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Transthyretin and familial amyloidotic polyneuropathy

Recent progress in understanding the molecular mechanism of
neurodegeneration
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Introduction

The term amyloidosis refers to disorders that are

caused by the extracellular deposition of insoluble

amyloid fibrils, which are derived from the misfolding

of proteins which, under normal conditions, are sol-

uble. A large number (> 20) of unrelated proteins are

known to form amyloid in vivo.

Familial amyloidotic polyneuropathy (FAP) was

described more than 50 years ago in a group of

patients in Portugal who had a fatal hereditary amyloi-

dosis characterized by a sensorimotor peripheral poly-

neuropathy and autonomic dysfunction [1]. It is

inherited in an autosomal dominant pattern [1–3]. It

has a wide geographic distribution [4,5], with the affec-

ted countries including Portugal [6,7], Japan [3,8],

Scandinavian countries [9,10] and the Americas [11,12].

The age of onset varies from 20 to 70 years with a

mean age of onset in the 30s [3,13,14].

The peripheral nervous system is the most com-

monly affected tissue in the majority of patients [5,15].

The initial symptom is usually a sensory peripheral

neuropathy in the lower limbs, with pain and tempera-

ture sensation being the most severely affected, fol-

lowed by motor impairments later in the course of the

disease, causing wasting and weakness [1,16,17]. Most

patients with FAP have early and severe impairment

of the autonomic nervous system, commonly manifes-

ted by dyshydrosis, sexual impotence, alternating diar-

rhea and constipation, orthostatic hypotension, and

urinary incontinence [18,19]. Cardiac and renal dys-

function may also be observed [3,20,21]. A less com-

mon oculoleptomeningeal form of FAP has also been

described, characterized by cerebral infarction and
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Familial amyloidotic polyneuropathy (FAP) is an inherited autosomal

dominant disease that is commonly caused by accumulation of deposits of

transthyretin (TTR) amyloid around peripheral nerves. The only effective

treatment for FAP is liver transplantation. However, recent studies on

TTR aggregation provide clues to the mechanism of the molecular patho-

genesis of FAP and suggest new avenues for therapeutic intervention. It is

increasingly recognized that there are common features of a number of

protein-misfolding diseases that can lead to neurodegeneration. As for

other amyloidogenic proteins, the most toxic forms of aggregated TTR are

likely to be the low-molecular-mass diffusible species, and there is increas-

ing evidence that this toxicity is mediated by disturbances in calcium home-

ostasis. This article reviews what is already known about the mechanism of

TTR aggregation in FAP and describes how recent discoveries in other

areas of amyloid research, particularly Alzheimer’s disease, provide clues to

the molecular pathogenesis of FAP.
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hemorrhage, hydrocephalus, ataxia, spastic paralysis,

seizures, convulsion, dementia, and visual deterioration

[22–24]. In some cases, the primary clinical manifesta-

tion is carpal tunnel syndrome [25,26], whereas in oth-

ers the eyes are the main affected organ, resulting in

ocular impairment with vitreous opacity, keratocon-

junctivitis sicca, glaucoma and papillary disorders

[27–29]. In general, therefore FAP has a very heteroge-

neous clinical presentation [30,31].

Neuropathological studies have demonstrated that

axonal degeneration and neuronal loss are associated

with extensive endoneurial amyloid deposits commonly

formed from transthyretin (TTR) [15,32]. FAP is asso-

ciated with systemic extracellular amyloid deposition,

particularly in the peripheral nervous system [33–36].

Biopsy and autopsy of patients with the common

V30M TTR mutation, for example, show that amyloid

deposition is present in nerve trunks, plexuses and sen-

sory and autonomic ganglia [34,35]. Amyloid deposits

are mainly present in the endoneurium, usually accom-

panied by destruction of the myelin sheath, degener-

ation of nerve fibers and neuronal loss [32,34,37].

Amyloid deposits have also been detected in the chor-

oid plexus, cardiovascular system and kidneys [36,38].

The oculoleptomeningeal form of FAP is characterized

by severe, diffuse amyloidosis of the leptomeninges

and subarachnoid vessels associated with patchy fibro-

sis, obliteration of the subarachnoid space and wide-

spread neuronal loss [22,39].

Genetics of FAP

Human TTR is encoded by a single-copy gene on the

long arm of chromosome 18. The gene spans � 7 kb

and contains 4 exons, each with approximately 200

bases [40–42]. An 18-amino-acid signal peptide is enco-

ded by the first exon. This sequence is cleaved before

secretion of mature TTR. The sequence of the TTR

gene is highly conserved over evolution, as there is

more than 80% identity in the sequences of mamma-

lian TTRs [43].

In 1984, V30M TTR was identified as a common

underlying genetic variant of FAP [44]. Since then, a

large number of mutations in TTR have been detected;

many of them are associated with FAP and are evenly

distributed over the TTR sequence [45–47] (Figs 1 and

2A). Among the amyloidogenic TTR mutations,

V30M is the most common, and has been detected in

many kindreds around the world [5,46,47]. The diagno-

sis of FAP is partly based on the detection of amyloid-

ogenic TTR variants in the plasma [48–51] or

cerebrospinal fluid [49,52]. Genetic examination can

also be used to diagnose FAP [53–56], and can also be

used to screen carriers of TTR mutations [57,58] and

for prenatal diagnosis [56,59,60].

