2.2. USE OF ATTR FLY TO SCREEN FOR THERA-
PEUTIC COMPOUNDS (Paper IV) 

The majority of the >100 known single-point-mutation 
variants in human TTR characterize with decreased kinetic 
stability of the native tetramer. This renders the molecule to 
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dissociate into monomers, which is the rate-limiting step in 
TTR amyloid formation, and upon partial monomer unfold-
ing the self-assembly process initiates to form amyloid fibrils 
(Foss et al., 2005; Wiseman et al., 2005). Regardless whether 
ATTR develops, whether by virtue of the TTR amyloid-
induced neurotoxicity and/or by its interference with nor-
mal organ function, therapies aiming to prevent amyloid 
formation are desirable. Moreover, liver transplantation as 
the only existing treatment for ATTR brings limited benefits 
to the patients (Suhr et al., 2000; Herlenius et al., 2004; Stan-
gou & Hawkins, 2004).  

Recently, a design of small molecules that impose ki-
netic stabilization of the native TTR have been extensively 
expanded as they exhibit good inhibitory effects on in vitro 
TTR amyloid formation (Baures et al., 1998; Peterson et al., 
1998; Baures et al., 1999; Oza et al., 1999; Razavi et al., 2003; 
Adamski-Werner et al., 2004; Purkey et al., 2004; Razavi et al., 
2005). However, beside some of the compounds showing 
high serum binding selectivity (Purkey et al., 2001) details on 
their toxicity, bioavailability, and pharmacological properties 
remain mostly unknown. In paper IV we showed results of 
an approach to study these parameters in vivo in our fly 
model for ATTR and discuss usefulness of this system for 
time-saving and cost-effective pre-screening of TTR fibril-
logenesis inhibitors. 

This model presents an efficient experimental design 
suitable for screening drug compounds which can be easily 
administered to flies with food and their effectiveness can be 
scored in a time-efficient way due to well-defined pheno-
typic read-outs. Assay endpoints based on pupal survivors 
and newly eclosed flies allowed the establishment of dose 
regimens and toxicological profiles of tested compounds as 
they fed to larvae persist during metamorphosis and their 
toxicity can be quantitatively scored at these developmental 
stages. We showed that out of six tested compounds, ana-
logues of diflunisal and diclofenac (both parent compounds 
approved by FDA as Non-Steroidal Anti-Inflammatory 
Drugs, NSAIDs) were relatively good in amelioration of 
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TTR over-expression effects in flies (Figs. 2 and 3, Paper 
IV). Of different NSAIDs, only diflunisal has been previ-
ously shown to have high inhibitory activity against TTR 
aggregation in vitro, in cell based assay, and in vivo (Adamski-
Werner et al., 2004; Reixach et al., 2004; Sekijima et al., 2006; 
Tagoe et al., 2007). 

Instead of the long waiting time in transgenic mice 
(several months) for amyloid to appear (Tagoe et al., 2007), 
our ATTR flies offer the important dragged wing early selec-
tion marker (a few days) which can be used for screening of 
TTR aggregation inhibitors. We believe that the dragged 
wings reflect pathologically relevant misfolding of the native 
fold of the TTR molecule. Thus, feeding larvae with com-
pounds would precede the actual TTR synthesis which takes 
place soon before pupae are formed (3rd instar larvae, sup-
plementary figure 1, Paper I) and would prevent the wing 
phenotype development as a sign of inhibited TTR aggrega-
tion. Interestingly as the proof of principle, the diflunisal 
analogue reduced the dragged wings in a dose-dependent 
fashion (up to a 7-fold; Fig. 3), and the diclofenac analogue 
dose-dependently increased levels of soluble tetrameric pool 
of TTR.  

By using flies expressing TTRV30M, TTR-A, 
TTRL55P, and TTRwt (Fig. 2, Paper IV) we showed vari-
able in vivo efficacy of tested substances for different TTR 
variants. In the pupal assay, compound #6 which was previ-
ously shown as one of the best in vitro TTRwt aggregation 
inhibitors (Purkey et al., 2004), exhibited excellent in vivo effi-
cacy against TTRwt but was inefficient for TTR-A. In con-
trast to murine models where high-throughput screens can-
not be accomplished, transgenic Drosophila allows this fea-
ture to be easily explored, as the number of strains express-
ing different TTR variants exist and these can be expanded 
by new ones if needed.  

Our Drosophila model for ATTR offers several advan-
tages and may complement preclinical toxicological studies 
as the method is rapid, cost-effective, and allows the study 
of in vivo binding stoichiometry of compound/TTR com-
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plexes, compound bioavailability, and their effectiveness 
against TTR aggregation. Data obtained in this study/model 
validated the use of the native-state kinetic stabilizers of 
TTR in screens for substances that have the potential to be 
neuroprotective in ATTR, to stop the disease progression or 
even to prevent its development. 
 



 

 

4 

Concluding remarks 
 We created a disease-model for ATTR in transgenic Dro-

sophila melanogaster by over-expression of the clinical amy-
loidogenic variant TTL55P and the engineered variant 
TTR-A, as well as TTRwt and we show that: 

o all variants are successfully secreted into the hemo-
lymph. 

o in contrast to TTRwt, mutated TTR show time-
dependent aggregation of misfolded molecules, 
which associates with degeneration of the retina, 
neurodegeneration of the brain, and behavioral 
changes such as attenuation of climbing and flight 
abilities and shortened life span. 

o aggregation of TTR-A induces “dragged wings” in 
flies which can be used as a phenotypic (selection) 
marker of severe pathology. 

o TTRwt has no effect on either behavior nor lon-
gevity of flies 
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 We address in vivo TTR-amyloid formation and tissue 
targeting and show that: 

o accumulation of TTR aggregates in the form of 
nanofilaments (7-9 nm thick) and nanospher-
ules (30 nm in diameter), which have amyloid 
properties, is a direct cause of lesions and oc-
curs in the retina, subretinal and perineural glia, 
and fat body cells of the head and thorax. 

 
 We determine toxic species of TTR and explain 
mechanisms behind TTR-induced pathogenesis: 

o neurotoxic fraction of misfolded TTR-A is 
present in the hemolymph early during fly 
methamorphosis and soon after fly eclosure, 
ranging in size between tetramers and oli-
gomers (< 250 kDa). 

o flies counteract formation and persistence of 
toxic TTR-A species by removal from the 
hemolymph into intracellular compartments of 
glial and fat body cells. 

 
 We find a potent modifier of TTR-induced toxicity 
that counteracts ATTR pathology: 

o SAP binds to oligomeric aggregates of TTR 
and prevents induced toxic (apoptotic) re-
sponse in cell culture and in vivo in the ATTR 
fly measured by reduction of the dragged 
wings. 

 
 We optimize the fly model in order to screen for 
therapeutics effective against ATTR: 

o feeding assays in flies show effectiveness 
against TTR aggregation effects of several 
compounds among known TTR native-state 
kinetic stabilizers. 

o several assay endpoints such as pupal and fly 
survivors, as well as the dragged wings validate 
the ATTR fly for use in time- and cost-
effective screens of drug candidates for treat-
ment of ATTR. 
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