
INVITED REVIEW ABSTRACT: Neuropathy is often a major manifestation of systemic amy-
loidosis. It is most frequently seen in patients with hereditary transthyretin
(TTR) amyloidosis, but is also present in 20% of patients with systemic
immunoglobulin light chain (primary) amyloidosis. Familial amyloid polyneu-
ropathy (FAP) is the most common form of inherited amyloidotic polyneu-
ropathy, with clinical and electrophysiologic findings similar to neuropathies
with differing etiologies (e.g., diabetes mellitus). Hereditary amyloidosis is an
adult-onset autosomal-dominant disease with varying degrees of pen-
etrance. It is caused by specific gene mutations, but demonstration that a
patient has one such mutation does not confirm the diagnosis of amyloid-
osis. Diagnosis requires tissue biopsy with demonstration of amyloid depos-
its either by special histochemical stains or electron microscopy. Transthy-
retin amyloidosis is treated by liver transplantation, which eliminates the
mutated transthyretin from the blood, but for some patients continued amy-
loid deposition can occur from wild-type (normal) transthyretin. Presently, a
study is ongoing to determine whether amyloid deposition can be inhibited
by small organic molecules that are hypothesized to affect the fibril-forming
ability of transthyretin. Proposed gene therapy with antisense oligonucleo-
tides (ASOs) to suppress hepatic transthyretin synthesis is effective in a
transgenic mouse model but has not yet been tested in humans.

Muscle Nerve 36: 411–423, 2007

THE MOLECULAR BIOLOGY AND CLINICAL FEATURES
OF AMYLOID NEUROPATHY

MERRILL D. BENSON, MD,1,2 and JOHN C. KINCAID, MD3

1 Department of Pathology and Laboratory Medicine, Indiana University School of Medicine,
635 Barnhill Drive, MS-128, Indianapolis, Indiana 46202-5126, USA

2 Richard L. Roudebush Veterans Affairs Medical Center, Indianapolis, Indiana, USA
3 Department of Neurology, Indiana University School of Medicine, Indianapolis, Indiana, USA

Accepted 3 April 2007

Neuropathy is a major feature of several types of
systemic amyloidosis. It is most consistently seen in
patients with hereditary transthyretin amyloidosis
and is often present in patients with hereditary
ApoAI amyloidosis caused by the glycine 26 arginine
(Gly26Arg) mutation. Neuropathy is also a cardinal
feature of hereditary gelsolin (Gel) amyloidosis. Pe-
ripheral neuropathy is not seen in reactive (AA,
secondary) amyloidosis nor in most of the inherited
amyloidoses characterized by renal, hepatic, or car-
diac deposition. The most common cause of amyloid

neuropathy is immunoglobulin light chain (AL, pri-
mary) amyloidosis, in which approximately 20% of
patients have peripheral neuropathy and an even
larger number have carpal tunnel syndrome. Be-
cause AL amyloidosis is a sporadic disease and little
is known about the pathogenesis of immunoglobulin
light chain amyloid neuropathy, we will focus on the
hereditary types of amyloidosis for this discussion of
the molecular biology and clinical features of amy-
loid neuropathy. However, AL amyloidosis needs to
be considered in the differential diagnosis of pa-
tients with amyloidosis and neuropathy but with a
family history insufficient to make a definitive diag-
nosis of a hereditary form of the disease.

TRANSTHYRETIN AMYLOIDOSIS

Transthyretin amyloidosis is the most common form
of autosomal-dominant hereditary systemic amyloid-
osis.1 It is caused by mutations in transthyretin, a
plasma transport protein for thyroid hormone and
retinol-binding protein (RBP)/vitamin A.56 Trans-
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thyretin is a single polypeptide chain of 127 amino
acid residues.36 The transthyretin monomer (ap-
proximately 14,000 Da) folds to have an approxi-
mately 60% �-structure (Fig. 1). Four monomers
associate noncovalently to form the tetrameric
plasma transport protein (approximately 56,000
Da), which has binding sites for thyroxine in a cen-
tral channel (T4) and surface receptors for RBP/
vitamin A (Fig. 2, arrows).9 The transthyretin gene is
localized to chromosome 18.77 It spans approxi-
mately 7 kb and has four exons. Exon 1 codes for a
signal peptide of 20 amino acid residues and only
the first three residues of the mature protein. Exon
2 codes for amino acid residues 4–47; exon 3, amino
acid residues 48–92; and exon 4, 93–127.62,69 Essen-
tially all plasma transthyretin is synthesized in the

liver, but the protein is also expressed in the choroid
plexus of the brain and the retinal pigment epithe-
lium of the eye.15,63 Expression is present during
embryonic development and throughout life, but
transthyretin evidently is not essential for life be-
cause mice that have had the transthyretin gene
inactivated show no abnormalities in development
or fecundity.18

Greater than 100 mutations in the primary struc-
ture of transthyretin have been discovered and the
majority have been found in association with amy-
loidosis.6,13 Table 1 lists 98 amyloid-associated TTR
mutations that have been reported, with some clini-
cal and demographic features of each. In addition,
there are a few newly identified TTR mutations that
have not yet been entered into the scientific litera-
ture. No mutation has been reported for exon 1.
Exon 2 has 37 mutations reported to be associated
with amyloidosis; exon 3, 45; and exon 4, 16. Trans-

FIGURE 1. Ribbon diagram of transthyretin monomer showing
sites of some of the pathogenic mutations. N: amino-terminus of
the 127 amino acid protein; C: carboxyl-terminus. Arrowheads
indicate the direction of the N to C eight anti-parallel �-strands,
which are in two planes, DAGH and CBEF.

FIGURE 2. Diagram of the TTR tetramer with each monomer in
a different color. Each dimer is stabilized by extended �-sheets.
Two dimers are less tightly bound by the AB loop (L) of one
monomer, and the H strands of the monomers of the other dimer
(Fig. 1). Large arrows indicate sites for binding RBP/vitamin A.
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Table 1. Transthyretin amyloidosis.