Structure and function of TTR

TTR was previously known as prealbumin because it

was first identified in the cerebrospinal fluid [61] and

later in the serum [62] as a component that migrated

ahead of albumin in an electrical field. Subsequently,

the name transthyretin became more accepted when

the protein was shown to be a carrier of thyroxine

[63,64]. In human plasma, TTR is present at a concen-

tration of 0.25 gÆL)1 [65,66].

The structure of a TTR dimer is shown in Fig. 2.

Native TTR is a tetramer and contains two identical

thyroxine-binding sites located in a channel at the cen-

ter of the molecule [67]. The two binding sites display

negative cooperativity which is due to an allosteric

effect resulting from the occupancy of the first binding

site [68]. TTR is also involved in the transportation of

retinol by forming a complex with the smaller retinol-

binding protein (RBP) [69,70]. The TTR–RBP–retinol

complex is formed in the endoplasmic reticulum (ER)

of hepatocytes, and the formation of this complex can

prevent loss of holo-RBP from the plasma by filtration

through the renal glomeruli [71]. Although four RBP-

binding sites have been identified on one TTR mole-

cule, steric hindrance prevents the binding of more

than two RBP molecules per tetramer [72]. Most of

the TTR in the circulation is not bound to RBP [73].

As TTR does not cross the blood–brain barrier to

any significant extent, a different source of production,

apart from the liver, must exist to account for the pro-

tein in the cerebrospinal fluid. Indeed, TTR synthesis

has been detected in the choroid plexus [74,75]. How-

ever, TTR is not likely to be essential for life as a

TTR knockout mouse has normal fetal development

and a normal lifespan [76]. TTR has a fast turnover

rate with a plasma half-life of 2 days [77].

Native TTR is a tetramer comprising four identical

subunits each of which contains 127 amino-acid resi-

dues and has a molecular mass of � 14 kDa [78]. Each

monomer contains eight b-strands denoted A–H and a

short helix between strands E and F [70,79] (Fig. 2).

The b-strands are organized into a wedge-shaped

b-barrel, which is formed by two antiparallel four-

stranded b-sheets containing the DAGH and CBEH

strands, respectively [79]. Two TTR monomers join

edge-to-edge to form a dimer, stabilized by antiparallel

hydrogen-bonding between adjacent H–H and F–F

strands. Thus one TTR dimer is composed of two

eight-stranded sheets with a pronounced concave shape

[79,80]. The native tetrameric structure of TTR is then
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formed from two dimers through hydrophobic interac-

tions between the A–B loop of one monomer and the

H strand of the opposite dimer, creating a 50 Å central

channel that contains the two binding sites for thyrox-

ine [81]. The four binding sites for RBP are located on

the surface of a TTR molecule [72]. The overall 3D

structure of TTR has been maintained over vertebrate

evolution, and, notably, the amino-acid sequences in

the thyroxine-binding site are identical in all species

examined to date [82].

Mechanism of TTR amyloidogenesis

Several studies suggest that amyloidogenic mutations

destabilize the native structure of TTR, thereby indu-

cing conformational changes which lead to dissociation

of the tetramers into partially unfolded species which

can subsequently self-assemble into amyloid fibrils

[83–89]. Under physiological conditions including tem-

perature, pH, ionic strength, and protein concentra-

tion, mutant TTR molecules can dissociate into non-

native monomers with a distinct compact structure

capable of partially unfolding and forming high-

molecular-mass soluble aggregates [90,91]. Indeed,

there is a correlation between the thermodynamic sta-

bility of TTR variants and their potential to form par-

tially unfolded monomers and soluble aggregates

[92,93]. Amyloidogenic TTR variants have lower ther-

modynamic stability [94]. Furthermore, studies on

wild-type TTR have shown that increased temperature

Fig. 1. Amino-acid sequence of human TTR showing the position of amyloidogenic mutations (red). Citations for each mutation can be found

at a TTR database of mutations maintained by C. E. Costello at the Boston University School of Medicine (http://www.bumc.bu.edu/Dept/

Content.aspx?DepartmentID¼354&PageID¼5514).
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can induce conformational changes, which enable nor-

mal TTR to assemble into fibrillar structures at phy-

siological pH [95]. Similarly, at high hydrostatic

pressure, native TTR can undergo partial misfolding

to form amyloidogenic species [96]. There is an inverse

correlation between the stability of TTR variants at

high pressure and their amyloidogenic potential.

Therefore, decreased stability is probably important

for misfolding of the native structure and formation of

amyloidogenic intermediates.

