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Fig.1 Family tree of the pedigree. The present case is shown by
an arrow. Genomic analysis for PRNP was carried out for cases
I-5, II-1, 3 and 4. Those patients who developed GSS disease are
depicted by a closed symbol, while those who have/had PRNP
P102L mutations are depicted by a gray or elosed symbol, along
with their age at death (years old) (PRNP prion protein gene, GS§
Gerstmann-Striussler-Scheinker)

were observed in the cerebellar cortices, cerebral cortices and thal-
amus, although neuronal loss and reactive gliosis were visibly mild.
The findings revealed that he was suffering from GSS disease.

No apparent neurological or psychiatric information was avail-
able for other relatives. Genomic analysis for PRNP was performed
for the current case, her father, and her siblings, and it was re-
vealed that her two brothers I1-1 and I1-4, her father (patient I-5),
and she herself all carried the same genotype of a proline-to-leucine
mutation at codon 102 of PRNP and a methionine homozygosity at
polymorphic codon 129.

Materials and methods

The autopsied brain was immersion-fixed in 10% formalin
and tissue blocks were paraffin-embedded. Another case
of GSS with P102L-129 M/M mutation was examined as
a control. Hematoxylin and cosin (H-E) stain, Kliiver-
Barrera (KB) stain and periodic acid-Schiff (PAS) stain
were performed on 7-fim-thick sections. Immunochisto-
chemical analyses were performed by a standard indirect
immunoperoxidase method for PiP (3F4, Senetek, USA),
glial fibrillary acidic protein (GFAP) (G-A-5, Roche,
Switzerland), 5-100 protein (Novocastra, UK), CD68 (KP1,
Dako, Denmark), ubiquitin (Dako, Denmark) and B-amy-
loid (6F/3D, Dako, Denmark}. Sections were pretreated
with hydrolytic autoclaving for PrP detection, with cit-
rate-buffered autoclaving for CD68, and with 98% formic
acid for 3-amyloid, For electron microscopic study of as-
trocytic inclusion bodies, formalin-fixed tissue blocks of
the medial frontal cortex were cut into small pieces. The
samples were postfixed in 1% osmium tetroxide, dehy-
drated through alcohol and propylene oxide, and then em-
bedded in Epon (E. Fullam, USA). Thereafter, ultrathin
sections were stained with uranyl acetate and lead citrate,
and they were observed under an electron microscope
{JEM-100CX, JEOL, Japan).

Results

The post-fixation brain weight was 1,380 g. Although no
diffuse atrophy was observed anywhere in the brain, the
left inferior frontal gyrus was locally depressed macro-
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Fig.2 Coronal section at the caudate-putamen level. The left lat-
eral ventricle is somewhat larger than the right side and left infe-
rior frontal gyrus in this section is depressed (arrows)

scopically. Coronal slices of the cerebrum showed that the
left lateral ventricle appeared to be slightly larger than the
right side (Fig.2). Histopathologically, neither neuronal
loss nor spongiform change was found anywhere in the
brain (Fig. 3A). There were no obvious white matter le-
sions around the relatively dilated lateral ventricle and no
abnormalities in the lamellar arrangement of neurons in the
depressed cortical area. Neither astrocytic nor microglial
gliosis was demonstrated in the brain by irnmunochisto-
chemistry for GFAP (Fig. 3C) or CD68 (data not shown),
respectively. Immunohistochemistry for PrP* failed to detect
abnormal PrP deposition anywhere in the brain (Fig. 3E).

Aside from GSS-specific pathology, astrocytic cytoplas-
mic inclusion bodies adjacent to the nuclei were observed,
particularly in the superficial layers of the medial frontal
cortex and the occipital cortex. The inclusion bodies were
amorphous and were eosinophilic by H-E stain (Fig. 3A,
inset) and blue-colored by KB stain (Fig. 4A), but they were
negative for PAS stain and for the immunostains of GFAP,
ubiquitin, PrP and B-amyleid {data not shown). Immuno-
histochemistry for 8-100 protein revealed that the inclusion
bodies were negative for S-100 protein but were located
within the S-100 protein-positive astrocytes (Fig.4B).
Electron microscopic study showed that the inclusion bod-
ies consisted of non-fibrillar, osmiophilic coarse granular
deposits adjacent to the nuclei, with no clear nucleolus
(Fig. 4C).

