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In mouse strains with the amyloidogenic apolipopro-
tein A-II (ApoA-II) gene (Apoa2°), the type C ApoA-II
protein (APOAIIC) associates to form amyloid fibrils
AApoOAII(C) that lead to development of early onset
and systemic amyloidosis with characteristic heavy
amyloid deposits in the liver and spleen. We found
age-associated heavy deposition of amyloid fibrils
[AApoAII(A)] composed of type A ApoA-II protein
(APOAIIA) in BDF1 and C57BL/6 mice reared at one of
our institutes. AApoAII(A) fibrils were deposited in
the intestine, lungs, tongue, and stomach but not in
the liver or spleen. AApoAII(A) fibrils were isolated,
and morphological, biochemical, and structural char-
acteristics distinct from those seen in AApoAII(C) and
mouse AA amyloid fibrils were found. Transmission
electron and atomic force microscopy showed that
the majority of isolated AApoAII(A) amyloid fibrils
featured fine, protofibril-like shapes. AApoAII(A)
fibrils have a much weaker affinity for thioflavine T
than for AApoAII(C), whereas APOAIIA protein con-
tains less of the f-pleated sheet structure than does
APOAIIC. The injection of AApoAII(A) fibrils induced
amyloid deposition in C57BL/6 and DBA2 mice
Apoa2?) as well as in R1.P1-Apoa2 mice (Apoa2®), but
AApoAII(A) induced more severe amyloidosis inApoa2®
strains than in the Apoa2€ strain. It was found that
AApOAII(A) fibrils isolated from mice with mildly amy-
loidogenic APOATIA protein have distinct characteris-

tics. Induction of amyloidosis by heterologous amyloid
fibrils clearly showed interactions between amyloid
protein monomers and fibrils having different primary
structures. (Am _J Pathol 2004, 164:1597—-1606)

Amyloidosis is a structural disorder of proteins in which
proteins that are normally soluble are deposited in tissues
as abnormally ordered, insoluble amyloid fibrils made up
of B-pleated sheets.! Several serious human diseases
such as Alzheimer’s disease, type Il diabetes, prion dis-
eases, and familial amyloid polyneuropathy are associ-
ated with amyloid fibril deposition.>® Thus, to devise
means of preventing amyloidosis, it may be essential to
study the properties of amyloid proteins and the mecha-
nisms for fibril formation. Many factors such as aging, the
primary sequences and mutations of amyloid proteins,
the genetic background of patients, and epigenetic fac-
tors, as well as the means of amyloid fibril transmission,
may influence fibril formation.*

In mice, spontaneous senile amyloidosis has been
found in many strains.® We isolated a unique amyloid
fibril protein from the liver of the SAMP1 mouse strain and
found that apolipoprotein A-ll (ApoA-I1), the second most
abundant apoprotein of serum high-density lipoprotein, is
deposited in the form of amyloid fibrils (AApoAll). These
fibrils are deposited systemically, but not in the brain.®”

Three alleles (Apoa2?, Apoa2®, and Apoa2°®) of the
ApoA-Il gene encode three variants of the ApoA-II protein
(APOAIIA, APOAIIB, and APOAIIC) (Table 1).2 Mice such
as SAMP1, SAMP2, SAMP10, A/J, SJL/J, and SM/J, which
have an APOAIIC protein with a glutamine at position 5,
show a high incidence of severe senile amyloidosis,
whereas the strains with a very low incidence of amyloid-
osis produce APOAIIB with a proline at position 5. Severe
AApoAll amyloidosis is linked to the Apoa2° allele.®~'°
The C57BL/6, AKR/J, and DBA/2 strains encode an
APOAIIA protein with Pro® and Met®®, and mild tissue-
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specific amyloidosis has been reported in these strains.®
Aged C57BL/Ka mice were found to have a high incidence
of gastrointestinal AApoAll amyloidosis.”" AApoAll amyloid-
osis was observed in the ileum, lung, and heart of CD-1
Swiss mice,'? and amyloid deposition was also seen in the
renal glomeruli of NSY mice. ' A better understanding of the
mechanisms linking these unique tissue distribution pat-
terns and the different degrees of deposition severity with
the primary structures of ApoA-II proteins may shed light on
amyloid fibrillogenesis.

Prion, an abnormal form (PrPSC) of the host cellular
prion protein (PrPC), is responsible for transmissible
spongiform encephalopathies (TSE), which include
scrapie in sheep, bovine spongiform encephalopathy,
and human Creutzfeldt-dakob disease.''® In TSE, the
prion causes a conformational change of PrP® to PrpSe
and a detectable phenotype or disease in the affected
individual. Recent studies with yeast have broadened the
definition of prion from a proteinaceous infectious agent
of TSE to a set of self-propagative proteins or protein-
based genetic elements.'® We described the prion-like
transmission of AApoAll amyloidosis in reports of our
previous studies. In the first of these, intravenous injec-
tion of AApoAIl(C) fibrils markedly accelerated amyloid
deposition in young R1.P1-Apoa2® mice."” In the second
study, an in vitro experiment demonstrated that the ex-
tension of AApoAll(C) proceeds as a result of the linking
of soluble APOAIIC to the ends of existing fibrils.® In the
third study, we fed young R1.P1-Apoa2® mice with
AApoAII(C) fibrils, or reared the young mice in the same
cage with old R1.P1-Apoa2® mice that had severe amy-
loid deposits. All of these mice developed amyloid de-
posits.’® Lastly, we found that AApoAll(C) induced a
conformational change in the less-amyloidogenic
APOAIIB to a different amyloid fibril structure, and that
this protein could also induce amyloidosis in the less-
amyloidogenic SAMR1 strain.?°