A hot spot for amyloidogenic mutations occurs in

the region between residues 45 and 58. This region

contains the C strand, CD loop, and D strand which

are located at the edge of each monomer [97]. It has

been suggested that the amyloidogenic intermediate

has a modified monomeric structure consisting of six

b-strands instead of eight, with the C and D strands

and the intervening loop forming a large loop, expos-

ing some hydrophobic residues in this region that are

normally buried on the inside of the protein [98]. Dis-

location of the C and D strands from their native

edge region may result in the formation of a new

interface involving A and B strands which is open for

intermolecular interactions and consequently, a shift

in strand register of subunit assembly [99]. The crys-

tal structure of L55P TTR has revealed rearrange-

ments in strands C and D, where the proline for

leucine substitution disrupts the hydrogen bonds

between strands D and A, destabilizing the mono-

mer–monomer interface contacts [95,100]. Examina-

tion of the crystal structure of V30M TTR shows

that the substitution of methionine for valine results

in a slight conformational change that is transmitted

through the protein core to Cys10, rendering the thiol

group more exposed [101]. Another study using a

high-resolution crystal structure of V30M TTR has

found that the substitution forces the two b-sheets of

each monomer to become more separated, resulting

in a distortion of the thyroxine-binding cavity, and

associated with a decreased affinity for thyroxine

[102]. Increased susceptibility of TTR molecules to

water infiltration may be critical for the formation of

amyloidogenic intermediates [96]. Notwithstanding

these results, however, the significance of observed

conformational changes caused by amyloidogenic

mutations has been questioned, as a comparison

between 23 crystal structures of TTR variants, inclu-

ding a number of amyloidogenic and nonamyloido-

genic TTR mutants, failed to find any obvious

significant difference in their structure [100].

A study of heterozygous patients with Portugal-type

FAP (V30M) showed that the wild-type and V30M

TTR are present in a ratio of 2 : 1 and 1 : 2 in plasma

and amyloid fibrils, respectively [9]. It has been pro-

posed that the building block of amyloid fibrils is a

TTR dimer containing at least one mutant subunit or

tetramers containing two or more mutant subunits.

After chemical cross-linking, TTR dimers can still

form amyloid fibrils, and the subunit interfaces in

amyloid fibrils are similar to the natural dimeric inter-

chain association of native TTR [103]. After limited

proteolysis, N-terminally truncated dimers can form

amyloid fibrils [104]. TTR amyloid fibrils could also be

formed from TTR tetramers linked by disulfide brid-

ges, as the V30M mutation results in the exposure of
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Fig. 2. Structure of a human TTR dimer (protein data bank acces-

sion code 1THC) from Ciszak et al. [149] showing the location of

amyloidogenic mutations and position of b-strands. (A) The struc-

ture of the polypeptide backbone of the two chains (purple and

blue) is shown along with the location of the N-terminus and C-ter-

minus. The location of residues where amyloidogenic mutations

can be found is shown in yellow. (B) Secondary structure of the

dimer complexed to 3¢,5¢-dibromo-2¢,4,4¢,6-tetrahydroxyaurone, a

flavone derivative, showing the location of the eight regions of

b-strand labeled A–H.
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C10 for disulfide bond formation [101]. There is evi-

dence for disulfide bridges between subunits in the

amyloid fibrils from homozygous and heterozygous

patients with the V30M mutation [105]. However, this

cannot be the only mechanism of aggregation, as a

mutation at the critical position, C10R, is also

amyloidogenic [106].

A study of amyloidogenesis using Y78F TTR, which

destabilizes interface interactions by loosening the AB

loop, identified an abnormal tetrameric structure, sug-

gesting that a modified tetramer might be an early

intermediate in the fibrillogenesis pathway [107]. To

determine the structural change involved in amyloido-

genesis, a highly amyloidogenic triple D-strand mutant

(G53S ⁄E54D ⁄L55S) was designed, which resulted in a

conformational change in the CD loop, D-strand and

the DE loop, denoted as the b-slip [108]. It is sugges-

ted that the b-slip creates new interactions at a poten-

tial amyloid packing site, in which distorted but intact

tetramers are the basic building blocks for TTR amy-

loid. It has also been suggested that regions with

a-helical structure undergo an a to b transition and

that the b-strands may then associate into a regular

fibrillar structure [109].

TTR monomers may be the predominant building

blocks of amyloid fibrils. When size-exclusion chroma-

tography was used to monitor the amyloid formation

of TTR variants including L55P and V30M TTR, a

fraction of TTR monomers was detected preceding

aggregation [92]. A similar observation was made in

analytical ultracentrifugation studies [110]. The idea

that monomers are the building blocks of fibrils is fur-

ther supported by a detailed structural analysis of

TTR amyloid fibrils [86]. In addition, in a study in

which TTR variants designed with different quaternary

stability were examined, similar conclusions were

reached [111].

The kinetics of denaturation at acidic pH and fibril

formation are much faster for monomeric TTR than

for tetrameric TTR, suggesting that the rate-limiting

step may be the formation of monomers [112]. The sig-

nificance of tetramer dissociation into monomers has

also been examined by means of an engineered TTR

double mutant (F87M ⁄L110M) that remains mono-

meric at physiological pH. A study on the aggregation

of the monomeric TTR variant (F87M ⁄L110M) found

that the monomer forms amyloid fibrils by a multistep

process which is not accelerated by seeding, suggesting

that the formation of oligomeric nucleus is not

required [113]. However, these results do not preclude

the possibility that oligomeric TTR is the nucleus of

polymerization; as the F87M ⁄L110M double mutant

TTR is not a native structure, it conceivably may not

aggregate in a manner similar to that which occurs

in vivo.