Mutation Codon change Clinical features* Geographic kindreds Mutation Codon change Clinical features* Geographic kindreds

Cys10Arg TGT–CGT Heart, eye, PN USA (PA) Leu55Pro CTG–CCG Heart, AN, eye USA, Taiwan
Leu12Pro CTG–CCG LM UK Leu55Arg –CGG LM Germany
Asp18Glu GAT–GAA PN South America, USA Leu55Gln –CAG Eye, PN USA
Asp18Gly –GGT LM Hungary Leu55Glu CTG–CAG Heart, PN, AN Sweden
Asp18Asn –AAT Heart USA His56Arg CAT–CGT Heart USA
Val20lle GTC–ATC Heart, CTS Germany, USA Gly57Arg GGG–AGG Heart Sweden
Ser23Asn AGT–AAT Heart, PN, eye USA Leu58His CTC–CAC CTS, heart USA (MD) (FAP II)
Pro24Ser CCT–TCT Heart, CTS, PN USA Leu58Arg –CGC CTS, AN, eye Japan
Ala25Ser GCC–TCC Heart, CTS, PN USA Thr59Lys ACA–AAA Heart, PN, AN Italy, USA (Chinese)
Ala25Thr –ACC LM, PN Japan Thr60Ala ACT–GCT Heart, CTS USA (Appalachian)
Val28Met GTG–ATG PN, AN Portugal Glu61Lys GAG–AAG PN Japan
Val30Met GTG–ATG PN, AN, eye, LM Portugal, Japan,

Sweden, USA
(FAP I)

Glu61Gly –GGG Heart, PN USA

Val30Ala –GCG Heart, AN USA Phe64Leu TTT–CTT/TTG PN, CTS, heart USA, Italy
Val30Leu –CTG PN, heart Japan Phe64Ser –TCT LM, PN, eye Canada, UK
Val30Gly –GGG LM, eye USA Ile68Leu ATA–TTA Heart Germany
Val32Ala GTG–GCG PN Israel Tyr69His TAC–CAC Eye, LM Canada, USA
Phe33Ile TTC–ATC PN, eye Israel Tyr69Ile –ATC† Heart, CTS, AN Japan
Phe33Leu –CTC PN, heart USA Lys70Asn AAA–AAC Eye, CTS, PN USA
Phe33Val –GTC PN UK, Japan, China Val71Ala GTG–GCG PN, Eye, CTS France, Spain
Phe33Cys –TGC CTS, heart, eye,

kidney
USA Ile73Val ATA–GTA PN, AN Bangladesh

Arg34Thr AGA–ACA PN, heart Italy Ser77Tyr TCT–TAT Kidney USA (IL, TX), France
Arg34Gly AGA–GGA Eye UK Ser77Phe –TTT PN, AN, heart France
Lys35Asn AAG–AAC PN, AN, heart France Tyr78Phe TAC–TTC PN, CTS, skin France
Lys35Thr –ACG Eye USA Ala81Thr GCA–ACA Heart USA
Ala36Pro GCT–CCT Eye, CTS USA Ala81Val GCA–GTA Heart UK
Asp38Ala GAT–GCT PN, heart Japan Ile84Ser ATC–AGC Heart, CTS, eye USA (IN), Hungary

(FAP II)
Trp41Leu TGG–TTG Eye, PN USA Ile84Asn –AAC Heart, eye USA
Glu42Gly GAG–GGG PN, AN, heart Japan, USA, Russia Ile84Thr –ACC Heart, PN Germany, UK
Glu42Asp –GAT Heart France His88Arg CAT–CGT Heart Sweden
Phe44Ser TTT–TCT PN, AN, heart USA Glu89Gln GAG–CAG PN, heart Italy
Ala45Thr GCC–ACC Heart USA Glu89Lys –AAG PN, heart USA
Ala45Asp –GAC Heart, PN USA His90Asp CAT–GAT Heart UK
Ala45Ser –TCC Heart Sweden Ala91Ser GCA–TCA PN, CTS, heart France
Gly47Arg GGG–CGG/AGG PN, AN Japan Glu92Lys GAG–AAG Heart Japan
Gly47Ala –GCG Heart, AN Italy, France Val94Ala GTA–GCA Heart, PN, AN,

kidney
Germany, USA

Gly47Val –GTG CTS, PN, AN,
heart

Sri Lanka Ala97Gly GCC–GGC Heart, PN Japan

Gly47Glu –GAG Heart, PN, AN Turkey, USA,
Germany

Ala97Ser –TCC PN, heart Taiwan, USA

Thr49Ala ACC–GCC Heart, CTS France, Italy Ile107Val ATT–GTT Heart, CTS, PN USA
Thr49Ile –ATC PN, heart Japan, Spain Ile107Met –ATG PN, heart Germany
Thr49Pro –CCC Heart, PN USA Ile107Phe ATT–TTT PN, AN UK
Ser50Arg AGT–AGG AN, PN Japan, France/Italy,

USA
Ala109Ser GCC–TCC PN, AN Japan

Ser50Ile –ATT Heart, PN, AN Japan Leu111Met CTG–ATG Heart Denmark
Glu51Gly GAG–GGG Heart USA Ser112Ile AGC–ATC PN, heart Italy
Ser52Pro TCT–CCT PN, AN, Heart,

kidney
UK Tyr114Cys TAC–TGC PN, AN, eye, LM Japan, USA

Gly53Glu GGA–GAA LM, heart Basque, Sweden Tyy114His –CAC CTS, skin Japan
Glu54Gly GAG–GGG PN, AN, eye UK Tyr116Ser TAT–TCT PN, CTS, AN France
Glu54Lys –AAG PN, AN, heart,

eye
Japan Ala120Ser GCT–TCT Heart Afro-Caribbean

Glu54Leu GAG–CTG† UK Val122Ile GTC–ATC Heart USA
Val122 – Heart, PN USA (Ecuador),