Discussion

We have presented a pre-clinical case with PRNP P102L
mutation in a patient who lacked GSS-specific pathologi-
cal features, even at an age when the clinical manifesta-
tions of GSS can readily occur. Although it is impossible
to predict when this patient would have developed the dis-
ease of GSS, the onset age of P102L-associated GSS is
roughly restricted to around the sixth decade. The age at
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Fig.3 Neuropathological features of the present case (A, C, E)
and a typical GSS case (PRNP P102L-129 M/M, disease onset at
58 years old, with a 7-year disease duration) as a control (B, D, F).
A, B Frontal cerebral cortex, H-E stain. Neither neuronal loss nor
spongiform change is evident in this case, Eosinophilic astrocytic
inclusion bodies can be frequently seen (A, inser). Note that the typ-

ical GSS case shows numerous kuru-type plaques (B, arrowheads).
C, D Cerebellum, immunochistochemistry for GFAP. Reactive as-
trocytosis is absent in this case. E, F Cerebellum, immunohisto-
chemistry for PrP. No PrP deposition is visible in this case (GFAP
glial fibrillary acidic protein, PrP prion protein). Bars A, B 50um;
C,D 100pm; E, F 200pm



Fig.4 Histological profile of astrocytic inclusion bodies. A K-B
stain. Inclusion bodies (arrowheads) are stained blue with Luxol-fast
blue. B Immunchistochemistry for §-100 protein. Inclusion bodies
(arrowheads) are located in the S-100 protein-positive astrocytes,
but are immunonegative for S-100 protein themselves. C Electron
micrograph. Non-fibrillar, osmiophilic coarse granular inclusion
adjacent to the nucleus can be observed. Bars A, B 25um; C 3um

onset in the case of her father was 53 years, while the av-
erage age at onset of the cases with P102L-GSS undergo-
ing autopsy in our laboratory (n=10) is 55.7£7.3 years old
(Table 1). Taken together with the data of almost 100%
disease penetrance in P102L-associated GSS [11], it is in-
teresting that individuals with the mutation responsible for
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Table 1 Clinicopathological profiles (GSS Gerstmann-Striussler-
Scheinker, PrP prion protein)

Present  Patient’s GSS in our lab
case father (n=10)
Age of onset (years) 50 53 55.7£7.3
Clinical duration (years} 0 8 48423
Brain weight (g) 1.380 1.170 966.01145.5
PrP deposition pattern Absent Plaque  Plaque (47.5%)
Plaque+diffuse
(62.5%; n=8)

GSS have no PrP deposition in the brain in the pre-clini-
cal or non-clinical stage, even at an age close to the aver-
age age for disease onset. Thus, it could be estimated that
GSS-specific pathology develops within a decade. Bio-
chemical analysis of PrP was not performed because we
could not cbtain fresh frozen material. Even though im-
munoblotting assay is useful for verification of protease-
resistant PrP (PrPr™), it could be certain that immunohis-
tochemistry is no less sensitive for PrP detection than im-
munoblotting, even if undertaken with sodium phospho-
tungstic acid precipitation of PrP*s. In Alzheimer’s dis-
ease or in the condition of physiological aging, either
B-amyloid deposition or neurofibrillary tangle deposition
begins in the brain long before disease manifestation oc-
curs, with manifestation sometimes even failing to occur
over a full life span [1, 9]. The situation of the development
of GSS pathology is very different from that of Alzhei-
mer’s disease. However, the current case is quite a unique
case, and it would be necessary to study a larger series of
PRNP-P102L cases with non-GSS-associated causes of
death to draw any firm conclusions.

The case reported here showed the clinical symptoms
of obvious schizophrenia, but this could not have been as-
sociated with PRNP P102L mutation because there was
no GSS-specific pathology in the brain, Tsai et al. [13] re-
ported that PRNP mutation is not associated with schizo-
phrenia, and the fact that the onset of schizophrenia in this
case was much earlier than the appearance of GS5-associ-
ated pathology reduces the possibility of a relation between
P102L mutation and schizophrenia. Several candidates for
the pathological changes seen in schizophrenia have been
reported (reviewed in {4, 10]), but no such changes were
detected in this case, except for mild hemilateral ventricu-
lar dilatation associated with an ipsilateral inferior frontal
gyral depression. However, it remains controversial as to
whether these changes are in fact specific to schizophre-
nia. :

Astrocytic cytoplasmic inclusions in this case are sim-
ilar to those previously reported in a case with brain mal-
formation (20-year-old patient with micropolygyria and
severe physical and mental retardation, who died of pneu-
monia after repeated bronchial infections) {6, 8] in respect
of morphology, electron microscopy and immunohisto-
chemical findings, except that immunoreactivity for S-100
protein was positive in the previously reported case, but
was negative in the present case. We have experienced the
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same inclusions in a case with cerebral hemorrhage in some
regions not affected by hemorrhage (unpublished data,
82-year-old patient with left thalamic hemorrhage and in-
traventricular rupture, whose disease duration was 13 days).
It can therefore be assumed that these inclusion bodies are
not specific to either GSS or schizophrenia.
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A Novel Tool for Detecting' Amyloid Deposits in
Systemic Amyloidosis In Vitro and In Vivo