TTR-induced neurotoxicity in FAP

The mechanism of TTR-induced neurotoxicity in FAP

is very poorly understood. A number of questions

remain unanswered. It is unclear why TTR is preferen-

tially deposited in certain regions such as peripheral

nerve or cardiac muscle. The major neurotoxic forms

of TTR are also unknown. In addition, the mechanism

of TTR-induced neuropathy is far from clear.

It is well recognized that many different types of

amyloid are toxic. For example, in the central nervous

system, the build up of b-amyloid protein (Ab) leads

to neurodegeneration in Alzheimer’s disease [114].

Although less common, three other amyloidogenic pro-

teins, prion protein [115], which causes Creutzfeldt–

Jakob disease in humans, and the British and Danish

dementia peptides (named ABri and ADan, respect-

ively), which cause rare British and Danish dementias,

also induce neurodegeneration [116]. Lessons learned

from studies on these diseases, in particular Alzhei-

mer’s disease, may help to explain some aspects of the

pathogenesis of FAP. The idea is discussed further in

the following sections.

Tissue-specific pattern of TTR
deposition

Although TTR is synthesized in the liver, it is typic-

ally deposited in a number of tissues [5,36,38,74,117].

It is quite likely that endogenous factors may initiate

TTR deposition within a tissue and that the distribu-

tion of TTR deposition reflects the presence of these

endogenous factors. In the case of the Ab protein of

Alzheimer’s disease, a number of proteins and factors

(pathological chaperones), such as apolipoprotein E,

have been suggested to contribute to aggregation and

deposition [118]. Although the e4 allele of the apo-

lipoprotein E gene is linked to increased Ab depos-

ition and an earlier age of onset in Alzheimer’s

disease, there is no similar association with FAP

[119]. However, there is evidence that glycosaminogly-

cans (GAGs) may be involved in TTR deposition.

GAGs are a heterogeneous group of highly sulfated

carbohydrates that regulate a number of important

physiological processes [120]. A number of different

GAGs are found including heparan sulfate (HS), der-

matan sulfate, keratan sulfate and chondroitin sulfate,

which differ in the structure of the carbohydrate

backbone and in the extent of sulfation. They are

commonly found in proteoglycans attached to a

X. Hou et al. Role of transthyretin in FAP
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variety of core proteins, which may be membrane-

bound or secreted [120].

GAGs are commonly found in association with

amyloid deposits including TTR amyloid [121–123]. In

cardiac deposits, there is a close association between

the presence of amyloid and the basement membrane

around myocardial cells [117], and studies by Smeland

et al. [124] have shown that TTR can bind to the base-

ment membrane HS proteoglycan perlecan. In FAP,

amyloid deposits commonly occur in the endoneurium

[125], which is rich in extracellular matrix proteins

including chondroitin sulfate proteoglycans [126].

A number of studies suggest that GAGs, in partic-

ular HS, influence amyloidogenesis in vivo. HS can

bind to amyloid and promote fibrillogenesis [127].

Amyloid deposition is commonly seen in association

with basement membranes [128], which are rich in HS

proteoglycan. Overexpression of heparanase, which

digests endogenous HS, can render mice resistant to

amyloid protein A amyloidosis [129], and other studies

suggest that low-molecular-mass HS analogues may

inhibit amyloid deposition in transgenic mouse models

of Alzheimer’s disease [130]. Although GAGs are

found in association with TTR deposits in vivo, to

date, there have been no studies on the effect of GAGs

on TTR aggregation. This is potentially an important

area of research because of the possibility that GAG

analogues may be useful to prevent TTR amyloid

deposition for the treatment of FAP.

Identification of toxic species

While most attention has been focused on the structure

of amyloid fibrils, there is now increasing evidence,

that, in many protein-misfolding diseases, it is the

lower-molecular-mass oligomeric species that are the

most toxic. A number of studies [131–134] have provi-

ded strong evidence that oligomeric or low-molecular-

mass diffusible species are the most toxic forms of Ab.
In general, low-molecular-mass oligomeric or protofi-

brillar species of amyloid proteins seem to be much

more neurotoxic than larger amyloid fibrils [131,135].

The presence of oligomeric species that are not depos-

ited as amyloid may explain why amyloid load cor-

relates poorly with the severity of dementia in

Alzheimer’s disease [136].

The formation of monomeric TTR may be a key

step in the aggregation pathway. Studies by Lashuel

et al. [110] and Reixach et al. [137] indicate that mono-

mers or low-molecular-mass oligomers may be the

most toxic forms. Using an assay of cell viability,

Reixach et al. [137] found that TTR amyloid fibrils of

>100 kDa were not toxic, whereas monomeric or very

low-molecular-mass TTR was cytotoxic. Dimeric or

low-molecular-mass TTR has been reported to be neu-

rotoxic [138,139]. Similar conclusions were reached by

Hou et al. [140] using SH-SY5Y cells. In these experi-

ments, atomic force microscopy and dynamic light

scattering were used to characterize the oligomeric spe-

cies of TTR. The presence of low-molecular-mass TTR

aggregates was found to be correlated with the ability

of TTR to induce calcium influx via voltage-gated cal-

cium channels. High-molecular-mass (fibrillar) species

were found to be much less effective in their ability to

induce calcium influx.