Spain
Val122Ala –GCC Heart, eye, PN USA

*Clinical features: AN, autonomic neuropathy; CTS, carpal tunnel syndrome; eye, vitreous deposits; LM, leptomeningeal; PN, peripheral neuropathy.
†Double-nucleotide substitution.
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thyretin amyloidosis is an autosomal-dominant dis-
ease; only one mutant TTR allele is required to
develop pathology. Most affected individuals are het-
erozygous for a pathogenic mutation and express
both normal and variant TTR. The majority of the
mutations are the result of a single nucleotide sub-
stitution in the transthyretin gene, although one is
the result of the deletion of an entire 3-base codon
(�Val122), and two of the amino acid substitutions
are the result of double-nucleotide substitutions in a
codon.71 The development of transthyretin amyloid-
osis is most likely the result of change in primary
structure of the protein, but the disease must be
modulated by a number of genetic and possible
environmental factors. The variant TTR is present in
the blood from the time of birth, but does not start
to form amyloid until adult life.27 The reasons for
amyloid formation at a particular point in adult life
must be under control of factors not inherent to the
mutant TTR gene itself and are likely to be related to
the biochemistry of aging. Penetrance, the percent-
age of individuals who are gene carriers for a mutant
transthyretin who develop clinical disease, varies
considerably for the different mutations. In north-
ern Sweden, the Val30Met mutation is associated
with late-onset clinical disease (mean age, 55–60
years) and is reported to have less than 50% pen-
etrance.61 The same mutation in northern Portugal
is associated with earlier onset of clinical disease
(30–35 years of age) and is now recognized to have
a much higher penetrance, although early reports of
elderly Portuguese patients without a family history
of disease suggested a lower penetrance.12 The
Ile84Ser mutation in an Indiana/Swiss kindred
shows essentially 100% penetrance by age 50.

Of the approximately 100 amyloidosis-associated
TTR mutations, many have been found in single
individuals or families. Only a few mutations are
present in extended kindreds and multiple loci
worldwide. These include Val30Met, which is prom-
inent in northern Portugal, northern Sweden, and
Japan.1,3,29,68 This mutation, however, has been
found in many other countries. The Thr60Ala mu-
tation is prominent in the United States, but proba-
bly originated in Northern Ireland and has now
been found in many countries with families of Irish
descent.4 Leu58His is also frequently found in the
United States in families originating in Germany,
where it is also found.22,50 Probably the most preva-
lent transthyretin mutation in the United States is
Val122Ile.34 Approximately 3–4% of African Ameri-
cans have this mutation, which causes late-onset re-
strictive cardiomyopathy that is rarely diagnosed in a
timely manner.34,74 This mutation most likely origi-

nated on the west coast of Africa, where its preva-
lence is greater.

Some of the transthyretin mutations cause spe-
cific clinical syndromes, but there is considerable
variation in disease presentation. Most produce sen-
sorimotor polyneuropathy as a prominent feature
and, for this reason, it has long had the name of
familial amyloidotic polyneuropathy (FAP). The
neuropathy usually starts with small-fiber dysfunc-
tion in the lower extremities, very similar to the
neuropathy of diabetes mellitus, with lack of thermal
appreciation being an early feature. Dysesthesias,
however, may be prominent with or without varying
degrees of pain. Motor function tends to be well
maintained until the sensory neuropathy has ad-
vanced considerably. The level of sensory loss in the
lower extremities slowly progresses from feet to an-
kles to legs to knees, at which time similar sensory
symptoms usually present in the upper extremities.3
Autonomic neuropathy tends to occur relatively
early in the course and results in sexual impotence
in men, gastrointestinal motility problems, and blad-
der retention. Some men may have sexual impo-
tence as their initial clinical symptom.

Nerve conduction studies can be a valuable tool
for detecting peripheral nerve involvement.59,60 Lo-
calized abnormalities like median neuropathy at the
wrist (carpal tunnel syndrome) can be differentiated
from polyneuropathy based on the pattern of elec-
trophysiological findings. Serial studies can help fol-
low the course of peripheral nerve abnormality.

A group of amyloid patients referred to the Indi-
ana University Amyloid Research Center in whom
the transthyretin abnormality was known have been
evaluated with conduction studies. Of the Val30Met
and Thr60Ala patients, 60% showed abnormalities
characteristic of polyneuropathy but a few had iso-
lated median neuropathy at the wrist. Among these
two patient groups, 40% were electrophysiologically
normal when initially seen. In contrast, of the
Ile84Ser patients with abnormal peripheral nerve
conduction results, 40% had isolated median neu-
ropathy at the wrist and 60% had polyneuropathy.

Considerable variability exists with transthyretin
amyloidosis. Carpal tunnel syndrome is often an
early feature and occasionally may be the only clin-
ical manifestation.48 Vocal hoarseness can occur due
to recurrent laryngeal nerve palsy, and the “scal-
loped pupil” deformity, which is essentially pathog-
nomic for FAP, is due to amyloid deposition in ciliary
nerves of the eye (Fig. 3).39 Vitreous opacities are
much more common, seen with approximately 20%
of transthyretin mutations, and may be the first man-
ifestation of FAP.46,75 Vitreous opacities may be a
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part of the oculoleptomeningeal syndrome of amy-
loid deposition,10,23,70 or associated with amyloid car-
diomyopathy without leptomeningeal involvement
(Table 1).19,57 Oculoleptomeningeal amyloidosis
may be restricted to intracranial and spinal fibril
deposition and presents with symptoms of stroke,
seizures, hydrocephalus, spinal cord infarction or,
later, cerebral hemorrhage.

Historically, death was often the result of infected
leg ulcers, osteomyelitis, or general inanition due to
gastrointestinal dysfunction. It is now appreciated
that restrictive cardiomyopathy is a major cause of
morbidity and mortality in patients with transthyre-
tin amyloidosis. The restrictive cardiomyopathy pre-
sents as generalized weakness and fatigue without
the signs of fluid retention typically seen in other
forms of cardiomyopathy. When significant restric-
tive cardiomyopathy develops in patients with con-
comitant autonomic dysfunction, orthostatic hypo-
tension becomes a major clinical manifestation and
maintenance of proper fluid balance is often a chal-
lenge. Cardiac arrhythmias may occur with atrial
ventricular block, and sinus exit block is common.
Atrial fibrillation usually occurs in the late stages of
restrictive cardiomyopathy and adds to the conges-
tive failure due to poor ventricular filling.

Pathogenesis. Several factors are important in the
pathogenesis of transthyretin amyloidosis. First
among these is the structure of the fibril precursor
protein, because amino acid substitutions in the pri-
mary protein structure dictate the inheritance of the
disease. Despite solution of the tertiary structure of a
number of the mutant transthyretins by X-ray crys-
tallography, it is not obvious how each change in
primary protein structure leads to initiation of amy-
loid fibril formation.25 Indeed, it is known that nor-
mal transthyretin can cause tissue deposition of amy-
loid fibrils.78 This is most commonly seen as senile
cardiac amyloidosis and suggests that transthyretin,
which has a predominantly �-pleated sheet structure
(Fig. 2), has an inherent tendency to form the
�-structured fibrils that we call amyloid. In vitro
studies also support the fibril-forming tendency of
transthyretin. Several of the different mutant forms
of transthyretin as well as normal transthyretin will
form fibril structures in vitro when incubated at
acidic pH.32,38 Although these physical chemical
studies are valuable in studying the pathogenesis of
transthyretin amyloidosis, in vitro fibril formation is
a model of fibril formation and not a model of
amyloidosis.

