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SUMMARY: The human serum protein transthyretin (TTR) is highly fibrillogenic in vitro and is the fibril precursor in both
autosomal dominant (familial amyloidotic polyneuropathy [FAP] and familial amyloidotic cardiomyopathy [FAC]) and sporadic
(senile systemic amyloidosis [SSA]) forms of human cardiac amyloidosis. We have produced mouse strains transgenic for either
wild-type or mutant (TTRLeu55Pro) human TTR genes. Eighty-four percent of C57BI/6xDBA/2 mice older than 18 months,
transgenic for the wild-type human TTR gene, develop TTR deposits that occur primarily in heart and kidney. In most of the
animals, the deposits are nonfibrillar and non-Congophilic, but 20% of animals older than 18 months that bear the transgene have
human TTR cardiac amyloid deposits identical to the lesions seen in SSA. Amino terminal amino acid sequence analysis and
mass spectrometry of the major component extracted from amyloid and nonamyloid deposits revealed that both were intact
human TTR monomers with no evidence of proteolysis or codeposition of murine TTR. This is the first instance in which the
proteins from amyloid and nonfibrillar deposits in the same or syngeneic animals have been shown to be identical by sequence
analysis. It is also the first time in any form of amyloidosis that nonfibrillar deposits have been shown to systematically occur
temporally before the appearance of fibrils derived from the same precursor in the same tissues. These findings suggest, but do
not prove, that the nonamyloid deposits represent a precursor of the fibril. The differences in the ultrastructure and binding
properties of the deposits, despite the identical sizes and amino terminal amino acid sequences of the TTR and the dissociation
of deposition and fibril formation, provide evidence that in vivo factors, perhaps associated with aging, impact on both systemic
precursor deposition and amyloid fibril formation. (Lab Invest 2001, 81:385-396).

T o date, 20 different proteins have been identified
as the fibril precursor in human disease-related
amyloidoses (Buxbaum and Tagoe, 2000). In each
instance the deposits display Congo red binding with
positive birefringence under polarization microscopy,
a discrete fibrillar ultrastructure and the colocalization
of serum amyloid P component (SAP), features which
define the material as amyloid. The prevalence of
some forms of tissue amyloid deposition—notably
those derived from wild-type protein molecules: tran-
sthyretin, islet amyloid polypeptide (IAPP), atrial natu-
rietic factor (ANF), apolipoprotein A1 (ApoA1), and
Alzheimer B protein precursor (ABPP)—increases with
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age, a phenomenon noted even before the unique
chemical nature of each of the individual precursors
was established (Wright and Calkins, 1981).

Studies with many of the precursors have shown
that aggregates with the ultrastructural appearance of
fibrils and the tinctorial properties of in vivo amyloid
can be produced in the test tube in the absence of any
additional macromolecules. These observations have
justifiably been interpreted as indicating that fibrillo-
genesis is an intrinsic property of the precursor protein
(Kelly and Lansbury, 1994). The pathway from the
soluble state to deposited fibril is not fully understood
for any precursor. In the case of transthyretin, it
appears that a misfolded monomer populates the
protofibril pool. However, it is uncertain if aggregates
with varying degrees of solubility precede protofibril
and fibril formation.

In patients, even the most amyloidogenic precur-
sors, which produce early onset familial autosomal
dominant disease, do not form fibrillar deposits until
mid to late adulthood. Based on data obtained with
the AB protein, the temporal delay has been attributed
to an ongoing slow nucleation reaction in which the
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rate of fibril formation increases with the mass of fibrils
available. It is more likely that in vivo the process may
be modified by factors that prevent fibril deposition
early in life. These unknown elements may become
less effective with increasing age. Alternatively, mech-
anisms that promote amyloidogenesis may become
more active with advancing years. In either case, it
seems likely that the fibrillogenic potential of any
precursor, as demonstrated in vitro, requires addi-
tional elements to achieve full expression in vivo.