The identification of toxic species is more than of

academic interest. Ultimately, if therapies are to be

aimed at inhibiting amyloid deposition, then it will be

important to ensure that this strategy does not increase

the concentrations of the more toxic low-molecular-

mass species. If the amyloid deposits are less toxic than

the oligomeric TTR species, decreasing the concentra-

tion of the amyloid deposits would only be a sensible

strategy if the concentration of the oligomeric species

were also decreased.

Mechanism of neurotoxicity in FAP: the
lesson from other amyloidoses

A number of studies have examined the mechanism of

neurotoxicity in FAP [32,140–143]. The biochemical

events by which amyloidogenic proteins exert a neuro-

toxic effect are still unclear [114]. However, it seems

increasingly likely that neurotoxicity is a common

property of all types of amyloid. As proteins that do

not normally form amyloid can be cytotoxic, this sug-

gests it is the amyloid conformation per se that is the

toxic principle. Indeed, there is little evidence to sug-

gest that there is any amino-acid sequence specificity

to the toxic effect [135]. For example, although the

amyloidogenic ABri protein associated with British

dementia is quite unrelated in amino-acid sequence to

the amyloid protein Ab of Alzheimer’s disease, both

peptides cause dementias, with some having common

neuropathological features such as neurofibrillary tan-

gle formation [143]. Similarly, the deposition of gelso-

lin and apolipoprotein AI, which have little or no

amino-acid sequence similarity to TTR, can also cause

FAP [5]. Therefore, toxicity is associated with specific

conformational features of b-structure-rich protein

aggregates, and does not seem to be related to the

presence of specific sequences or patterns of amino-

acid residues.

Amyloid proteins can influence similar biochemical

pathways, providing further evidence for a common

mechanism of causation. For example, Ab is known to
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cause decreased mitochondrial activity, increase apop-

tosis, activate caspases, induce ER stress, mobilize cal-

cium, and alter mitogen-activated protein (MAP)

kinase signaling [114]. Similar changes in mitochond-

rial activity, MAP kinase signaling, caspase activation,

and ER stress have been reported for TTR

[137,142,144]. As Ab and TTR activate similar intra-

cellular signaling mechanisms, this implies that the

early biochemical events which trigger these mecha-

nisms may also be similar. Nevertheless, the ‘receptor’

which mediates the neurotoxicity is unknown. Studies

by Monteiro et al. [142] have implicated the receptor

for advanced glycation end-products (RAGE), which

has also been reported to bind Ab. The RAGE plays

an important role in a variety of physiological events

and regulates nuclear factor k-B (NF-kB), mitogen

activated protein kinase (MAPK), and Jun – N-ter-

minal kinase (JUNK) signaling [145], all of which may

be affected in FAP in vivo [142].

However, it is unclear whether all of the neurotoxic

effects could be mediated through a single receptor.

Indeed, many different types of cells, expressing a wide

variety of different cell-surface receptors, have been

shown to be susceptible to amyloid toxicity. Cecchi

et al. [146] have shown that the susceptibility of cells

to amyloid toxicity is related to the capacity of the

cells to buffer the intracellular calcium concentration.

This suggests that disruption of calcium homeostasis

may be a key event in amyloid toxicity. In support of

this idea, recent studies by Teixeira et al. [144] suggest

that TTR may cause ER stress, resulting in the release

of calcium from ER stores. Cecchi et al. [146] have

also proposed that disruption of membrane structure

may correlate with disturbances in calcium homeo-

stasis.

In an attempt to identify the ‘receptor’ responsible

for the toxic effect of TTR, Hou et al. [141] examined

the binding of TTR to a plasma-membrane-enriched

Fig. 3. Hypothetical mechanism illustrating how TTR may cause neuronal dysfunction. In this model, mutations in TTR destabilize the native

tetramer leading to dissociation into a monomer, which can aggregate. Monomers, low-molecular-mass nuclei, oligomers or protofibrils are

the major toxic species. Studies show that these low-molecular-mass diffusible species can bind to lipid membranes. In the model, binding

to the lipid membrane disrupts the structure of the lipid rafts, thereby inducing changes in the membrane, which lead to activation and cal-

cium entry through voltage-gated calcium channels (VGCC). Alternatively, TTR may bind to a receptor for advanced glycation endproducts

(RAGE) to affect MAP kinase signaling [142] and induce ER stress, with release of calcium from intracellular stores [144]. ER stress is poten-

tially cytodestructive, and RAGE receptors are known to regulate cascades that are involved in mitogenesis, cellular injury, death, and apop-

tosis [150]. In contrast with the low-molecular-mass diffusible aggregates, larger amyloid deposits are less toxic than the low-molecular-

mass diffusible species but may provide a local pool of TTR which can dissociate into toxic species. ROS, reactive oxygen species; V-type,

V-type binding domain on RAGE; C-type, C-type binding domain on RAGE.
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fraction isolated from neuroblastoma cells. In agree-

ment with Cecchi et al. [146], Hou et al. [141] found

that the binding of TTR to the membrane and the

extent of disruption of membrane fluidity correlated

with the degree of toxicity. In another study, Hou

et al. [140] showed that TTR aggregates induce cal-

cium influx in the same cell type. As calcium channels

are localized to specific lipid raft domains within mem-

branes [147] and as disruption of these domains has

been shown to activate voltage-gated channels [148],

this raises the possibility that TTR-mediated disruption

of lipid raft organization may lead to calcium entry

[140].