A second factor to consider in pathogenesis is
metabolic processing of transthyretin. TTR is a very

prominent plasma protein (20–40 mg/dl) and it has
a plasma residence time of only 1–2 days.5,72 It must
represent a significant burden to the catabolic mech-
anisms of plasma protein turnover. Much is known
about the synthesis of transthyretin by the liver, but
the sites of catabolic processing have not been well
defined. There have been reports of metabolic pro-
cessing by the liver, and the kidney is also usually a
very significant site for catabolism of plasma pro-
teins. Transthyretin amyloidosis, however, is most
prominent in nerves and in the heart, organs that
are not known for their catabolism of plasma pro-
teins.

The question arises as to whether organs that
have high degrees of protein catabolism such as the
liver, which is rarely involved with transthyretin amy-
loidosis, and the kidney, which may be involved but
not as extensively as one would expect, are relatively
protected from the downstream metabolic events
necessary for amyloid fibril formation and deposi-
tion. Biochemical analysis of tissue transthyretin
amyloid fibrils suggests that proteolytic processing
may well be an important factor in pathogenesis.
Although full-length transthyretin protein may be
present in amyloid fibril deposits, a large percentage
of the protein has been proteolyzed to give frag-
ments of the carboxyl-terminal portion starting at
amino acid positions 49 and 52.8,17,41 Is this relevant
to amyloid pathogenesis or an epiphenomenon? It
should be noted that TTR amyloid fibrils isolated
from tissues of patients heterozygous for a transthy-
retin gene mutation contain normal as well as the
variant TTR protein. Because plasma TTR exists as a
group of TTR tetramers with one, two, three, or four
variant monomer subunits, it is logical that normal
TTR might find its way to the final amyloid fibril
structure. Indeed, tissue deposits of TTR amyloid
usually contain only 65%–75% variant TTR; the rest
is normal TTR.

Considerable data on in vitro fibril formation
suggest that the TTR monomer is the intermediate
moiety in the pathway to aggregation and fibril for-
mation, and the stability of the tetramer is the most
important factor in amyloid fibril initiation.42 This is
difficult to reconcile with the fact that both normal
and variant TTR monomers are found in the final
end-product (the in vivo amyloid fibril). One would
have to hypothesize parallel metabolic pathways for
the two proteins (variant and normal monomers)
and they would need to converge on the final step of
fibril assembly. In addition, although TTR tetramer
stability may well be important in amyloid pathogen-
esis, there are conflicting observations when experi-
mental data are compared to observed biologic data.
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For example, for the Leu55Pro TTR variant, which
causes an early-onset, aggressive form of amyloidosis,
the tetramer is thermodynamically unstable.38 How-
ever, the Val122Ile tetramer, which is also thermo-
dynamically unstable, is associated with one of the
latest-onset and slowest progressive forms of amyloid-
osis.24,35 Although the Val122Ile tetramer is less sta-
ble than the normal TTR tetramer, the age of onset
of clinical disease and the rate of disease progression
are very similar to those of senile cardiac amyloid-
osis, in which no TTR mutation is present.52

The importance of other amyloid fibril compo-
nents has not been addressed for transthyretin amy-
loidosis. It is known that glycosoaminoglycans are
integral parts of AA amyloid and A� Alzheimer amy-

loid plaques, but similar data have not been docu-
mented for TTR amyloidosis.

Another aspect of transthyretin pathogenesis that
must be addressed is the selective involvement of
certain organ systems. The peripheral nervous sys-
tem is the most common site of amyloid deposition
in the transthyretin amyloidoses (Fig. 4).1 The gas-
trointestinal tract is also usually involved, but restric-
tive cardiomyopathy is probably the leading cause of
death. The kidney frequently has amyloid deposits,
but clinically significant renal amyloidosis is not as
common in transthyretin amyloidosis as in AA or AL
amyloidosis. Although amyloid deposits occur in blood
vessel walls throughout the body, the spleen and he-
patic parenchyma do not have amyloid deposits.

In peripheral nerve, amyloid deposits start
around perforating arterioles (Fig. 5A). This depo-
sition occurs in a sporadic fashion and, in advanced
stages, large globular deposits of amyloid are seen
displacing nerve fibers (Fig. 5B). At this stage, severe
demyelination and loss of nerve fibers are seen (Fig.
5C). Figure 5A–C shows postmortem sciatic nerve
specimens; similar findings are seen in biopsies of
sural or other sensory nerves done for purposes of
diagnosis (Fig. 5D). In the few studies that have been
done on dorsal root ganglia, fibril deposition and
neuronal loss appear to be an important part of the
peripheral neuropathy. Similarly, little attention has
been paid to the autonomic nervous system, al-
though detailed studies revealed amyloid deposition
within autonomic ganglia, nerve trunks, and adja-
cent vascular structures. In leptomeningeal amyloid-
osis, deposits were seen in vascular and surrounding
connective tissue structures.10,23 This commonly

FIGURE 3. Scalloped pupil deformity in a patient with Val30Met
FAP. This sign of amyloid neuropathy disappears with dilation of
the pupil.