In the study presented here we detected early onset
and heavy AApoAll(A) amyloid deposition in BDF1 and
C57BL/6 mice, and were able to isolate enough amyloid
fibrils for biochemical and morphological characteriza-
tion, as well as for studies on transmission of amyloidosis.
The AApoAll(A) fibrils proved to have unique features
and provided new insights into the process of amyloido-
genesis.

Materials and Methods

Animals

BDF1 are hybrid mice obtained by breeding female
C57BL/6CrSlc (C57BL/6) mice with male DBA/2CrSlc
(DBA/2) mice. BDF1 and C57BL/6 mice were purchased

from Japan SLC, Inc. (Hamamatsu, Japan) and kept at
the Tokyo Metropolitan Institute of Gerontology. They
were raised under specific pathogen-free conditions at
24°C with a light-controlled regimen (12 hours light/dark
cycle). A commercial diet (CRF-1; Oriental Yeast Co.,
Ltd., Tokyo, Japan) and sterile water were available ad
libitum. BDF1 mice at the ages of 4, 9, 14, 19, 25, and 31
months and C57BL/6 mice at 12 and 24 months of age
were Killed by cardiac puncture under diethyl ether an-
esthesia. Tissues from the whole body were fixed in 10%
neutral buffered formalin, embedded in paraffin, and cut
into 4-um sections for hematoxylin and eosin, Congo-red,
and immunohistochemical staining.” The intestines and
livers were stored at —70°C for biochemical analysis.
Animal studies were conducted in accordance with
guidelines for the use of laboratory animals of the Tokyo
Metropolitan Institute of Gerontology.

Induction of Amyloidosis by Injection of AApoAll
Amyloid Fibrils

AApoAll amyloidosis was induced in 2-month-old female
R1.P1-Apoa2°, C57BL/6, DBA/2, and B6RCF1 mice by
injection of amyloid fibrils (Table 1). A congenic strain,
R1.P1-Apoa2°, features the amyloidogenic ApoA-Il gene
(Apoa2©) of the SAMP1 strain on the genetic background
of the less-amyloidogenic SAMR1 strain.?' R1.P1-Apoa2°®
mice were maintained through sister-brother mating at
the Division of Laboratory Animal Research, Research
Center for Human and Environmental Science, Shinshu
University. F1 hybrid mice B6RCF1 were obtained by
breeding female C57BL/6 mice with male R1.P1-Apoa2°
mice. AApoAIl(A) amyloid fibrils were isolated from the
BDF1 intestines and AApoAll(C) fibrils were obtained from
the livers of aged R1.P1-Apoa2® mice. These fibrils were
then suspended in pure water and samples (0.1 mg), pre-
pared freshly without freezing, were injected intravenously
after sonication.’” Mice strains and injected amyloid fibrils
used in this study are summarized in Table 1. The mice
were reared under specific pathogen-free conditions at
24°C with a light controlled regimen (12 hours light/dark
cycle). A commercial diet (MF; Oriental Yeast, Co., Ltd.) and
tap water were available ad libitum. Animal studies were
conducted in accordance with the guidelines for the use of
laboratory animals of Shinshu University School of Medi-
cine. Three and 6 months after injection of amyloid fibrils,
the mice were killed as described above.

Detection of Amyloid Deposition

Depositions of amyloid fibrils were identified by their
green birefringence in Congo Red-stained sections, vis-

Table 1. Mice Strains and Amyloid Proteins Used in this Investigation

Mouse strain ApoA-II allele ApoA-II protein Amino acid substitution Amyloid fibrils Amyloidosis
BDF1, C57BL/6J, DBA/2 Apoa2? APOAIIA 5Pro,26Val,38Val AApOoAII(A) Mild
R1.P1-ApoA2°, SAMP1 Apoa2® APOAIIC 5GIn,26Ala,38Met AApoAII(C) Severe
B6RCF1 Apoa2¥© APOAIIA/APOAIIC AAPOAII(A)




ible with polarizing microscopy. The amyloid fibril proteins,
AApoAll and AA, were identified immunohistochemically
with the avidin-biotinylated horseradish peroxidase com-
plex method using specific antiserum against murine
AApPOoAIl and AA.” SAP and ApoE were also identified im-
munohistochemically using specific antiserum against mu-
rine SAP (Calbiochem-Novabiochem Co., San Diego, CA)
and ApoE (CorTex Biochem, Inc., San Leandro, CA). The
intensities of the AApoAll amyloid depositions were deter-
mined semiquantitatively according to the amyloid index
(Al). The Al represented the mean value of the amyloid
deposition scores, graded from 0 to 4, for the seven major
tissues (liver, spleen, tongue, heart, intestine, stomach, and
skin) that were stained with Congo Red, as described pre-
viously.'®2° Tissues were examined by two independent
observers who were blinded to the experimental protocol.