An integrated approach to amyloidosis

On the basis of the studies reported here, it is becom-

ing clear that amyloidoses share common mechanisms

of toxicity. Increasingly, it is recognized that low-

molecular-mass oligomeric species are the most toxic,

and that the higher-molecular-mass fibrils and large

amyloid deposits are less toxic. Amyloid proteins share

common features such as the ability to bind to lipid

membranes and to activate specific intracellular path-

ways, particularly those involving calcium homeostasis.

A model of the mechanism of TTR-induced neuro-

toxicity is presented (Fig. 3). In this model, amyloido-

genic mutations in TTR destabilize the native structure

of the tetramer and induce dissociation of the tetramer

into dimers and monomers. The gradual formation of

a sufficiently high concentration of nuclei (possibly

monomers) results in oligomerization and the forma-

tion of oligomers and protofibrillar species that are

toxic. These low-molecular-mass aggregated forms

interact with the membrane lipids or specific receptors

to induce a toxic effect. Although, in this model, the

larger amyloid deposits correlate with toxicity, these

deposits are not as the most toxic form. However, they

may provide a local pool of aggregated TTR, which

can dissociate into lower-molecular-mass oligomeric

forms and which thereby can contribute to the pool of

toxic species.

It is clear that what is learnt from the study of one

amyloidosis may have application to another amyloi-

dosis. Although most studies have focused on the

effects of one, or perhaps two, amyloidogenic peptides

or proteins, it can be argued that a more integrated

approach to the study of amyloid neurotoxicity is nee-

ded. In this regard, studies on other amyloidoses that

cause neurodegeneration (Alzheimer’s disease, prion

diseases, British and Danish familial dementias) may

provide clues to understanding the pathogenesis and

treatment of FAP.
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30 fi Met variant to 1.7-Å resolution. J Biol Chem

268, 2416–2424.

103 Serag AA, Altenbach C, Gingery M, Hubbell WL &

Yeates TO (2001) Identification of a subunit interface

in transthyretin amyloid fibrils: evidence for self-assem-

bly from oligomeric building blocks. Biochemistry 40,

9089–9096.

104 Schormann N, Murrell JR & Benson MD (1998) Ter-

tiary structures of amyloidogenic and non-amyloido-

genic transthyretin variants: new model for amyloid

fibril formation. Amyloid 5, 175–187.

105 Thylen C, Wahlqvist J, Haettner E, Sandgren O, Holm-

gren G & Lundgren E (1993) Modifications of trans-

thyretin in amyloid fibrils: analysis of amyloid from

homozygous and heterozygous individuals with the

Met30 mutation. EMBO J 12, 743–748.

106 Uemichi T, Murrell JR, Zeldenrust S & Benson MD

(1992) A new mutant transthyretin (Arg 10) associated

with familial amyloid polyneuropathy. J Med Genet 29,

888–891.

107 Redondo C, Damas AM, Olofsson A, Lundgren E &

Saraiva MJ (2000) Search for intermediate structures in

transthyretin fibrillogenesis: soluble tetrameric

Tyr78Phe TTR expresses a specific epitope present only

in amyloid fibrils. J Mol Biol 304, 461–470.

108 Eneqvist T, Andersson K, Olofsson A, Lundgren E &

Sauer-Eriksson AE (2000) The b-slip: a novel concept

in transthyretin amyloidosis. Mol Cell 6, 1207–1218.

109 Armen RS, Alonso DO & Daggett V (2004) Anatomy

of an amyloidogenic intermediate: conversion of b-
sheet to a-sheet structure in transthyretin at acidic pH.

Structure 12, 1847–1863.

110 Lashuel HA, Lai Z & Kelly JW (1998) Characteriza-

tion of the transthyretin acid denaturation pathways by

analytical ultracentrifugation: implications for wild-

type, V30M, and L55P amyloid fibril formation. Bio-

chemistry 37, 17851–17864.

111 Redondo C, Damas AM & Saraiva MJ (2000) Design-

ing transthyretin mutants affecting tetrameric structure:

implications in amyloidogenicity. Biochem J 348 Part 1,

167–172.

112 Jiang X, Smith CS, Petrassi HM, Hammarstrom P,

White JT, Sacchettini JC & Kelly JW (2001) An engi-

neered transthyretin monomer that is nonamyloido-

genic, unless it is partially denatured. Biochemistry 40,

11442–11452.

113 Hurshman AR, White JT, Powers ET & Kelly JW

(2004) Transthyretin aggregation under partially dena-

turing conditions is a downhill polymerization. Bio-

chemistry 43, 7365–7381.

114 Small DH, Mok SS & Bornstein JC (2001) Alzheimer’s

disease and Ab toxicity: from top to bottom. Nat Rev

Neurosci 2, 595–598.

115 Castilla J, Hetz C & Soto C (2004) Molecular mechan-

isms of neurotoxicity of pathological prion protein.