FIGURE 4. Congo red–stained section of posterior tibial nerve from a patient with TTR Val30Met amyloidosis: (A) viewed under bright
light; and (B) viewed with polarized light to show characteristic green birefringence of amyloid.
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leads to a clinical presentation with cerebral infarcts
or, in later stages, cerebral hemorrhage. Infarcts may
involve basal ganglia and the spinal cord. Although
not proven, the amyloid fibril precursor of lepto-
meningeal amyloidosis is probably synthesized by the
choroid plexus.15,63

Patients dying from leptomeningeal amyloidosis
have been found to have little or no amyloid depo-
sition in other organ systems. Transthyretin amyloid
in the vitreous of the eye is probably the result of
synthesis by the retinal pigment epithelium. The
predilection for fibril formation in the vitreous of
the eye is not clear. The mechanisms involved in
amyloid deposition in the vitreous may be similar to
peripheral nerve or cardiac pathology, but an in-
triguing variation is that amyloid fibrils in the vitre-
ous are greatly enriched (approximately 90%–95%)
in variant TTR compared to the proportion (60%–

65%) in nerve and cardiac tissue of heterozygotes.41

Vitreous opacities are found with approximately
20% of the known amyloid-producing TTR muta-
tions and may be seen in conjunction with leptomen-
ingeal amyloidosis.6 This may, however, be found
with other mutations that primarily cause peripheral
neuropathy or cardiomyopathy.

APOLIPOPROTEIN AI (ApoAI) AMYLOIDOSIS

Twelve different mutations in the ApoAI gene have
been associated with systemic amyloidosis.2 The amy-
loidosis of only one of these mutations, however, has
been shown to cause peripheral neuropathy. This
ApoAI mutation, Gly26Arg, was first described by
Van Allen et al., in a family residing in Iowa.73 Unlike
transthyretin amyloidosis, the main clinical feature
of ApoAI amyloidosis is renal amyloid deposition,

FIGURE 5. (A) Longitudinal section of sciatic nerve from a subject with Val30Met TTR amyloidosis. Amyloid deposits are present around
and in walls of intraneural vessels (arrows). (B) Amyloid deposits in sciatic nerve give appearance of displacing nerve fibers (arrows). (C)
Cross-section of sciatic nerve bundle showing marked amyloid deposits and loss of nerve fibers. (D) Section of sural nerve of a patient
with Thr49Ala TTR amyloidosis (hematoxylin–eosin stain).
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and death is usually caused by azotemia. Other or-
gan involvement, including liver, spleen, and occa-
sionally heart, has been seen in this syndrome. The
renal amyloid deposition is unlike most cases of AL
and AA amyloidosis, which usually cause significant
proteinuria from glomerular fibril deposition. In
ApoAI amyloidosis, amyloid deposits are predomi-
nantly in blood vessels and medullary structures.
Proteinuria is usually very limited and nephrotic syn-
drome does not develop.

ApoAI amyloidosis is an adult-onset autosomal-
dominant disease. In the Iowa kindred the first clin-
ical manifestation appeared most commonly be-
tween age 30 and 40 years, but some individuals were
affected by their late 20s, and others after 50. Most of
the patients presented with neuropathic symptoms,
but some were initially identified with renal failure.
In most subjects, the neuropathy and renal failure
were slowly progressive, with death occurring ap-
proximately 10 years after initial presentation. The
disease duration varied from a few months to as long
as 25 years.

Clinically, the neuropathy of ApoAI is very simi-
lar to transthyretin amyloidosis. It usually starts with
sensory changes in the lower extremities. This is
progressive and eventually involves the upper ex-
tremities. Weakness in leg muscles and foot drop
often occur early in the disease. Impotence is a
common feature in men. Ataxia, absent muscle
stretch reflexes, and muscle atrophy are common as
the disease progresses, and the patient may eventu-
ally become tetraparetic. Despite the extensive neu-
ropathy, death is usually related to renal insuffi-
ciency.

A number of families have been described with
ApoAI Gly26Arg amyloidosis and not all have neu-
ropathy as part of their clinical picture. The reason
for this is not known, nor is it known why the sys-
temic amyloidoses caused by other mutations in
ApoAI are not associated with peripheral neuropa-
thy. In the Iowa kindred, neuropathy seems to have
been delayed in the most recent generation; several
individuals have begun to have neuropathy, but only
after significant renal impairment was documented.

Amyloid deposition in neural structures with this
form of amyloidosis was well described by Van Allen
et al. and is very similar to the pathology of trans-
thyretin amyloidiosis.73 Large deposits of amyloid
are found in peripheral nerves with displacement of
nerve fibers. Extensive deposition is present in dor-
sal root ganglia. The leptomeninges around the spi-
nal column and the brain show amyloid deposition,
but, as with transthyretin, the central nervous system
(CNS) parenchyma is not involved. Intracerebral

hemorrhage has not been described with ApoAI
amyloidosis. Leptomeningeal deposition is probably
the cause of elevation in spinal fluid protein, which
may exceed 200 mg/dl. Vitreous opacities are not
part of this syndrome.

Pathogenesis. Mutations in the ApoAI gene,
present as a single copy on chromosome 11 (11q23),
are the cause of this form of amyloidosis.51 It is an
autosomal-dominant disease and all affected subjects
identified to date have been heterozygous for 1 of
the 12 known mutations. Degree of penetrance has
not been established but is probably greater than
50% of gene carriers. Both normal and variant
ApoAI are found in blood. ApoAI is mainly con-
tained in the high-density lipoprotein portion of
plasma, as are SAA and ApoAII, two other amyloid
precursor proteins. Pathogenesis appears related to
incomplete degradation of the abnormal ApoAI,
which normally is a single polypeptide chain of 243
amino acid residues. The amyloid deposits contain
only the amino-terminal 83–93 amino acid residues
of the protein. Despite the fact that patients are
heterozygous for the variant ApoAI, there is no evi-
dence that normal ApoAI contributes to fibril for-
mation. With the neuropathic Gly26Arg protein,
only the variant peptide is found in amyloid fibrils.
Because ApoAI is mainly an �-helical apolipopro-
tein, major reconfiguration of the amino-terminal
portion of this molecule must occur in order for it to
be incorporated into the �-pleated sheet structure
that is typical of amyloid fibrils.11,51 As with transthy-
retin, there is good evidence that the variant ApoAI
has an increase in metabolic rate. Studies with radio-
labeled ApoAI have shown that the Gly26Arg protein
has approximately half the plasma residence time of
wild-type ApoAI.54 This indicates an increase in the
catabolic rate of the variant protein, and it is hypoth-
esized that this increased intracellular degradation
leads to generation of the pathologic amino-termi-
nal peptide.

GELSOLIN AMYLOIDOSIS (AGel)

The neuropathy of gelsolin amyloidosis starts as a
progressive cranial neuropathy in middle age (ap-
proximately 40 years of age) and may be followed
much later by peripheral neuropathy involving the
limbs.45 The disease is first manifest as lattice corneal
dystrophy, often by age 20–30.44 This unusual asso-
ciation is typical of AGel amyloidosis and makes
diagnosis of the condition relatively easy.