The method for in situ electron microscopic observa-
tions of amyloid fibrils has been described previously.??
Small blocks (1 mm?®) of the intestine and tongue from
aged BDF1 mice (29 months) were fixed with 3% glutar-
aldehyde in 0.1 mol/L sodium cacodylate (pH 7.4) for 3
hours at room temperature and postfixed with osmium
tetraoxide in the same buffer for 1.5 hours at 4°C. En block
staining was performed with 1.0% uranyl acetate in 70%
ethanol for 40 minutes at 4°C. Thin sections of tissues
embedded in Epon were placed on a copper grid and
examined at an accelerating voltage of 70 kV under a
Hitachi H-7000 electron microscope (Hitachi Ltd., Tokyo,
Japan).

Isolation of Amyloid Fibrils

The amyloid fibril fraction was isolated as a suspension in
water from the livers and intestines of 20-month-old
R1.P1-Apoa2° mice and from the intestine, lungs, tongue,
and stomach of 31-month-old BDF1 mice."® These fibrils
were then used for biochemical and morphological anal-
yses. AA fibrils were extracted from the livers of 24-
month-old C57BL/6 mice with severe inflammation.

Tris-Tricine/sodium dodecy! sulfate-polyacrylamide gel
electrophoresis was performed on 16.5% acrylamide
gels.?® Proteins were visualized by means of Coomassie
Brilliant Blue R250. The duplicated part of the gel was
transferred electrophoretically to a polyvinylidene difluoride
membrane (Bio-Rad Laboratories, Hercules, CA). Proteins
that reacted with anti-AApoAll and anti-AA antibody were
visualized by using biotinylated pig anti-rabbit immunoglob-
ulin, avidin combined with horseradish peroxidase, and 3,
3'-diaminobenzidine.?*

Transmission Electron Microscopy (TEM) and
Atomic Force Microscopy (AFM) Imaging of
Amyloid Fibrils

A suspension of AApoAll(A), AApoAll(C), and AA amy-
loid fibrils (0.1 to 1.0 mg/ml) in 5 ul of water, stained
negatively with 5 ul of 2% sodium phosphotungstate (pH
7.2), was spread on a carbon-stabilized Formvar-mem-
brane (Okenshoji Co., Ltd., Tokyo, Japan).?® These sam-
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ples were then examined under a JEM1200 transmission
electron microscope (JEOL Ltd., Tokyo, Japan) with ac-
celeration at 80 kV. For AFM observations an SPI-3800N
with DF40 cantilevers (Seiko Instruments, Chiba, Japan)
and a spring constant of 40 N/m was used. The 5-ul water
suspensions of amyloid fibrils (0.3 mg/ml) were spread
on the surface of freshly cleaved mica and excess water
was removed with a gentle stream of air.

Biochemical Characterization of Amyloid Fibrils

An RF-1500 spectrofluorometer (Shimazu Corp., Kyoto,
Japan) was used for fluorescence spectroscopy at room
temperature. In all experiments, the size of the reaction
mixture was 1.0 ml and the reactions were performed in
polypropylene tubes (1.5 ml) at room temperature. The
incubation mixture contained 50 mmol/L glycine-NaOH
buffer (pH 9.0), 5 ng of amyloid fibrils, and various con-
centrations of thioflavine T (ThT) (Wako Pure Chemical
Industries, Ltd., Osaka, Japan). Five-ul aliquots from
each of the reaction tubes were used for fluorescence
spectroscopy. In all studies, emission spectra at 482 nm
were obtained.?®

Both APOAIIA and APOAIIC monomers were obtained
from amyloid fibrils by means of six molar urea polyacryl-
amide gel electrophoreses.'® Each type of monomer (20
ng) was dissolved in phosphate buffer (50 mmol/L, pH
7.5). The circular dichroism (CD) spectrum of each pro-
tein solution was recorded on a Jasco 725 spectrometer
(JASCO Corp., Tokyo, Japan) at 25°C, and at 0.2-nm
intervals between wavelengths of 194 and 250 nm.

In Vitro Polymerization Assay

Reaction mixtures (40 wl) contained 25 mmol/L phos-
phate buffer at pH 7.5, 100 umol/L (35 ng) APOAIIA or
APOAIIC monomer purified from high-density lipoprotein
of C57BL/6 and R1.P1-Apoa2° mice,® 3 ug of sonicated
AApoAll(A) or AApoAll(C) fibrils, and 300 umol/L urea.
For the inhibition analysis, various amounts of APOAIIA
monomers were added to the reaction mixtures, which
were prepared at 4°C. Reactions were performed in
tubes at 37°C three times. Five-ul aliquots from each
reaction tube were used for fluorescence spectrosco-

py'25

Statistical Analysis

Significant differences in the values of Als among the
various groups of mice were examined using the Mann-
Whitney U-test.