Normal sequence human serum protein transthyre-
tin (TTR) amyloid deposits are present in the ventric-
ular myocardium of as many as 25% of autopsied
individuals over age 80 (Cornwell et al, 1983) and have
been associated with congestive heart failure, arrhyth-
mias, and cardiac death (Hodkinson and Pomerance,
1977; Lie and Hammond, 1988). Mutant TTRs are the
fibril precursor in the rare (except in some specific
populations), ultimately fatal, autosomal dominant fa-
milial amyloidotic polyneuropathies (FAP) and cardio-
myopathies (FAC) that have an age of onset between
30 and 60 years of age (Benson and Uemichi, 1996). In
a similar fashion, the more common sporadic form of
Alzheimer’s disease (AD) that appears late in life is
unassociated with the mutations in ABPP or the pre-
senilins seen in some kindreds with the rare, early-
onset, autosomal dominant familial disease (Lendon et
al, 1997). In contrast to atherogenesis, a process that
is cumulative over the lifetime of the individual, TTR
cardiac amyloid deposition and AB cerebral plaque
formation do not appear to initiate until later in life and
have been considered to reflect some aspect of the
aging process. We established the transgenic model
of human TTR amyloidosis to investigate the relation-
ship between aging and in vivo amyloidogenesis, to
study pathogenesis, and to develop a valid biologic
system for testing potential therapies.

Results

Gene Cloning and Transgenic Strains

We cloned the normal and mutant TTR genes from the
genomic DNA of an individual with a clinically aggres-
sive form of the autosomal dominant disorder FAP
(Jacobson et al, 1992). Each allele was contained on
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Figure 1.

an identical 19.2 kb fragment that differed only by the
diagnostic base substitution (T—C) in exon 3, ac-
counting for the Leu—Pro amino acid substitution at
position 55 (TTR Leu55Pro). The structure of the
cloned genomic fragment used to produce the trans-
genics is shown in Figure 1. The elements known to be
required for tissue-specific TTR expression are iden-
tified in the figure (Costa et al, 1988a, 1988b; Yan et al,
1990).

Three strains were obtained with the mutant con-
struct, two of which were lost in passage. The surviv-
ing strain carried a single copy of the mutant gene.
Brother-sister matings yielded animals carrying two
copies of TTR Leu55Pro. Two founders bearing the
wild-type gene were identified; however, one exhib-
ited reduced fertility and the line could not be main-
tained and characterized. It is not clear if this was the
result of expression of the human TTR gene or related
to the insertion site in the mouse genome. The surviv-
ing wild-type transgenic strain animals contained ap-
proximately 90 copies of the human insert per diploid
genome (data not shown).

Human Transthyretin Transgene Expression

In both transgenic strains, the human TTR mRNA was
highly expressed in the liver, eye, and brain (Fig. 2).
Tissues from the animals carrying the wild-type con-
struct contained much larger amounts of the human
TTR mRNA, corresponding to the larger number of
transgene copies (data not shown). With longer expo-
sure of the Northern blots, small amounts were found
in tongue, kidney, heart, skeletal muscle, and stom-
ach. Message was not detected in other organs,
including the pancreas.

Serum TTR concentrations in the wild-type trans-
genics ranged between 100 and 350 mg/dl. In animals
bearing the mutant construct, the amount of human
TTR in the serum was between 1 and 3 mg/dl, the
difference reflecting the gene dose in the two strains.
(The normal human serum TTR concentration is be-
tween 10 and 40 mg/dl, [Smith and Goodman, 1971],
whereas normal mouse serum contains 20 to 30 mg of
murine TTR/dI of serum [Vranckx et al, 1990]). The
levels increased up to 3 to 4 months of age, stabilized
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Figure 2.

Northern blot analysis of the TTR mRNA from tissues of human wild-type
transthyretin transgenic mice in which 10 g of mRNA from various tissues of
transgenic mice was treated with glyoxal, separated on a 1% agarose gel,
transferred onto nitrocellulose paper, and probed with 32P-cDNA of human
TTR. TTR message is very abundant in liver, brain, and eye. When the
autoradiographs were exposed for much longer time periods, small amounts
were seen in the heart and tongue.

until 1 year, and then declined, with males showing a
greater decrement than females (Table 1). The same
pattern was seen when the endogenous murine serum
protein was examined in the same samples.

Tissue Deposition of Human Transthyretin

None of the 157 animals examined, bearing either one
(120) or two (37) copies of the mutant (TTRleu55pro)
gene, developed tissue TTR deposits over observation
periods as long as 2 1/2 years. In contrast, half the
animals with multiple copies of the wild-type gene,
between 12 and 17 months of age, showed nonfibril-
lar, non-Congophilic anti-human TTR-positive depos-
its in the kidneys, heart, or gut (Table 2). After 17
months of age, TTR-related deposits were found in
84% of the animals (89% of the males; 77% of
females) bearing the wild-type human TTR gene. Al-
though we concentrated our analyses on the cardiac
and renal tissue, we also noted deposits in the lungs,
tongue, and gut. No deposits were seen in the spleen
or peripheral nerve. Two animals had TTR deposits in
hepatic vessels.