Curr Mol Med 4, 397–403.

116 Ghiso J, Revesz T, Holton J, Rostagno A, Lashley T,

Houlden H, Gibb G, Anderton B, Bek T, Bojsen-

Moller M, et al. (2001) Chromosome 13 dementia syn-

dromes as models of neurodegeneration. Amyloid 8,

277–284.

117 Sawabe M, Hamamatsu A, Ito T, Arai T, Ishikawa K,

Chida K, Izumiyama N, Honma N, Takubo K &

Nakazato M (2003) Early pathogenesis of cardiac amy-

loid deposition in senile systemic amyloidosis: close

relationship between amyloid deposits and the base-

ment membranes of myocardial cells. Virchows Arch

442, 252–257.

118 Wisniewski T & Frangione B (2005) Immunological

and anti-chaperone therapeutic approaches for Alzhei-

mer disease. Brain Pathol 15, 72–77.

119 Satoh S, Tokuda T, Ikeda S, Sekijima Y, Yanagisawa

N, Hidaka H & Kametani F (1996) No association

between apolipoprotein E epsilon4 allele and the age of

onset in type I familial amyloid polyneuropathy. Neu-

rosci Lett 204, 209–211.

120 Small DH, Mok SS, Williamson TG & Nurcombe V

(1996) Role of proteoglycans in neural development,

regeneration, and the aging brain. J Neurochem 67,

889–899.

Role of transthyretin in FAP X. Hou et al.

1648 FEBS Journal 274 (2007) 1637–1650 ª 2007 The Authors Journal compilation ª 2007 FEBS



121 Magnus JH, Stenstad T, Kolset SO & Husby G (1991)

Glycosaminoglycans in extracts of cardiac amyloid

fibrils from familial amyloid cardiomyopathy of Danish

origin related to variant transthyretin Met 111. Scand

J Immunol 34, 63–69.

122 Husby G, Stenstad T, Magnus JH, Sletten K, Nordvag

BY & Marhaug G (1994) Interaction between circulat-

ing amyloid fibril protein precursors and extracellular

tissue matrix components in the pathogenesis of sys-

temic amyloidosis. Clin Immunol Immunopathol 70, 2–9.

123 Inoue S, Kuroiwa M, Saraiva MJ, Guimaraes A &

Kisilevsky R (1998) Ultrastructure of familial amyloid

polyneuropathy amyloid fibrils: examination with high-

resolution electron microscopy. J Struct Biol 124, 1–12.

124 Smeland S, Kolset SO, Lyon M, Norum KR & Blomh-

off R (1997) Binding of perlecan to transthyretin in

vitro. Biochem J 326 (3), 829–836.

125 Sobue G, Nakao N, Murakami K, Yasuda T, Sahashi

K, Mitsuma T, Sasaki H, Sakaki Y & Takahashi A

(1990) Type I familial amyloid polyneuropathy. A

pathological study of the peripheral nervous system.

Brain 113 (4), 903–919.

126 Dubovy P, Klusakova I & Svizenska I (2002) A quanti-

tative immunohistochemical study of the endoneurium

in the rat dorsal and ventral spinal roots. Histochem

Cell Biol 117, 473–480.

127 Ancsin JB (2003) Amyloidogenesis: historical and mod-

ern observations point to heparan sulfate proteoglycans

as a major culprit. Amyloid 10, 67–79.

128 Wisniewski HM & Wegiel J (1994) b-Amyloid forma-

tion by myocytes of leptomeningeal vessels. Acta Neu-

ropathol (Berl) 87, 233–241.

129 Li JP, Galvis ML, Gong F, Zhang X, Zcharia E, Metz-

ger S, Vlodavsky I, Kisilevsky R & Lindahl U (2005)

In vivo fragmentation of heparan sulfate by heparanase

overexpression renders mice resistant to amyloid pro-

tein A amyloidosis. Proc Natl Acad Sci USA 102,

6473–6477.

130 Bergamaschini L, Rossi E, Storini C, Pizzimenti S,

Distaso M, Perego C, De Luigi A, Vergani C & De

Simoni MG (2004) Peripheral treatment with enoxa-

parin, a low molecular weight heparin, reduces plaques

and b-amyloid accumulation in a mouse model of Alz-

heimer’s disease. J Neurosci 4, 4181–4186.

131 Lambert MP, Barlow AK, Chromy BA, Edwards C,

Freed R, Liosatos M, Morgan TE, Rozovsky I, Trom-

mer B, Viola KL, et al. (1998) Diffusible, nonfibrillar

ligands derived from Ab1–42 are potent central nervous

system neurotoxins. Proc Natl Acad Sci USA 95, 6448–

6453.

132 Lacor PN, Buniel MC, Chang L, Fernandez SJ, Gong

Y, Viola KL, Lambert MP, Velasco PT, Bigio EH,

Finch CE, et al. (2004) Synaptic targeting by Alzhei-

mer’s-related amyloid b oligomers. J Neurosci 24,

10191–10200.

133 Walsh DM, Klyubin I, Shankar GM, Townsend M,

Fadeeva JV, Betts V, Podlisny MB, Cleary JP, Ashe

KH, Rowan MJ, et al. (2005) The role of cell-derived

oligomers of Ab in Alzheimer’s disease and avenues for

therapeutic intervention. Biochem Soc Trans 33, 1087–

1090.