Results
Amyloid Deposition in BDF1 and C57BL/6 Mice

Sequence analysis of ApoA-Il cDNA revealed that both
BDF1 and C57BL/6 have the Apoa2? allele of the ApoA-Il
gene (data not shown). The intensity of amyloid deposi-
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Figure 1. Age-associated increase in amyloid deposition in BDF1 mice. Five
mice in each age group were examined. Al determined by Congo Red
staining in the tongue (M), heart (O), stomach (@), intestine ([(J), skin (#),
liver (¥), spleen (A), and whole body (H) were plotted against age. Black
symbol, BDF1; red symbol, C57BL/6.

tion in BDF1 mice increased with age (Figure 1), while no
amyloid deposits were seen in young mice (4 months of
age), and only slight depositions in the tongue, intestine,
and stomach were seen in mice at the age of 9 months.
In the aged mice (25- and 31-month-old), however, the
grade of amyloid deposition in the intestine, tongue,
stomach, skin, and heart was nearly 4, which means
corresponding to severe and systemic deposition, al-
though no deposits were observed in the livers and
spleens of these mice.

The amyloid deposit stained positively with anti-
AApoAll antiserum and negatively with the anti-AA anti-
serum (Figure 2; Ato C). The villi in the intestines of aged
BDF1 mice were filled with amyloid deposits, whereas
other tissues such as tongue, heart, and stomach also
contained severe AApoAll deposition (Figure 2; D to F).
The amyloid deposit in the villi and other tissues of aged
BDF1 stained positively with antiserum against mouse
SAP and ApoE (Figure 2; G to I). In situ TEM showed
amyloid fibril-like components ~8 nm wide in the intes-
tines and tongues of aged BDF1 mice (Figure 3).

The degrees of amyloid deposition in the C57BL/6
mice at the ages of 12 and 24 months are summarized in
Figure 1. Aged C57BL/6 (24 months) mice also showed
severe amyloid deposition in the intestine, stomach, and
tongue. In two 24-month-old C57BL/6 mice, AA fibrils
were deposited in the spleen and liver (data not shown).
AA fibrils were extracted from all of these tissues.

Isolation of Amyloid Fibrils

Amyloid fibril fractions were extracted from various tis-
sues of aged BDF1 and R1.P1-Apoa2° mice and ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. A dominant single band having a molec-
ular weight of ~8.6 kd was detected (Figure 4A), which
was consistent with the size of the ApoA-Il monomer.
Additional bands in the molecular weight range 10 ~ 18
kd were observed in the lung fraction. Western blotting of
the amyloid fibril fractions extracted from the intestines of

the BDF1 mice with anti-AApoAll or anti-mouse AA anti-
body produced two bands reacting with the anti-AApoAll
antibody (Figure 4B). The same results were obtained for
the amyloid fractions from the other tissues (data not
shown). These bands indicated the presence of the
ApoA-Il monomer (molecular weight, ~8.6 kd) and dimer
(molecular weight, ~18 kd). No specific band was
stained with the anti-mouse AA antibody. The amyloid
fraction from the intestine of the BDF1 mice was not
stained with anti-ApoE or anti-transthyretin antiserum
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) (data
not shown).

Morphological Characterization of Amyloid
Fibrils

TEM images of AApoAll(C) fibrils showed the typical
helical structure of amyloid fibrils (Figure 5A), which were
10 nm in diameter, rigid, and nonbranching. Mouse AA
also showed typical amyloid fibrils that were non-
branched, 8-nm-wide fibril structures (Figure 5B). On the
other hand, typical fibril images were rarely obtained in
the case of AApoAll(A) fibrils, but fibrils with a spherical
shape (Figure 5C) and short fibril-like materials with a
width of ~5 nm were observed (Figure 5D). AFM images
of amyloid fibrils showed typical amyloid fibrils of
AApoAIl(C) (height up to 10 nm) and mouse AA (height
up to 8 nm) (Figure 5, E and F), whereas fine and small
fibrils (height up to 2 nm) and very small amounts of
larger and longer fibrils (height up to 7 nm) were found in
the amyloid fibril fractions from BDF1 mice (Figure 5, G
and H).

Affinity of Amyloid Fibrils for ThT

Morphological differences observed among AApoAll(A),
AApoAII(C), and AA fibrils suggested that the biochem-
ical properties of these amyloid fibrils may be different.
ThT binds to amyloid fibrils and emits fluorescence at a
specific wavelength. The binding constant Kb was de-
fined as the concentration of ThT that produced half of
the maximum emission intensity at 482 nm. AApoAll(C)
from the R1.P1-Apoa2® liver indicated a strong affinity for
ThT (kb = 106 nmol/L) (Figure 6), as did AApoAll(C) from
the R1.P1-Apoa2° intestine (kb = 35 nmol/L). On the other
hand, AApoAll(A) from the BDF1 intestine showed a
much weaker affinity (kb = 4.2 umol/L). AA fibrils were
characterized by a typical amyloid fibril structure, but the
affinity was much weaker (kb = 5.6 umol/L) than that of
AApoAII(C). The affinity of Congo Red for AApoAll(A)
fibrils in vitro was weaker than that for AApoAll(C) fibrils
(data not shown).