Table 1. Mean Serum Levels of Human TTR in
Transgenic Mice (mg/dl)

Age (mo) Males (n) Females (n)

<3 127+32 (13) 16773 (15)
3-6 15654 (10) 16669 (6)
6-12 143x23 (14) 11858 (8)
12-18 127+33 (5) 14897 (2)
> 18 *T7+34 (14) *125+62 (12)

TTR, transthyretin.

* The differences between male and female transgenic animals are only
significant after 18 months of age. In that comparison the two-tailed p value
(Mann-Whitney) = 0.0148.

Amyloid Fibrillogenesis in Transthyretin Transgenics
Immunohistochemistry and Electronmicroscopy

The hearts of 16% of the animals (20% of males; 9%
of females; p = .2278), mostly in animals over 2 years
of age, had Congophilic deposits (Fig. 3A) that gave
positive reactions with the anti-human TTR (Fig. 3, B,
D, F) and anti-murine SAP (Fig. 3C) antibodies and
thus met the criteria for amyloid. The deposits were
not reactive with anti-murine amyloid A antibody (Fig.
3E). The correspondence between the Congo red
positive deposits and the immunostaining for TTR and
SAP established the nature of the deposits as TTR
amyloid. Figure 4, A and B shows the ultrastructural
location of the myocardial deposits and the fibrillar
structure typical of amyloid with an estimated fibril
width of 8 to 10 nm. All 13 (10 males and 3 females) of
the 83 animals older than 18 months with cardiac
amyloid also had Congophilic renal deposits. One
additional male had only renal amyloid.

In the kidney the Congophilic amyloid deposits were
dense in the glomeruli and were focal in the intersti-
tium or pelvic fat. The deposits involved all or most
glomeruli (Fig. 5A), either in the mesangium or in large
aggregates obliterating the glomerular tufts. The im-
munostains for TTR were concordant with the Congo
red deposits (Fig. 5B). The amount of Congophilic
material deposited in both heart and kidneys of the
female mice appeared to be less than that noted in the
males.

In the majority of animals with anti-TTR-positive
cardiac (14/24 males, 10/13 females) and renal (40/57
males, 27/39 females) deposits, Congo red and anti-
SAP staining and electron microscopy did not reveal
the characteristics of amyloid (Table 2). The non-
Congophilic deposits stained for TTR in a smooth
pattern along the glomerular and tubular basement
membranes (Fig. 5D). In some females a few glomeruli
displayed small, dense, Congophilic mesangial de-
posits together with the dominant non-Congophilic
basement membrane staining (not shown). Some an-
imals displayed distal tubular casts that gave positive
reactions with the anti-TTR serum, indicating the pres-
ence of the human protein, an observation indepen-
dent of the nature or degree of tissue deposition.

Intracellular accumulations of Congophilic or non-
Congophilic aggregates were not seen in any tissue,
although hepatocytes showed lightly fluorescent, dif-
fuse, anti-TTR staining consistent with their role in TTR
synthesis. One animal had Congophilic extracellular
hepatic parenchymal deposits that stained with both
anti-murine amyloid A (AA) and anti-human TTR anti-
bodies. Immuno-electronmicroscopy demonstrated
the anti-TTR reactivity of the fibrillar and nonfibrillar
deposits with the gold-labeled second antibody (Figs.
6 and 7).

Chemical Analysis of Tissue Deposits

Extraction of Congophilic fibrils from the kidneys of a
male animal using the two different methods gave the
same results and revealed the fibril subunit to consist
of TTR monomer with a molecular size of 14 kd, as
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Table 2. Amyloid and Nonamyloid Transthyretin Tissue Deposition in Mice Transgenic for a Wild-Type Human

Transthyretin Gene

Males Females
Heart Kidney Heart Kidney
Strain/Age CR+ TTR+ CR+ TTR+ CR+ TTR+ CR+ TTR+
Transgenic 12-18 mo 0/7 217 0/7 3/7 0/8 3/8 0/8 3/8
Transgenic > 18 mo 10/507 24/57% 11/507 51/574 3/337 13/397 3/337 30/397
Nontransgenic 3/12° 0/12 5/12° 0/12 2/9° 0/9 2/9° 0/9

CR+, congo red; TTR+, transthyretin.