Amyloid formation is the result of a mutation
(Asp187Asn) in plasma gelsolin, an actin-modulat-
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ing protein.40,43 Most patients are heterozygous for
this mutation and have modest involvement of inter-
nal organs, mostly vascular. Individuals homozygous
for the mutation may have severe systemic disease
with renal failure. A second mutation in gelsolin
(Asp187Tyr) has been described and gives a similar
phenotype.14 There are few patients with AGel in the
United States and Japan; most affected families are
in southwestern Finland.58,66

DIAGNOSIS OF AMYLOID NEUROPATHY

The diagnosis of any type of amyloidosis is made by
tissue biopsy. The biopsy may be from a clinically
affected organ such as heart, nerve, kidney, or liver,
or, for systemic amyloidosis, a nonspecific site such
as rectal mucosa, abdominal fat, or gingival or minor
salivary gland. Occasionally, systemic amyloidosis will
be detected as an incidental finding on bladder,
prostate, or gastric biopsies. The greatest impedi-
ment to making a timely diagnosis is lack of consid-
eration of amyloidosis in the initial evaluation of the
patient. This is true for cardiac and renal amyloidosis
where more common pathologic conditions cause
similar organ dysfunction. This is also true in the
neuropathic forms of amyloidosis.

Once the diagnosis of amyloidosis is considered,
a rectal biopsy or abdominal fat aspirate may dem-
onstrate amyloid deposition, but many patients re-
quire nerve biopsy to confirm the specific neuropa-
thology (Fig. 5D). The sural nerve is most often used
for diagnostic biopsy.6 It is purely sensory and, by the
time biopsy is considered, the degree of sensory loss
to the foot is usually such that further loss of sensa-
tion from the biopsy is well tolerated. In light of the
spotty nature of amyloid deposition, however, a sural
nerve biopsy that does not demonstrate amyloid de-
posits should not be taken as conclusive evidence
that amyloid is not the cause of the neuropathy (Fig.
6). At this point, consideration of other organ sys-
tems should be undertaken: Are there associated
signs of cardiomyopathy, renal disease, autonomic
dysfunction, hypotension, erectile dysfunction, or al-
ternating constipation and diarrhea?

After the diagnosis of amyloidosis is made, for
the patient with neuropathy, the most important
question is whether this is an hereditary form of
amyloidosis or a sporadic immunoglobulin light
chain (AL) primary amyloidosis. AL amyloidosis fre-
quently causes carpal tunnel syndrome, and 20% of
patients with AL will present with peripheral neurop-
athy. On nerve biopsy, there are no distinct features
to differentiate hereditary amyloidosis from AL amy-
loidosis (Fig. 7A). Pathogenic mechanisms for initi-

ation of amyloid deposition in endoneurial vascular
structures are probably similar (Fig. 7B).

Immunohistochemistry with specific antibodies
may be helpful, but unfortunately this technique is
not completely reliable. The demonstration of a
monoclonal plasma cell dyscrasia and presence of
monoclonal immunoglobulin protein in serum or
urine in approximately 80% of AL patients helps to
distinguish these patients from those with hereditary
syndromes.37

For hereditary neuropathic amyloidosis, family
history can be very important, but is often not suffi-
cient to confirm a diagnosis. Lack of penetrance and
advanced age of onset of some of the transthyretin
amyloidoses, as well as variable expression of the
disease, hinder timely diagnosis. In rare cases de
novo mutations in transthyretin cause amyloidosis.76

Of the hereditary amyloid neuropathies, gelsolin
amyloidosis is the easiest to detect because all af-
fected individuals have lattice corneal dystrophy
from an early age.45 Careful ophthalmologic exami-
nation will reveal this pathognomic sign. Neuropa-
thy associated with the ApoAI Gly26Arg mutation is
found in patients whose primary disease is renal and,
unlike the typical AL amyloidosis patient, renal dis-
ease is associated with little proteinuria and presents
as progressive azotemia. Transthyretin amyloidosis is
the most frequent cause of hereditary amyloid neu-
ropathy, and the entity that most often must be
distinguished from immunoglobulin (AL) amyloid-
osis.

Most of the mutations in transthyretin that have
been associated with amyloidosis cause some degree

FIGURE 6. Perineural blood vessels of a sural nerve biopsy
showing amyloid deposition. Sometimes diagnosis can be made
when there are vascular deposits, although no intraneural depos-
its are seen. This may be due to generalized vascular involve-
ment, but the spotty nature of nerve amyloid deposition may
elude the biopsy (hematoxylin–eosin stain).
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of peripheral neuropathy. Neuropathic symptoms
usually occur early in the disease process but may
remain mild for an extended period of time. By the
time the patient seeks care from a neurologist, there
are often signs of other system manifestations, such
as enteropathy or cardiomyopathy. The mainstay of
diagnosing this disease is DNA testing, which will
usually demonstrate one of the known mutations
(Table 1). Occasionally, a new mutation will be
found by direct DNA sequencing and correlation of
disease and genetics will be needed. DNA testing is
now available commercially as well as in a few amy-
loid research laboratories. If a patient has a family
history of transthyretin amyloidosis and the family
mutation is known, a specific test can be ordered to
determine whether the patient is a carrier of this
mutation. If a family mutation is not known, full TTR
DNA sequencing is recommended. Ordering a panel
of the most frequent TTR mutations will not neces-
sarily exclude the diagnosis and may be a great dis-
service to the patient with a new mutation.

DNA sequencing for gelsolin and ApoAI muta-
tions is not commercially available. Help from an
amyloidosis research laboratory is recommended.
These DNA tests are easily accomplished, but these
types of amyloidosis are too uncommon to generate
any great commercial interest.

Treatment. Therapy for hereditary amyloidotic
neuropathy involves both specific and nonspecific
measures. Nonspecific measures include treatment
of the painful neuropathic symptoms. Treatment
with gabapentin, amitryptyline, and more recently,
pregabalin, may be effective but efficacy is unpredict-

able and, even when a drug is initially effective, the
response may change as the neuropathy progresses.
Alternating constipation and diarrhea are common
manifestations of transthyretin amyloidosis. Addi-
tion of fiber to the diet to increase bulk of stool may
be efficacious. Occasionally, alteration of gastrointes-
tinal flora by antibiotics is effective, but often agents
such as loperamide are required to slow bowel func-
tion. In severe cases, tincture of opium may be nec-
essary. Urinary bladder retention occasionally re-
quires training in self-catheterization. Newer agents
for erectile dysfunction may help some men with
autonomic dysfunction.