CD Analysis of Secondary Structure of ApoA-I

To evaluate the conformational differences between the
two types of ApoA-Il monomers, a CD analysis was per-
formed using ApoA-Il monomers at neutral pH. These
monomers had been used for polymerization reactions of
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Figure 2. AApoAll deposition in tissues of aged BDF1 mice. Amyloid deposition in an aged (31 months) BDF1 mouse was detected by green birefringence in
Congo Red-stained sections examined by polarized microscopy (A, D, E, and F). Amyloid proteins were identified immunohistochemically with anti-AApoAII (B)
and anti-AA antiserum (C). A: Amyloid deposit (grade 4) in the intestine. B: AApoAll deposits identified in the intestine by staining with anti-AApoAlII antiserum.
C: No AA was detected in the intestine by staining with anti-AA antiserum. Amyloid deposition represented by green birefringence in the tongue (grade 4) (D),
stomach (grade 4) (E), and heart (grade 4) (F). G: AApoAIl deposits identified in the intestine by staining with anti-AApoAII antiserum. H: SAP was identified
in the intestine by immunohistochemical staining. I: ApoE was identified in the intestine by immunohistochemical staining. Scale bars, 100 um.

Figure 3. /n situ TEM of amyloid deposition in aged BDF1 mice. AApoAII(A)
amyloid fibrils were detected in the intestine (A) and tongue (B) of an aged
(29 months) BDF1 mouse. Gently curved, ~8-nm-wide entities were ob-
served. Scale bar, 100 nm.

amyloid fibrils in vitro (Figure 7). In the case of the
APOAIIA monomer, the spectrum exhibited only a nega-
tive ellipticity with a negative peak at 201 nm. This indi-
cates that this protein has a nonhelical, non-B-strand
secondary structure. On the other hand, the spectrum of
APOAIIC exhibited a trough at a higher wavelength, dem-
onstrating that APOAIIC has a more extensive B-sheet
structure than does APOAIIA.

In Vitro Fibril Formation by Type A ApoA-I

To examine fibril formation in vitro, AApoAll(C) and
AApoAII(A) fibrils and 100 umol/L of two types of ApoA-II
monomers were incubated at 37°C in phosphate buffer
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Figure 4. AApoAII(A) amyloid fibril deposits in various mouse tissues of
aged BDF1 mice. Amyloid fibrils were extracted as water-suspended frac-
tions and were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. A: The gel was stained with Coomassie Brilliant Blue R-250.
Molecular weight marker (lane 1), AApoAII(C) amyloid fibrils of the liver
(lane 2) and the intestine (lane 3) of R1.P1-Apoa2“ mice. AApoAII(A)
amyloid fibrils of the intestine (lane 4), lungs (lane 5), stomach (lane 6),
and tongue (lane 7) of aged BDF1 mice. B: Western blot analysis of
AApPOAII(A) amyloid fibrils from the intestine of a BDF1 mouse, detected
with anti-AApoAlIl antiserum (lane 1) and anti-AA antiserum (lane 2).

(pH 7.5). AApoAll(C) fibrils act as seeds for AAPOAIIC
monomers, resulting in extension of the amyloid fibrils
(Figure 8A). However, fibril extension in vitro was not
detected in the reaction of APOAIIA monomer with

A

Figure 5. TEM and AFM images of amyloid fibrils. AApoAII(C) amyloid
fibrils from the liver of Rl.Pl—ApanC (A), and AA fibrils from the spleen of
C57BL/6 mice (B) were negatively stained. These amyloid fibrils were rigid,
nonbranching, and 8 to 10 nm wide. AApoAII(A) amyloid fibril fractions
contained fine or spherical (2 nm wide, arrowheads) (C), or thin (5 nm
wide), short fibril-like materials (D). AFM images of amyloid fibrils show
typical amyloid fibrils of AApoAII(C) (height up to 10 nm) (E), and mouse
AA (height up to 8 nm) (F). Spherical-shaped fibrils (arrowheads) and fine
fibrils (height up to 2 nm, arrows) (G), and a very small amount of larger
and longer fibrils (height up to 7 nm) (H) were found in amyloid fibril
fractions from the intestines of BDF1 mice. Scale bar, 200 nm.
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Figure 6. The affinity of amyloid fibrils for ThT. The effects of various ThT
concentrations on the fluorescence of amyloid fibrils were determined. A:
AApOAII(C) isolated from the liver; B: AApoAII(C) isolated from the intes-
tine; C: AApoAII(A); and D: mouse AA. AApoAII(C) fibrils were isolated from
the liver and intestine of a 19-month-old R1.P1-Apoa2° mouse. Mouse AA
fibrils were isolated from the liver of a 24-month-old C57BL/6 mouse.
AApOAII(A) fibrils were isolated from the intestine of a 31-month-old BDF1
mouse. AApoAII(C) fibrils showed a strong affinity for ThT (106 nmol/L or 35
nmol/L). On the other hand, AApoAII(A) and mouse AA showed relatively
weak affinities (4.2 pmol/L and 5.6 umol/L, respectively). Similar results
were observed in three independent experiments, and typical data are
shown.