Yukio Ando, Katsuki Haraoka, Hisayasu Terazaki, Yutaka Tanoue,
Kensuke Ishikawa, Shoichi Katsuragi, Masaaki Nakamura, Xuguo Sun,

Kazuko Nakagawa, Kazumi Sasamoto, Kazuhiro Takesako, Takashi Ishizaki,
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Y5), Kumamoto University School of Medicine, Kumamoto, and Department of Phammacology and Therapeutics
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SUMMARY: We synthesized (trans,trans}-1-bromo-2,5-his-{3-hydroxycarbonyt-4-hydroxy)styrylbenzene {BSB) and used this
compound to detect amyloid fibrils In autopsy and biopsy samples from patients with localized amyloidosis, such as tamilial prion
disease, and systemic amyloldosis, such as familial amyloidotic polyneuropathy, amyloid A (AA) amyloldosis, light chain (ALY
amyloidosis, and dialysis-related amyloidosis. BS8 showed reactions in all Gonga red-positive and immuncreactive reglons of the
samples examined In the study, and some amyloid fibrils in the tissues could be detacted more precisely with BSB than with tha
other methods. In the mouse model of AA amyloidasis, injected BSB reacted with amyloid In all reglons in the serial sections in
which Congo red staining was positive. A highly sensltiva 27-MHz quartz crystal microbalance analysis revealed that BSB showed
a significant affinity for amyloid fibrils purified from familial amyloidotic polyneuropathy and dialysls-related amyloidosls sampias
and suppressed formation of transthyretin amyloid in vitro. These results suggest that BSB may become a valuable tool for
detectlon of amyloid deposits in amyloidosis and of the mechanism of amylcid formation. {Lab Invest 2003, 83:1751-1759}.

rogress in molecular genetics and biochemical sues. It is not easy to predict the presence of these

methodologies has led to the identification of
various types of amyloidosis and their amyloidogenic
precursor proteins (Benson, 1995; lkeda et al, 2002;
Saraiva, 2001; Tan and Pepys, 1994; Tan et al, 1995).
Thus far, 24 different amyloidogenic proteins have
been identified; however, the mechanism of amyloid
formation has been elucidated in only several types of
amyloidosis (Ando et al, 2002; Benson et al, 1993;
Benson and Uemichl, 1996; Pepys ot al, 1993; Soutar
et al, 1932; Westermark et al, 2002). One of the most
important steps in the diagnosis of the specific type of
amyloidosis is detsction of amyloid deposits In tis-
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amyloid deposits on the basis of patients' clinical
manlfestations, that is, without histopathologic mate-

" rials. Thus, amyloldosls is sometimes diagnosed after

the death of the patients {Ishihara et al, 1989).

In systemic amyloidosis, such as familial amylold-
otic polyneuropathy (FAP), AA amyloidosis, AL amy-
loidosis, and dialysis-related amyloidosis (DRA), bi-
opsy samples are often obtained from the
gastrointestinal tract and abdominal fat to maka the
diagnosis (Guy and Jones, 2001; Kaplan et al, 1999;
Masouye, 1997) because amyloid deposits are usually
found in these tissues at the early stage of the disease.
However, in certain cases it is sometimes difficult to
make the diagnosis using only the biopsy samples,
because the pattem of amyloid deposition in the body
varies In each individual {(shihara et al, 1989). In
addition, biopsy for diagnostic purposes cannot usu-
ally be performed in patients with localized amyloid-
osis, such as in Alzheimer's disease and endocrine
amyloidosis (Westerrmark and Westermark, 2000). Di-
agnosis at the early stage of amyloidosis might be