2The discrepancies in the denominators reflect losses in sample processing, resulting in samples that had data for TTR, but not Congo red, staining. Because we
had complete data for other tissues from the same animals, they were included in the analysis.
b These Congophilic tissue deposits were reactive with antibody to the murine amyloid A protein and unreactive with anti-human TTR antibody.

determined by SDS-PAGE followed by Western blot-
ting with an anti-human TTR antibody that could also
react with murine TTR (Fig. 8A). Only a single band
representing the human molecule was seen. Amino
terminal sequence analysis of material eluted from the
gel gave a single sequence GPTGTGESK, which is
identical to the first nine residues of human TTR
(Kanda et al, 1974). No contaminating mouse TTR
sequence was seen. The isolated protein was sub-
jected to mass spectroscopy with the results confirm-
ing that the protein was unmodified human TTR mono-
mer. Although less protein could be extracted from the
non-Congophilic deposits, the results on Western
blotting (Fig. 8A), mass spectroscopy, and amino-
terminal sequence analysis were identical to those
obtained with the fibrillar deposits, indicating that the
primary structure of the nonfibrillar protein also con-
sisted of intact human TTR. Kidney extracts from an
animal with a high level of human TTR in its serum, but
no tissue deposits, yielded no detectable TTR immu-
noreactive material, indicating that the material ex-
tracted from the positive tissues was not the result of
an absorption artifact (Fig. 8A, lane 5).

Western blot analysis of material extracted from an
amyloid-containing heart also showed a single immu-
noreactive species, that comigrated with both intact
recombinant TTR and soluble TTR synthesized in the
liver (Fig. 8B). There was no evidence for a smaller
TTR-related peptide nor the more rapidly migrating
mouse TTR.

Discussion

To study amyloidogenesis and examine factors that
enhance or inhibit fibril formation by amyloidogenic
substrates in vivo, we produced several strains of
mice transgenic for different forms of the human TTR
gene. We were able to maintain and study two of these
strains, one bearing a single integrated copy of a gene
encoding a highly amyloidogenic variant protein and
the other carrying many copies of the wild-type allele.
Animals carrying one or two copies of the human TTR
pro55 allele did not develop detectable TTR-related
deposits in the course of 2 1/2 years of observation.
During the same period, a significant number of ani-
mals in the strain producing large amounts of the
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normal sequence human protein displayed cardiac
amyloid deposition that resembles that seen in human
senile cardiac amyloidosis with respect to both tissue
specificity and its occurrence late in life. However, the
most common pathologic finding in animals bearing
the wild-type gene was the nonfibrillar and non-
Congophilic deposition of intact human TTR mole-
cules in the myocardium and renal parenchyma.

The data demonstrate that mice transgenic for
genes encoding wild-type human TTR provide a valid
model of human senile systemic (cardiac) amyloidosis.
The myocardial deposits are multifocal in the ventri-
cles, age-dependent, occurring in late adult life, and,
in some experiments, more common in males than
females. Whereas wild-type TTR renal amyloid has not
been noted in humans, deposition of TTR amyloid in
the kidneys has been observed in some Portuguese
kindreds bearing the TTR val30 met mutation (Lobato
et al, 1998).

The nonamyloid deposits have no TTR counterpart
in clinical material. In elderly humans, the detection of
nonamyloid TTR deposits requires immunohistochem-
ical staining of tissues with a specific antibody. Be-
cause this is not done, the identification of such
deposits in the course of routine histologic examina-
tion is unlikely, rendering the prevalence of potentially
pathogenic non-Congophilic TTR deposits in elderly
humans unknown. The deposits in the mice may be
analogous to the nonfibrillar deposits seen in human
monoclonal immunoglobulin (Ig) light-chain deposition
disease, the diffuse AB plaques seen in patients with
AD, or findings reported in a dialysis patient with
systemic, nonamyloidotic 8, microglobulin deposition
(Bugiani et al, 1989; Buxbaum et al, 1990; Terreros et
al, 1989). In the Ig light-chain instance, most patients
have either Congophilic or non-Congophilic deposits,
leading to the speculation that the nature of the
deposits is a function of the primary structure of
protein precursor. A few patients have been described
in which both types of deposits have been noted. In
one such patient, identity of size and amino-terminal
sequence has been demonstrated in the L-chain mol-
ecules extracted from both types of deposits (Kaplan
et al, 1997). In AB deposition the diffuse and hard



Amyloid Fibrillogenesis in Transthyretin Transgenics

Figure 3.