AApoAIll(A) fibrils (data not shown). Fibril extension of
AApoAIl(C) in reaction with APOAIIC was inhibited by the
APOAIIA monomer. AApoAll(C) fibrils and 100 wmol/L
APOAIIC monomer were incubated with various concen-
trations of the APOAIIA monomer. Fibril formation was
significantly reduced with an increase in APOAIIA mono-
mer concentration (Figure 8B). Equivalent amounts of
APOAIIA (100 wmol/L) inhibited fibril formation by 80%.

Induction of Amyloidosis in Vivo

Sonicated AApoAll(A) or AApoAll(C) amyloid fibrils (100
wg) were injected intravenously into 2-month-old R1.P1-
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Figure 7. CD spectra of APOAIIA and APOAIIC amyloid precursor proteins.
APOAIIA protein (solid line) and APOAIIC protein (broken line) were
isolated from AApoAII(A) and AApoAII(C) amyloid fibrils, respectively. Each
protein was dissolved in neutral phosphate buffer (pH 7.5).
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Figure 8. In vitro fibril extension kinetics of the APOAIIA amyloid protein.
A: Samples (100 umol/L) of APOAIIC proteins were incubated with 75 ng/ul
of AApoAII(C) seeds in 25 mmol/L phosphate buffer, pH 7.5, and 300
mmol/L urea without (@) or with 70 wmol/L APOAIIA proteins () at 37°C
for 0, 3, 7, 10, and 24 hours. B: APOAIIC proteins (100 umol/L) were
incubated with 75 ng/ul AApoAII(C) seeds and with various amounts (0, 10,
50, and 100 wmol/L) of APOAIIA proteins at 37°C for 10 hours. Inhibition of
fibril extension by APOAIIA proteins was determined. Similar results were
observed in three independent experiments, and typical data are shown.

Apoaz©, C57BL/6, DBA/2, and B6RCF1 mice (Table 2).
Three months after injection of AApoAll(C) into R1.P1-
Apoa2° mice, amyloid deposition was detected in all of
the organs examined (Al = 2.4). Six months after injection
of AApoAII(C), amyloid deposition had increased (Al =
3.3). Severe deposition was detected in the tongue, the
Disse’s space of the periportal sinusoid of the liver,
spleen, stomach, interstitia of heart muscles, and intes-
tine. When AApoAll(C) fibrils were injected into mice,
R1.P1-Apoa2° had the most severe amyloidosis seen
among four strains. AApoAll(A) also induced amyloidosis
in R1.P1-Apoa2° mice, but the intensity of amyloidosis
was weaker than that induced by AApoAIlI(C) (Al = 1.3,
P = 0.0008 at 3 months).

C57BL/6 and DBA/2 mice, which have the APOAIIA
proteins, showed mild or slight amyloid deposition after
injection of AApoAll(C) fibrils. Three months after injec-
tion, deposition was found in the intestine, tongue, and
stomach, but no deposition was seen in the liver or
spleen (Al = 0.5). Six months after injection, the degree
of amyloidosis had also increased, and amyloid deposi-
tion was detected in the liver and spleen of C57BL/6 mice
(Al = 1.9). Amyloidosis in these mice was induced by
injection of AApoAIll(A). Three months after injection,

Senile Amyloidosis in ApoA2¢ Mice 1603
AJP May 2004, Vol. 164, No. 5

amyloid deposition was detected in the tongue, stomach,
interstitia of heart muscles, and intestine (Al = 1.1,
C57BL/6). After 6 months, the deposition in these tissues
had become more severe (Al = 2.3), but no amyloid
deposition was shown in the liver or spleen. The degree
of induction by AApoAll(A) was stronger than that by
AApoAII(C) in both of the Apoa2? strains (P < 0.01).

Only slight amyloid deposition in the intestine was
induced by AApoAll(C) fibrils in BBRCF1 mice, which
possess both APOAIIA and APOAIIC proteins.
AApoAIl(A) fibrils also induced amyloidosis in the
B6R1CF1 mice. The intensity of deposition by AApoAll(A)
fibrils was much stronger than that induced by
AApoAII(C) (P = 0.0002 at 3 months). AApoAll fibrils
deposited in the tongue of the BBR1CF1 mice injected
with APOAIIA were proven to be AApoAIll(A) by mass
spectrometry, and these had a molecular weight of 8709
(data not shown). No amyloid deposition was detected in
water-injected control mice of any strains used for these
experiments.

Discussion

Amyloidosis, in which proteins associate to form abnor-
mally ordered, fibril-like structures, is a complex patho-
logical condition. Both genetic and epigenetic factors
contribute to the initiation and progression of this disease
set. Mouse AApoAIl amyloidosis can be studied to un-
ravel the complex pathogenesis of this condition. Three
alleles of the mouse Apoa2 gene have been reported.®
Amyloidosis whose intensity and tissue distribution de-
pends on the mouse strain and on the specific rearing
conditions has been reported in the Apoa2? strains.''~'3
In this study, we found that AApoAlI(A) amyloid fibrils
isolated from mild-amyloidogenic BDF1 mice have dis-
tinct pathological and structural characteristics and
transmissibility patterns.