The only specific therapy for transthyretin amy-
loidosis is orthotopic liver transplantation.31 The ba-
sis for this form of therapy is to rid the plasma of
mutated transthyretin, which is synthesized by the
liver.30 Since the first patient received this therapy in
1990, greater than 1200 liver transplantations have
been accomplished.28 Statistical analysis indicates
that patients with the Val30Met mutation are most
likely to benefit and have 80% survival at 5 years.
Patients with other transthyretin mutations, how-
ever, do not fare as well and show a 5-year survival of
only 55%–60%. Many patients, especially those with
TTR mutations other than Val30Met, have progres-
sion of disease after liver transplantation. Biochem-
ical analysis of amyloid from tissues of patients who
died after having a liver transplant indicates that this
is the result of continued amyloid deposition from
wild-type TTR.16,53,64 It has been suggested that liver
transplantation early in the course of disease should
be considered, but it is still unknown whether this

FIGURE 7. (A) Sciatic nerve of a patient with AL amyloidosis showing large deposits of intraneural amyloid. (B) Cross-section of sciatic
nerve of a patient with AL amyloidosis. As with TTR amyloidosis, amyloid deposition in intraneural vessels occurs and suggests a similar
pathogenesis for the two protein deposition diseases (hematoxylin–eosin stain).
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would increase the overall time of survival. Nutri-
tional status is an important factor in determining
longevity after liver transplantation.65 As far as pe-
ripheral neuropathy is concerned, there is only one
report documenting regeneration of nerve fibers on
nerve biopsy after liver transplantation.33

At the present time, there is a study to determine
whether diflunisal, a modified salicylate nonsteroidal
anti-inflammatory drug, will alter the progression of
TTR in amyloidosis.26,55 The study is based on the
demonstration that small organic molecules such as
diflunisal bind to the transthyretin tetramer and
thermodynamically stabilize the structure. This form
of therapy has not been tested in an animal model,
but because diflunisal is marketed as a nonsteroidal
anti-inflammatory drug, it has passed many of the
safety requirements required for new drug approval.
Vitrectomy may be considered a specific therapy for
transthyretin amyloid in the eye; although usually
effective, it is really a mechanical means of restoring
visual acuity. Amyloid deposition may recur after
vitrectomy and require repeated surgery. It is impor-
tant to remember that these patients have increased
risk of retinal detachment and many develop glau-
coma after vitrectomy. They need to be monitored
closely for changes in intraocular pressure. At the
present time there is no evidence that orthotopic
liver transplantation alters the course of oculolepto-
meningeal amyloidosis.47

Orthotopic liver transplantation has also been
accomplished in a number of patients with ApoAI
Gly26Arg amyloidosis and, although apolipoprotein
levels in the blood only decrease by approximately
50%, disease progression seems to be favorably al-
tered.20 As most of these patients underwent com-
bined liver and kidney transplants, and it is usually
the slowly progressive renal disease that determines
the patient’s prognosis, it is difficult to be certain
whether the generalized amyloidosis is favorably af-
fected.20,21 Recently, some patients with only modest
renal impairment received liver transplantation
alone. Close longitudinal evaluation of these pa-
tients may reveal more clearly the efficacy of liver
transplantation for this disease.

For gelsolin amyloidosis the only effective ther-
apy to date is corneal transplantation. This is very
effective and can be repeated if the amyloid deposits
infiltrate the new cornea. Plastic surgery can be ef-
fective in treating the cutis laxis and blepharochala-
sis, which are the result of bilateral facial palsy, but
there is no specific therapy for this disease. Gelsolin
is an essential protein for actin function and treat-
ments aimed at eliminating its production are not
likely to be tolerated.

It is obvious that specific treatments are needed,
especially for transthyretin amyloidosis. Recently,
studies in mice transgenic for the human Ile84Ser
TTR mutant gene have demonstrated suppression of
hepatic TTR synthesis by antisense oligonucleotides
(ASO).7 Whether this will be the basis for treatment
of TTR amyloidosis, either FAP or senile cardiac
amyloidosis (SCA), must await safety and efficacy
testing. Similar gene therapy approaches have been
proposed using ribozymes that suppress TTR expres-
sion in hepatic cell cultures.67 Also, recent studies on
targeted conversion of the TTR gene have demon-
strated the feasibility of this approach.49 These stud-
ies have not progressed to the point that a therapeu-
tic agent for TTR amyloidosis can be predicted in
the near future. Most important is the development
of an animal model to test any new form of therapy
in a timely fashion, because the human disease is
caused by so many different mutations with various
phenotypes and usually has a slowly progressive but
ingravescent course.
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47. Munar-Qués M, Salvá-Ladaria L, Mulet-Perera P, Solé M,
López-Andreu FR, Saraiva JM. Vitreous amyloidosis after liver
transplantation in patients with familial amyloid polyneu-
roapthy: ocular synthesis of mutant transthyretin. Amyloid Int
J Exp Clin Invest 2000;7:266–269.

48. Murakami T, Tachiban S, Endo Y, Kawai R, Hara M, Tanase S,
et al. Familial carpal tunnel syndrome due to amyloidogenic
transthyretin His114 variant. Neurology 1994;44:315–318.

49. Nakamura M, Ando Y, Nagahara S, Sano A, Ochiya T, Maeda
S, et al. Targeted conversion of the transthyretin gene in vitro
and in vivo. Gene Therapy 2004;11:838–846.

50. Nichols WC, Liepnieks JJ, McKusick VA, Benson MD. Direct
sequencing of the gene for Maryland/German familial amy-
loidotic polyneuropathy type II and genotyping by allele-
specific enzymatic amplification. Genomics 1989;5:535–540.

51. Nichols WC, Gregg RE, Brewer HB, Benson MD. A mutation
in apolipoprotein A-I in the Iowa type of familial amyloidotic
polyneuropathy. Genomics 1990;8:318–323.