A to F, Frozen sections of myocardium from a 22-month-old transgenic male with amyloid deposits. A, Stained with Congo red and photographed under polarization
microscopy. B, An adjacent section stained with fluoresceinated anti-human TTR antibody. C and D, Adjacent sections stained with anti-murine P-component and
anti-human TTR, respectively. E and F, Adjacent sections are stained with anti-murine amyloid A (E) and anti-human TTR (F). The amyloid deposits (arrows) bind
Congo red and the antibodies specific for human TTR and murine serum amyloid P component (SAP). They do not react with the anti-murine amyloid A antibody,
demonstrating both the nature and specificity of the staining. Original magnification: A and C to F, x200; B, %x400.
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Figure 4.

A and B, Electron micrographs of deposits in the myocardium of the transgenic mouse shown in Figure 3. Deposits of fibrils (f), 8—10 nm in thickness and of
indeterminate length, are present in the interstitium between myocyte (m) and a capillary lumen (cl). Original magnification: A, x25,000; B, x50,000.

plaques were noted concurrently, and the assumption
was made that the diffuse deposits are a precursor.

In studies unrelated to amyloid deposition, both rat
and human proximal renal tubule cells have given
positive immunologic reactions with antibodies spe-
cific for TTR. It has been hypothesized that the stain-
ing represents molecules reabsorbed or undergoing
degradation by the tubular epithelium (Kato et al,
1984; Makover et al, 1988; Tsuzuki et al, 1997). It is
possible that the tubular staining might be accentu-
ated in animals where a large TTR load is presented to
the kidneys. Our data do not support such a notion
because the staining pattern in those studies differed
from the basement membrane localization seen in the
TTR transgenics.

Earlier work has shown that transgenic mice bearing
30 to 60 copies of the mutant TTR met30 gene
developed Congophilic deposits in the heart and kid-
neys (Kohno et al, 1997). In that strain, amyloid was
first detected in the gut beginning at 5 to 6 months of
age, far earlier than in our experiments. The Congo red
staining material was also reactive with antibodies
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specific for human TTR and murine SAP. The investi-
gators did not report the presence of non-Congophilic
deposition in any organ. The failure to identify nonfi-
brillar TTR deposits may have been technical or may
reflect differences in the particular transgene, its site
of genomic integration, differences in background
genes present in the recipient strains, or other un-
known factors. When the multicopy TTR locus was
bred onto a TTR knockout background, no difference
was seen in the frequency or pace of amyloid depo-
sition, indicating that the mouse protein had no effect.

The non-Congophilic deposits in our animals may
represent either a preamyloid intermediate state or the
product of an alternative path of processing of the
same substrate. The appearance of only non-
Congophilic deposits between 12 and 18 months of
age suggests, but does not prove, a precursor role.
Similarly, the coexistence of small Congo red positive
deposits in the kidneys of some animals with prepon-
derantly nonfibrillar deposition may indicate a precur-
sor role, perhaps dependent on the tissue site or
concentration of substrate.
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Figure 5.

A to D, Frozen sections of kidney. A, Shows a glomerulus from the same transgenic mouse shown in 3A, stained with Congo red and photographed under polarized
light. Deposits of amyloid expand the mesangium and are birefringent. B, Staining of an adjacent section with a fluoresceinated anti-human TTR antibody demonstrates
deposits in capillary loops. C and D, Sections of kidney from a 22-month-old female transgenic mouse stained with Congo red (C) and anti-TTR antibody (D). There
are no birefringent deposits in glomeruli stained with Congo red, but there is staining of glomerular and tubular basement membranes with the anti-TTR antibody
demonstrating the immunologic identity of the deposits in male and female kidneys but the non-Congophilic nature of the deposits in the female. Original

magnification: x400.

In vitro assays of fibrillogenesis with soluble precur-
sors of both mutant and normal sequence forms of
TTR have suggested that the fibril precursor is primar-
ily a TTR monomer that assumes an amyloidogenic
configuration during unfolding at low pH, a phenom-
enon more likely to occur during the catabolism of the
protein in a lysosomal cell compartment than during
its synthesis (Colon and Kelly, 1992). Other investiga-
tors have reported that a misfolded monomeric spe-
cies can be detected at neutral pH and presented
evidence for aggregate formation from the isolated
monomers. The latter observation is more consistent
with the extracellular localization of TTR deposits in
vivo; however, actual fibril formation was not demon-
strated (Quintas et al, 1999). The data from our trans-
genic animals are consistent with the in vitro observa-
tions but suggest that the steps of deposition and fibril
formation may be dissociated and thus require more
detailed analysis, particularly with respect to interme-
diate forms of aggregation. In these animals neither
process appears to require proteolysis of the native
TTR.