Severe systemic amyloidosis is seen in the Apoa2®
strains, but little or none is seen in the Apoa2”® strains.
APOAIIA and APOAIIB proteins contain a proline at po-
sition 5, while the APOAIIC protein has a glutamine at
position 5. Proline is known to break up B-sheets,® while

Table 2. Induction of Amyloidosis by the Injection of Two Kinds of AApoAIl Amyloid Fibrils in Various Strains of Mice

Injected Number Al” (ST Number Al (BMT
Strain Apoa2 amyloid fibrils of mice Liv Spl Int Stm on Her Skn Total of mice Liv Spl Int Stm on Her Skn Total
R1.P1-Apoa2® c/c AApoAII(C) 14 21 25 25 22 34 21 19 24° 9 34 38 36 38 33 31 22 33"
AApoAII(A) 7 0.0 0.1 24 21 25 10 07 1.3 7 20 22 20 30 39 21 24 259
C57BL/6 ala AApoAII(C) 6 0.0 00 03 12 20 00 02 059 5 20 02 27 29 29 09 14 19
AApoAII(A) 7 0.0 00 08 21 29 11 11 1.1° 7 04 00 26 31 39 37 23 23
DBA/2 ala AApoAII(C) 7 0.6 00 12 10 17 02 00 07 5 29 00 27 16 24 11 00 15
AApoAII(A) 6 0.0 00 13 14 18 12 02 08 6 0.0 00 3.9 25 35 36 08 21
B6RCF1 a/c AApoAII(C) 9 0.0 00 05 00 01 00 01 o.1f 7 0.0 0.0 04 05 06 0.1 00 02"
AApoAII(A) 10 0.0 0.0 03 22 32 02 05 1.0° 5 00 09 1.7 28 35 18 18 18"

No amyloid deposition was detected in water-injected control mice of each strain at 3 months and 6 months after injection (data are from ~ five

mice).

*The Al was determined after 3 and 6 months for each mouse injected with amyloid fibrils and the mean Al values are shown. Liv, liver; Spl, spleen;

Int, intestine; Stm, stomach; Ton, tongue; Her, heart; and Skn, skin.

The Al of whole body (total Al) of different groups of mice was compared using the nonparametric Mann-Whitney U-test. Within one column, values
with different letters (a versus b, c versus d, e versus f, g versus h, i versus j, k versus |, and m versus n) are significantly different (P < 0.05).
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glutamine is able to generate polar interactions that stabilize
the B-sheet conformation,?” and is therefore postulated to
be fibrillogenetic. In addition, APOAIIA features a Val26Met
substitution from the less-amyloidogenic APOAIIB protein.
Amyloidogenic mutations from valine to methionine have
been identified in familial amyloid polyneuropathy.?®2° We
found a characteristic tissue distribution of amyloid deposi-
tion in BDF1 and C57BL/6 mice, which showed severe
depositions in the intestine and tongue but no depositions in
the liver and spleen, where major amyloid deposits were
observed in the Apoa2® strains. Similar observations have
been reported for human hereditary amyloidosis. In the first,
the apolipoprotein A-I (ApoA-l) variant Gly26Arg was found
to be associated with peripheral neuropathy, peptic ulcers,
and nephrotic syndrome.®° In another study, a deletion/
insertion mutation in exon 4 of the ApoA-l gene proved to be
capable of causing amyloid hepatopathy,®' and variant
Leu90Pro mutants of ApoA-I are associated with cutaneous
amyloid deposition and cardiomyopathy.*? It has been sug-
gested that this phenomenon is related to the distinct pri-
mary structure and conformation of the amyloid fibrils.33
However, the Leub55Pro mutant of TTR is known to be amy-
loidogenic,®* and the Val30Met mutant has a variety of
tissue phenotypes.®® Thus, it may be difficult to be evaluate
the possible role of each amino acid substitution in amyloid
deposition.