. possible if a tool were avallable that incorporated

raal-time amyloid monitoring, such as radicisotope-

labeled scintigraphy (Hawkins et al, 1990; Pullle et al,
2002).
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Among several histopathologic methods with stains
such as Congo red, Pagoda red, and thioflavin S,
Congo red staining is one of the most popular detec-
tion methods of amyloid deposits in'tissues (Puchtler
and Sweat, 1965; Westermark et al, 1999). Congo red
is a hydrophilic chemical agent that binds to amyloid
fibrils in vitro (Benditt et al, 1970; Westermark et al,
1999). Apple green birefringence under polarized light
after Congo red staining is the most reliable evidence
of the presenca of amyloid fibrils in biopsy and/or
autopsy materials from patients with amyloidosis (Sipe
and Cchen, 2000; Westermark et al, 1999}, although
Congo red-stained histochemical sections are not
always easy to interpret. However, the Congo red
stain cannot be used for in vivo studies because it has
toxic effects in the human body (Bi et al, 1992; Case et
al, 1954; Giger et al, 1974, Giger and Zbinden, 1974;
Kennelly et al, 1384; Zenser et al, 1998). Chrysamine
G, a Congo red derivative with a similar molecular
structure used for the same purpose as Congo red,
has the same limitations (Dezutter et al, 1992, 2001a;
Klunk et al, 1395, 1998). To overcome these problems,
we must have a new tool for examination of amyloid
deposition in tissues. '

(trans,trans)-1-bromo-2,5-bis-{3-hydroxycarbonyl-
4-hydroxy)styrylbenzene (8SB), which has been found
to bind to amyloid plaques in postmortem samples of
brains from patients with Alzheimer’s diseass, is alsoa
Congo red derivative and has been the focus of recent
attention {Klunk et al, 1994; Schmidt et al, 2001;

-Skovronsky et al, 2000; Zhuang et al, 2001a, 2001b).
Becauss this compound is lipophilic, it can traverse
the blood-brain barrier, and it binds to amyloid fibrils in
the brain when it is injected intravenously into trans-
genic mice with Alzheimer’s disease (Skovronsky et al,
2000). Moreover, this compound can detect cell inclu-
sion 'bodies derived from a-synclein (Schmidt et al,
2001). However, no studies have addressed the ques-
tion of whether the corhpound could become a useful
tool for detection of amyloid deposits in systemic
amyloidosis. Various plasma proteins in the systemic
circulation may disturb the binding of BSB to amyloid
fibrils in tissues.

In this study, we carefully checked the reactivity of

BSB with amyloid fibrils found in various fypes of sys- -

temic amyloidosis and a familial type of prion disease. To
- detemmine the usefulness of the compound in vivo, we
also examined BSB reactivity in amyloid depaosits in mice
in which AA amyloidosis had been induced. In addition,
we investigated the affinity of BSB for amyloid fibrils and
the inhibitory effect of BSB on formation of transthyretin
(TTR) amyloid fibrils in vitro by means of a highly sensi-
tive 27-MHz quartz crystal microbalance (QCM) (Mat-
suno et al, 2001; Okahata et al, 1998) and elsctron
microscopy, respactively.

Results

BS8 Reaclivily with Amyleid in Deposits in Various
Types of Amyloidasis :

BSB reacted with amyloid in deposits in familial prion
disease and in various systemic amyloidoses such as
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FAP, AA, AL, and DRA (Fig. 1). Except for reactions in
familial prion disease, BSB reactions were noted in
lesions in which the antibodies also showed a positive
reaction. Compared with the sensitivity of Congo red
staining, the sensitivity of BSB was more precise, with
a greater contrast in the BSB-positive areas in the

‘tissues.

BSB Reactivily with Amyloid In Deposits in AA
Amyloidosis In Vivo

We injected BSB into mice in which AA amyloidosis
had been induced. We examined spleen samples and
found that 24 hours after the injection of BSB into the
mice, BSB-positive lesions were not obviously de-
tected, However, 48 hours after the injection, BSB-
positive lesions were clearly detected in both tissues.
BSBE reactions were seen in all lesions in the serial
sections in which positive Congo red staining was
confirmed under polarized light. Figure 2 shows amy-
loid deposits stained by BSB in vivo,

Affinity of BSB or Congo Red for Amyloid Fibrils

The frequency of the QCM responding to BSB de-
creased over time, which indicated that BSB had
significant affinity for the amyloid fibrils purified from
intestinal DRA and vitreous FAP samples. However,
neither wild-type TTR nor the variant TTR showed any
affinity for BSB (Fig. 3A). In & comparison of amyloid
fibrils In the FAP and DRA samples, BSB showed a
stronger affinity for DRA amyloid fibrils than for FAP
amyloid fibrits. '

BSE exhibited a strong affinity for amylotd fibrils: the
amount of BSB'bound to the amyloid was greater than
the amount of Congo red bound to amyloid (M[BSB], 2.
266 ng/em?, and M[Congo red™: 157 ng/cmd),
whereas the affinity of BSB for amyloid was weaker than
that of Congo red (BSB: K, = 5.66 X 105M, K; = 1.76
pM; Congo rad: K, = 2.17 X 10%M, Kg = 0.46 um) (Fg.