The in vitro experiments cannot account for the
temporal delay in the deposition of precursor on the
basis of an age-related change in the primary struc-
ture of TTR. Both forms of deposition seem to be
identical with respect to primary sequence. It has been

suggested that serum TTR is modified by sulfation
with increasing age, and this modification could ac-
count for its propensity to deposit (Kishikawa et al,
1999; Suhr et al, 1999). Further studies are in progress
in the transgenic animals to formally evaluate the
possibility.

Our observations, as well as the occurrence of
non-Congophilic A diffuse plaques and prion protein
(PrP) deposits, support the notion that, in vivo, the
process could be stepwise, with other factors medi-
ating the formation of the highly ordered, more biolog-
ically stable Congophilic fibril. Comparable findings
were noted when an AB transgene was bred into a
strain lacking genes for apolipoprotein E (ApoE); vir-
tually no thioflavine S-positive plaques were seen in
the hippocampus. Instead, the animals showed only
sparse immunoreactive AB deposits with the charac-
teristics of diffuse plaques, an observation consistent
with the findings in the younger TTR transgenics
(Bales et al, 1997).

Transgenic mice with other forms of amyloid depo-
sition have been reported (Hoppener et al, 1993;
Prusiner, 1991; Seabrook and Rosahl, 1999). In all of
the models, it seems that over-expression of the
precursor, whether it is wild-type or mutant sequence,
is critical. The in vivo data suggest that any hypothesis
regarding fibrillogenesis generated by the in vitro
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Figure 6.

A and B, Immunoelectronmicrographs of a glomerulus from the transgenic male shown in Figure 5, A and B, after incubation with anti-TTR antibody and gold probe
enhanced with silver, demonstrate gold-labeled fibrillar deposits on the luminal side of the glomerular basement membrane (bm). Original magnification: A, x25,000;

B, %x50,000.

studies should be placed in the context of a more
biologic “equilibrium hypothesis” encompassing fac-
tors influencing the synthetic and catabolic rates of
the precursor, which are likely to determine the num-
ber of molecules available to populate the protofibril
pool and its interaction with other small and large
molecules, perhaps ApoE, SAP, or heparan sulfate
proteoglycan. Our data confirm that SAP is only found
in fibrillar deposits. They also suggest that deposition
precedes SAP binding, because TTR deposition is
seen at a younger age at the same sites subsequently
found to display fibril deposition and SAP binding. The
observations in these TTR transgenic mice clearly
indicate that a variety of interactions between amyloid
precursors and other cellular and molecular elements
in vivo impact on the events demonstrable in test tube
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fibrillogenesis (Teng and Buxbaum, 1996). The model
will allow us to define those interactions and deter-
mine whether the phenomena are particular to TTR or
occur, to some extent, in all forms of amyloidosis.

Materials and Methods

Wild-type and mutant human TTR genes were cloned
from genomic DNA extracted from lymphoid cells
immortalized from a patient with FAP secondary to a
substitution of proline for leucine at position 55 (Ja-
cobson et al, 1992). Nhel fragments (19.2 kb) were
inserted into Charon 40 and grown on either Esche-
richia coli ED 8767 or K802 (Sambrook et al, 1989).
The insert contained the entire gene, with all the
elements known to be required for tissue-specific
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Figure 7.

Immuno-electron micrograph of a glomerulus from the transgenic female shown in Figure 5, C and D, after incubation with anti-TTR antibody and a 5 nm gold probe,
enhanced with silver. The gold particles bind predominantly to basement membrane (arrows). Original magnification: x50,000.

expression. It was isolated from the vector by Not |,
Sca | digestion and injected into fertilized ova from
C57BI/6 x DBA/2 (B6D2) F2 animals. The transfected
ova were placed in the uteri of pseudopregnant B6D2
F1 females (Hogan et al, 1986). DNA was extracted
from tail tissue of the offspring and amplified using
human TTR exon-specific primers to determine if the
complete human gene was present (Jacobson et al,
1988). The amplification products were analyzed by
agarose gel electrophoresis. Gene copy number was
determined by slot blotting using human genomic
DNA as a standard (Warren et al, 1987). Tissue ex-
pression was assayed by Northern blotting of RNA
extracted from individual tissues (Teng et al, 1989).
Serum levels of human TTR were measured by an
ELISA using an anti-human TTR antibody with dilu-
tions of purified recombinant human TTR (provided by
Dr. Jeffrey Kelly, The Scripps Research Institute, La
Jolla, California) used to construct a standard curve
(Matsumoto et al, 1993).