Isolated AApoAlI(A) fibrils have a conformation distinct
from that of amyloidogenic AApoAll(C) in that they have:
1) a proto-fibril-like structure; 2), less affinity for ThT; 3) a
smaller amount of B-pleated sheet structure in the mono-
mer form. TEM and AFM detected very fine (~2 nm)
proto-fibril-like structures and extremely few fibrils, and
these were shorter and thinner than the AApoAll(C) and
AA fibrils. The presence of protofibril-like fibrils has been
reported in immunoglobulin light-chain,®® AB,3” and other
types of amyloid proteins such as TTR, in in vitro fibril
formation.®® Depositions of nonfibrillar amyloid protein
have been reported in light chain deposition disease,®® in
a Val30Met familial amyloid polyneuropathy patient*® and
in Leus5Pro*" and normal TTR transgenic mice.*? Tissue
sections from BDF1 mice that were stained with Congo
Red showed a distinct apple-green birefringence, and in
situ electron microscopy disclosed mature fibril-like com-
ponents. In addition, amyloid deposits in BDF1 were
found to have SAP and ApoE. These phenomena suggest
the presence of the fibrillar form in situ. In the case of
BDF1 mice, the amount of amyloid fibrils may be small, so
only small amount of fibrils can be detected with TEM and
AFM. The significance of the reduced affinity of
AApoAII(A) amyloid fibrils for ThT remains to be ex-
plained. However, because ThT recognizes the amyloid
fibril structure, minor conformational variations may give
rise to differences in the affinity for ThT.2°> We found by
CD that the APOAIIA protein contains fewer B-pleated
sheets and random structures at neutral pH than does
APOAIIC. These results indicate that specific structural
and morphological features of the amyloid protein may
explain the different degrees of deposition severity and
the unique tissue distribution of amyloids. However, the
precise mechanism of this relationship awaits further clar-
ification.

Recent research has suggested that amyloid fibrils,
like prions, are self-propagating protein conformations
occurring both in vitro and in vivo.'®*3°45 When small
nuclei or amyloid fibrils are present, they dramatically
accelerate fibril formation by inducing conformational
changes in amyloid protein monomers, which adopt the
same fibrillar structure as amyloid fibrils. Both AApoAll(C)
and AApoAll(A) fibrils were found to be capable of in-
ducing amyloidosis. The relative intensities of induction
by homologous amyloid fibrils [R1.P1-Apoa2° by
AApoAIll(C) and BDF1, C57BL/6 by AApoAII(A)] were
greater than the induction intensities in the heteroge-
neous amyloid fibrils [R1.P1-Apoa2® by AApoAll(A) and
the Apoa2? strains by AApoAlI(C)]. AApoAll(A) fibrils in-
duced both types of AApoAll amyloidosis with the same
intensity, but AApoAll(C) fibrils induced AApoAlI(C) amy-
loidosis much more strongly. In B6BRCF1mice that co-
express both APOAIIA and APOAIIC, induction of amy-
loidosis by AApoAll(C) was remarkably suppressed. This
result agreed with the in vivo observations that F2 hybrid
mice with the Apo2#° allele showed no amyloid deposi-
tion® and that AAPOAIIA monomer inhibited fibrillar ex-
tension of APOAIIC that was seeded with AApoAll(C) in
vitro (Figure 8). On the other hand, an appreciable
amount of AApoAll(A) was deposited in B6RCF1 mice
when AApoAllI(A) was injected. The tissue distribution of
amyloid deposits was related to the type of endogenous
ApoA-Il protein and did not depend on the type of in-
jected amyloid fibrils. AApoAll(A) amyloid fibrils were not
detected in the spleen and liver in BDF1, C57BL/6, and
BBRCF1 mice injected with AApoAll(C) (Table 2).

Amyloidosis, including prion diseases, results from a
conformational change in a protein, and this conversion
makes the disease transmissible.* 9434446 Transmis-
sion of exogenous amyloid fibrils can be an epigenetic
initiator of amyloidosis under certain conditions. Previous
studies have indicated the existence of a species barrier
in mammalian and yeast prions, which depends on dif-
ferences in primary structures among prion proteins.*”48
However, recent research has demonstrated that the ap-
pearance of yeast prions is enhanced by heterologous
prion aggregates.*® Acceleration of amyloidosis by het-
erologous amyloid fibrils was detected in AA and
AApOoAIl amyloidosis.?*° It has also been proposed that
the seeding model can be used to explain how injected
amyloid fibrils, synthetic amyloid-like fibrils or modified
silk enhances the elongation of amyloid fibrils in
mice.®"%2 More than 30 amyloid proteins and fibrils have
been identified in humans and mice,* and recent inves-
tigations have reported the presence of amyloid fibrils in
fungus and in Escherichia coli.>®>°* Computer searches
revealed that 108 of the ~6000 Saccharomyces cerevisiae
genes contain prion-like domains.®® If enhancement of
amyloid fibril formation by other amyloid fibrils is a wide-
spread phenomenon, it may be one of general pathogen-
esis common to various kinds of amyloidosis.

We first isolated and characterized a mildly amyloido-
genic variant of mouse AApoAll amyloid fibrils
[AApOAII(A)] from the commonly used BDF1 and
C57BL/6 mice. AApoAll(A) has unique structural proper-
ties. The intensity of AApoAll(A) deposition is highly de-



pendent on the conditions under which the mice are
reared, because we could not find any amyloid deposi-
tion in the C57BL/6 and BDF1 mice in other laboratories
(data not shown). Thus, multiple factors may be involved
in triggering amyloidosis. It may be possible that the
ingestion of homologous or heterologous amyloid fibrils
occurring in nature represents a factor in the initiation of
amyloidosis. This possibility should be investigated fur-
ther carefully. The characterization of AApoAll amyloid-
osis has proven helpful for identification of the genetics
and epigenetics of amyloidosis, yielding results that are
applicable to other protein-folding diseases as well.
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