134 Walsh DM, Hartley DM, Kusumoto Y, Fezoui Y,

Condron MM, Lomakin A, Benedek GB, Selkoe DJ &

Teplow DB (1999) Amyloid b-protein fibrillogenesis.

Structure and biological activity of protofibrillar inter-

mediates. J Biol Chem 274, 25945–25952.

135 Bucciantini M, Giannoni E, Chiti F, Baroni F, Formi-

gli L, Zurdo J, Taddei N, Ramponi G, Dobson CM &

Stefani M (2002) Inherent toxicity of aggregates implies

a common mechanism for protein misfolding diseases.

Nature 416, 507–511.

136 McLean CA, Cherny RA, Fraser FW, Fuller SJ, Smith

MJ, Beyreuther K, Bush AI & Masters CL (1999) Solu-

ble pool of Ab amyloid as a determinant of severity of

neurodegeneration in Alzheimer’s disease. Ann Neurol

46, 860–866.

137 Reixach N, Deechongkit S, Jiang X, Kelly JW & Bux-

baum JN (2004) Tissue damage in the amyloidoses:

transthyretin monomers and nonnative oligomers are

the major cytotoxic species in tissue culture. Proc Natl

Acad Sci USA 101, 2817–2822.

138 Matsubara K, Mizuguchi M, Igarashi K, Shinohara Y,

Takeuchi M, Matsuura A, Saitoh T, Mori Y, Shinoda

H & Kawano K (2005) Dimeric transthyretin variant

assembles into spherical neurotoxins. Biochemistry 44,

3280–3288.

139 Sousa MM, Cardoso I, Fernandes R, Guimaraes A &

Saraiva MJ (2001) Deposition of transthyretin in early

stages of familial amyloidotic polyneuropathy: evidence

for toxicity of nonfibrillar aggregates. Am J Pathol 159,

1993–2000.

140 Hou X, Parkington HC, Coleman HA, Mechler A,

Martin LL, Aguilar MI & Small DH (2007) Transthyr-

etin oligomers induce calcium influx via voltage-gated

calcium channels. J Neurochem 100, 446–457.

141 Hou X, Richardson SJ, Aguilar MI & Small DH

(2005) Binding of amyloidogenic transthyretin to the

plasma membrane alters membrane fluidity and induces

neurotoxicity. Biochemistry 44, 11618–11627.

142 Monteiro FA, Sousa MM, Cardoso I, do Amaral JB,

Guimaraes A & Saraiva MJ (2006) Activation of

ERK1 ⁄ 2 MAP kinases in familial amyloidotic poly-

neuropathy. J Neurochem 97, 151–161.

143 Vidal R, Frangione B, Rostagno A, Mead S, Revesz T,

Plant G & Ghiso J (1999) A stop-codon mutation in

the BRI gene associated with familial British dementia.

Nature 399, 776–781.

144 Teixeira PF, Cerca F, Santos SD & Saraiva MJ (2006)

Endoplasmic reticulum stress associated with extracellu-

lar aggregates. Evidence from transthyretin deposition

X. Hou et al. Role of transthyretin in FAP

FEBS Journal 274 (2007) 1637–1650 ª 2007 The Authors Journal compilation ª 2007 FEBS 1649



in familial amyloid polyneuropathy. J Biol Chem 281,

21998–22003.

145 Ding Q & Keller JN (2005) Evaluation of rage iso-

forms, ligands, and signaling in the brain. Biochim Bio-

phys Acta 1746, 18–27.

146 Cecchi C, Baglioni S, Fiorillo C, Pensalfini A, Liguri

G, Nosi D, Rigacci S, Bucciantini M & Stefani M

(2005) Insights into the molecular basis of the differing

susceptibility of varying cell types to the toxicity of

amyloid aggregates. J Cell Sci 118, 3459–3470.

147 O’Connell KMS, Martens JR & Tamkun MM (2004)

Localization of ion channels to lipid raft domains

within the cardiovascular system. Trends Cardiovasc

Med 14, 37–42.

148 Davies A, Douglas L, Hendrich J, Wratten J, Minh

ATV, Foucault I, Koch D, Pratt WS, Saibil HR &

Dophin AC (2006) The calcium channel a2d-2 subunit

partitions with Cav2.1 into lipid rafts in cerebellum:

implications for localization and function. J Neurosci

26, 8748–8757.

149 Ciszak E, Cody V & Luft JR (1992) Crystal structure

determination at 2.3-A resolution of human transthyre-

tin)3¢,5¢-dibromo-2¢,4,4¢,6-tetrahydroxyaurone complex.

Proc Natl Acad Sci USA 89, 6644–6648.

150 Murphy JE, Tebury PR, Homer-Vanniasinkam S,

Walker JH & Ponnambalam S (2005) Biochemistry and

cell biology of mammalian scavenger receptors. Athero-

sclerosis 182, 1–15.

Role of transthyretin in FAP X. Hou et al.

1650 FEBS Journal 274 (2007) 1637–1650 ª 2007 The Authors Journal compilation ª 2007 FEBS