Animals were fed standard rodent chow with water
provided ad libitum. They were maintained in an
Association for Assessment and Accreditation of Lab-
oratory Animal Care (AAALAC)-accredited specific-
pathogen-free (SPF) animal facility with no more than
five animals in a cage.

Tissues were prepared for histologic examination
from animals killed by pentobarbital euthanasia or,
rarely, from animals found dead in cages. Sections of
snap-frozen tissues (heart, liver, kidneys from all ani-
mals; spleen, stomach, small and large intestine, ab-
dominal fat, tongue, lung, skeletal muscle, and periph-
eral nerve from some animals) were incubated
separately with the following unlabeled antibodies:
goat IgG fraction of anti-human TTR (Atlantic Antibod-
ies, Stillwater, Minnesota) and/or rabbit anti-human

TTR (Dako, Carpinteria, California), rabbit anti-mouse
amyloid A (gift of Dr. Jean Sipe, Department of Bio-
chemistry, Boston University School of Medicine,
Boston, Massachusetts), and rabbit anti-mouse SAP
(Calbiochem, San Diego, California), followed by
fluorescein-conjugated rabbit anti-goat immunoglob-
ulin or swine anti-rabbit immunoglobulin (Dako), ac-
cording to established methods in our laboratory
(Gallo et al, 1986).

Polarization microscopy of Congo red stained sec-
tions was performed on the same section used for
immunofluorescence or an adjacent section of the
same tissue specimen. Tissues were examined in
parallel with those of age- and sex-matched nontrans-
genic littermates with the origin of the tissues un-
known to the examiner. As expected, some older
nontransgenic animals and a similar number of their
transgenic littermates had Congophilic tissue deposits
that stained for AA amyloid, reflecting the known
incidence of this phenomenon in various mouse
strains (Table 2) (Lipman et al, 1993). The distribution
and amount of TTR amyloid deposition were noted
and graded semiquantitatively.

For electron microscopy, 1- to 3-mm blocks of
frozen tissue from selected animals were fixed in cold
4% paraformaldehyde and 0.2% glutaraldehyde in 0.1
M sodium cacodylate buffer (pH 7.2) overnight at 4° C.
After fixation, the pieces were washed three times in
buffer and progressively dehydrated in ethanol (50%,
70%, 95%, and 100% for 30 minutes per step). They
were then incubated in a 2:1, then 1:2, mixture of
ethanol and Unicryl (Vector Laboratories, Burlingame,
California), for 30 minutes each, followed by another
60 minutes, and then an overnight infiltration in pure
resin, all at —20° C. This was followed by polymeriza-
tion at 40 to 45° C for 3 to 4 days.
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Figure 8.

A, Western blotting of proteins extracted from kidneys of mice transgenic for
the human TTR gene using the acetonitrile/trifluoracetic acid extraction
procedure (Kaplan et al, 1993). The kidneys were those shown in Figure 5.
Lane 1 shows material from a female mouse with non-Congophilic deposits.
Lane 2 contains an extract from a transgenic female mouse with Congo red
positive deposits. Lane 3 has the same preparation from a transgenic male
mouse with non-Congophilic deposits. Lane 4 displays material from a
transgenic male in which the deposits were Congo red-positive. Extraction of
material from renal tissue of a transgenic female mouse with a serum human
TTR concentration of 170 mg/dl, but no immunohistochemically detectable
tissue deposition, yielded no immunoreactive material (lane 5). Markers (21
and 14 kd) are shown in the extreme left hand lane. B, An extract prepared
from the heart of an animal with Congo red-positive deposits is shown in lane
2. Lane 1 contains a recombinant human TTR control, whereas lane 3 shows
an extract of liver from a transgenic animal without deposits, representing
material being synthesized by hepatocytes at the time of sacrifice. All three
preparations show anti-human TTR reactive bands of the size of the intact
monomer. Lane 4 contained a sample of bovine serum albumin as a protein
control.