422 Amyloid Neuropathy MUSCLE & NERVE October 2007



52. Nichols WC, Liepnieks JJ, Snyder EL, Benson MD. Senile
cardiac amyloidosis associated with homozygosity for a tran-
sthyretin variant (Ile-122). J Lab Clin Med 1991;117:175–180.

53. Olofsson B-O, Backman C, Karp K, Suhr O. Progression of
cardiomyopathy after liver transplantation in patients with
familial amyloidotic polyneuropathy, Portuguese type. Trans-
plantation 2002;73:745–751.

54. Rader DJ, Gregg RE, Meng MS, Schaefer JR, Kindt MR, Zech
LA, et al. In vivo metabolism of a mutant apolipoprotein,
apoAIIowa, associated with hypoalphalipoproteinemia and he-
reditary systemic amyloidosis. J Lipid Res 1992;33:755–763.

55. Razavi H, Palaninathan SK, Powers ET, Wiseman RL, Purkey
HE, Mohamedmohaideen NN, et al. Benzoxazoles as transt-
hyretin amyloid fibril inhibitors: synthesis, evaluation, and
mechanism of action. Angew Chem Int Ed Engl 2003;42:
2758–2761.

56. Robbins J. Thyroxine-binding proteins. Prog Clin Biol Res
1976;5:331–355.

57. Rukavina JG, Block WD, Jackson CE, Falls HF, Carey JH,
Curtis AC. Primary systemic amyloidosis: a review and an
experimental, genetic, and clinical study of 29 cases with
particular emphasis on the familial form. Medicine 1956;35:
239–334.

58. Sack GH, Dumars KW, Gummerson KS, Law A, McKusick VA.
Three forms of dominant amyloid neuropathy. Johns Hop-
kins Med J 1981;149:239–247.

59. Said G, Ropert A, Faux N. Length-dependent degeneration of
fibers in Portuguese amyloid polyneuropathy: a clinicopatho-
logic study. Neurology 1984;34:1025–1032.

60. Sales LML. Electroneurophysiological studies in familial amy-
loid polyneuropathy Portuguese type. J Neurol Neurosurg
Psychiatry 1978;41:847–850.

61. Sandgren O, Drugge U, Holmgren G, Sousa A. Vitreous in-
volvement in familial amyloidotic neuropathy: a genealogical
and genetic study. Clin Genet 1991;40:452–460.

62. Sasaki H, Yoshioka N, Takagi Y, Sakaki Y. Structure of the
chromosomal gene for human serum prealbumin. Gene
1985;37:191–197.

63. Soprano DR, Herbert J, Soprano KJ, Schon EA, Goodman DS.
Demonstration of transthyretin mRNA in the brain and other
extrahepatic tissues in the rat. J Biol Chem 1985;260:11793–
11798.

64. Stangou AJ, Hawkins PN, Heaton ND, Rela M, Monaghan M,
Nihoyannopoulos P, et al. Progressive cardiac amyloidosis
following liver transplantation for familial amyloid polyneu-
ropathy: implication for amyloid fibrillogenesis. Transplanta-
tion 1998;66:229–233.

65. Suhr O, Danielsson A, Holmgren G, Steen L. Malnutrition
and gastrointestinal dysfunction as prognostic factors for sur-
vival in familial amyloidotic polyneuropathy. J Intern Med
1994;235;479–485.

66. Sunada Y, Shimizu T, Nakase H, Ohta S, Asaoka T, Amano S,
et al. Inherited amyloid polyneuropathy type IV (Gel variant)
in a Japanese family. Ann Neurol 1993;33:57–62.

67. Tanaka K, Yamada T, Ohyagi Y, Asahara H, Horiuchi I, Kira
J-I. Suppression of transthyretin expression by ribozymes: a
possible therapy for familial amyloidotic polyneuropathy.
J Neurol Sci 2001;183:79–84.

68. Tawara S, Nakazato M, Kangawa K, Matsuo H, Araki S. Iden-
tification of amyloid prealbumin variant in familial amyloid-
otic polyneuropathy (Japanese type). Biochem Biophys Res
Commun 1983;116:880–888.

69. Tsuzuki T, Mita S, Maeda S, Araki S, Shimada K. Structure of
the human prealbumin gene. J Biol Chem 1985;260:12224–
12227.

70. Uemichi T, Uitti RJ, Koeppen AH, Donat JR, Benson MD.
Oculoleptomeningeal amyloidosis associated with a new tran-
sthyretin variant Ser64. Arch Neurol 1999;56:1152–1155.

71. Uemichi T, Liepnieks JJ, Waits RP, Benson MD. A trinucle-
otide deletion in the transthyretin gene (V122) in a kindred
with familial amyloidotic polyneuropathy. Neurology 1997;48:
1667–1670.

72. Vahlquist A, Peterson PA, Wibell L. Metabolism of the vitamin
A transporting renal failure. Eur J Clin Invest 1973;3:352–362.

73. Van Allen MW, Frohlich JA, Davis JR. Inherited predisposi-
tion to generalized amyloidosis. Neurology 1969;19:10–25.

74. Yamashita T, Hamidi Asl K, Yazaki M, Benson MD. A prospec-
tive evaluation of the transthyretin Ile122 allele frequency in
an African-American population. Amyloid 2005;12:127–130.

75. Yazaki M, Connors LH, Eagle RC Jr, Leff SR, Skinner M,
Benson MD. Transthyretin amyloidosis associated with a novel
variant (Trp41Leu) presenting with vitreous opacities. Amy-
loid 2002;9:263–267.

76. Yazaki M, Yamashita T, Kincaid J, Scott J, Auger R, Dyck P, et
al. Rapidly progressive amyloid polyneuropathy associated
with a novel variant transthyretin Ser 25. Muscle Nerve 2002;
25:244–250.

77. Wallace MR, Naylor SL, Kluve-Beckerman B, Long GL, Mc-
Donald L, Shows TB, et al. Localization of the human preal-
bumin gene to chromosome 18. Biochem Biophys Res Com-
mun 1985;129:753–758.

78. Westermark P, Sletten K, Johansson B, Cornwell GG. Fibril in
senile systemic amyloidosis is derived from normal transthy-
retin. Proc Natl Acad Sci USA 1990;87:843–2845.

Amyloid Neuropathy MUSCLE & NERVE October 2007 423