For immuno-electronmicroscopy, ultrathin sections
of Unicryl-embedded tissue mounted on nickel grids
were preincubated for 30 minutes on drops of normal
goat serum (Dako, Glostrup, Denmark), followed by an
overnight incubation with rabbit anti-human TTR or
control rabbit serum diluted 1:10, in a humidified
chamber at 4° C. The grids were extensively washed
with tris-buffered saline (TBS), then incubated for 2
hours at room temperature with 5 or 10 nm gold-
labeled anti-rabbit IgG (Dako), and diluted 1:20. They
were then washed in TBS and double-distilled water,
briefly stained with uranyl acetate and lead citrate, and
examined with a Zeiss EM-10 electron microscope. In
some experiments improved visualization of the 5 nm
gold particles was obtained by silver enhancement
(BB International, Cardiff, United Kingdom).

Protein extraction and purification were carried out
on approximately 100 mg of kidney (from transgenic
animals with amyloid and nonamyloid TTR deposits or
no deposits and nontransgenic littermate controls),
cut into1- to 3-mm pieces in iced saline in a cocktail of
protease inhibitors (PI) (1um pepstatin, 100 um TLCK-
HCI, and 1 um Leupeptin, all from Boehringer-
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Mannheim [now Roche Diagnostics] Indianapolis, In-
diana) and homogenized on ice. After centrifugation at
12,000 rpm for 15 minutes at 4° C, the material was
washed four times in the presence of Pl and three
times in saline without PIl. After centrifugation as
above, the resulting pellet was resuspended in 20
volumes of 2 mm CaCl, in 0.1 M Tris-HCI (pH 7.5) and
3 mm NaNj;, and digested with a mixture of 2 mg/ml
collagenase CLS-3 (Worthington Biochemicals, Lake-
wood, New Jersey) and 10 pg/ml DNase | (Worthing-
ton Biochemicals) for 18 hours at 37° C. After diges-
tion, the suspension was centrifuged at 12,000 rpm for
10 minutes at 4° C, washed three times with saline
containing Pl and incubated for 1 hour at room tem-
perature with either 99% formic acid (Sigma, St. Louis,
Missouri) or with 20% acetonitrile/0.1% trifluoracetic
acid. After centrifugation at 12,000 rpm for 5 minutes,
the supernatant was dried under N, and analyzed by
Tris-Tricine SDS-PAGE on 16% gels and Western
blotting (Kaplan et al, 1993; Roher et al, 1993).

After the extracted proteins were electrophoresed,
they were transferred electrophoretically to polyvinyli-
dene difluoride membranes (PVDF, Immobilon; Milli-
pore Corporation, Bedford, Massachusetts) for 1 hour
at 400 mA at 4° C using 10 mm 3 cyclohexylamino-1-
propanesulfonic acid (CAPS) buffer, pH 11, containing
10% methanol. The membranes were blocked by
incubating with 5% nonfat milk in 10 mm phosphate
buffer, 137 mm NaCl, 2.7 mm Kcl, pH 7.4 (PBS),
containing 0.1% Tween-20 (PBS-T). They were incu-
bated for 2 hours at room temperature with the first
antibody (either rabbit anti-human TTR (Dako) diluted
1:1,000 in PBS-T or rabbit anti-human TTR
(Boehringer-Mannheim) diluted 1:4,000 in PBS-T. The
Dako antibody was also reactive with murine TTR on
Western blots. As a second antibody, we used horse-
radish peroxidase-linked F(ab’), fragment of donkey
anti-rabbit 1g 1:5,000 in PBS-T. Immunoblots were
visualized by chemiluminescence according to the
manufacturer’s instructions (Amersham Pharmacia
Biotech, Piscataway, New Jersey).

For sequencing, proteins electrotransferred onto
PVDF membranes were stained with 0.5% Coomassie
blue R-250 (BioRad, Hercules, California), and the
bands were excised. Sequencing was carried out
using automated Edman degradation on a 477A
protein-peptide sequencer. The resulting phenylthio-
hydantoin amino acid derivatives were identified using
the online 120A PTH analyzer (Applied Biosystems,
Foster City, California).

For mass spectroscopy the acetonitrile/trifluorace-
tic acid extracts were resuspended in PBS and incu-
bated overnight at 4° C with 50 ul of paramagnetic
beads M-450 anti-rabbit IgG (Dynal, Oslo, Norway)
previously coated with 3 ul polyclonal rabbit anti-
human TTR antibodies (Dako). After the incubation,
the beads were washed three times with PBS and
eluted with 10 pul isopropyl alcohol, formic acid mix-
ture (4:4:1) and dried completely in a Speed-vac
concentrator. Linear time-of-flight mass spectroscopy
was carried out at the W. M. Keck facility at Yale
University, New Haven, Connecticut.
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