3, Band C).

Inhibitery Eifect of BSB on Amylold Formation

_Electron microscopic analysis of the morphology of

incubated TTR revealed that the fibrils in the absence
of BSB were stralght, nonbranched filament structures
with helical periodicity and close to an authentic
structure of amyloid fibrils {Fig. 4A). in comparison, the
fibrils in the presence of BSB had imegularly short-
curled shapes, and the morphology of these fibrils was
clearly distinct from that of typical amyloid fibrils {Fig.
4B).

Discussion

We demonstrated herein that BSB clearly reacted with
amyloid in all amyloid deposits in the samples exam-
ined both in vitro and in vivo, Obvious BSB reactions
with amyloid were noted, and the sensitivity of BSB for
amyioid was better than that shown by Congo red.

- Although we could not find any Congo red-negative or

precursor protein aggregate-positive lesions, so-
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Figure 1.

[trans, frans)-1-bromo-2,5-bis-(3-hydraxycarbonyi-4-hydroxy)styrylbenzene {BSB) reactvity fn various kinds of amyloitosis. Paraffin-embedded samples from
patients with systemic amyloldosis {A} and familial prion disease (8). A: a, Immunchistochernical staining for amyloidegenic proteins with antibodies as descrived
in the text. b and ¢, Staining with Cango red with hematoxylin and polarized light photographs, respectively. d, BSB staining. Row # familial amytoidotic polynsuropathy
(FAP}, scale bars = 10 um; row k. dialysis-retated amyloidosis (DRA), scale bars = 50 wm; row it AA amyloidosis, seals bars = 100 wm; row i AL amyloidosis,
scale bars = 200 pm. B: 3, Staining with Congo red with hemaloxylin of fam#fial type of prion disease; b, its BSB staining. Scale bars = 100 am.
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Figure 2.

BSH reactivity with amyloid in vivo. A, Microscopy of a spleen section from a
B5B-injectad mouse with AA amyloldasis. Fluorescencs of BSB was observed
under UY light. B and C, Stalning with Conga red with hematoxylin and
polarized light photograph, respectively. Scale bars = 150 pm,

called_preamyloid state lesions,. the dys might react

with such lesions. When the color of the Congo red
staining Is close to the original color of tissues exam-
ined (Fig. 1B) or the amount of amyloid is small or
scarce, we sometimes could not distinguish the pres-
ence or absence of amyloid deposition. In conirast,
BSB examined under UV light had a whitish blue color,
s0 we could clearly differentiate the amyfoid deposits
from the nonamyloid-containing tissues.

Comparison of BSB reactivity with staining of anti-

bodies for amyloidogenic proteins revealed the same.

staining pattens for BSB and antibedies. BSB also
reacted with amyloid in deposits in a brain sample
from a patient with familial prion disease, a disease in
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which amyloid plagues were found in the brain, similar
to amyloid deposits in the brain found in Alzheimer's
disease (Skovronsky et al, 2000).

However, in samples from patients with a nonfamil-
ial type of prion disease, which shows no amyloid
plaques in the brain, no BSB-positive leslons were
obtained (data not shown). These results suggest that
BSB staining Is useful for detecting amyloid clusters
predominantly in systemic amyloidotic samples.

In systemic amyloidoses such as FAP, AA, AL, and
DRA, most of the diagnostic methods are invasive
(Guy and Jones, 2001, ishihara et al, 1989; Kaplan et
al, 1999; Masouye, 1937), with blopsy of the gastro-
intestinal system, abdominal fat, or sural nerves often
used. However, amyloid depesition is not uniform in all
forms of systomic amyloidosis (Ishihara et al, 1989;
Tan and Pepys, 1994). Sometimes, no amyloid depos-
Its can be observed in biopsy materials {Ishihara et al,
1989), although it is suspected that the disease pro-
cess of amyloldosis has already started. In vivo real-
tima monltoring methods (Hawkins et al, 1990; Puilte
et al, 2002) would be beneficial for making the diag-
nosis of amyleidosis,

Serum amyloid P component (SAP) scintigraphy
(Hachulla et al, 1994, 1996; Hawkins et al, 1990; Rydh
et al, 1998; Salle et al, 1993} has been used to datect
amyloid deposits in patients, because SAP is com-
monly found in amyloid deposits in all types of amy-
loidosis. Although SAP scintigraphy has made an

- invaluable contribution to diagnosis and is to date the

only safe method, a nonspecific SAP reaction in the
liver and kidneys is sometimes noted {Hawkins et al,
1990; Puille et al, 2002). Moreover, purification of SAP
proteln is difficult, becauss the moleculs easily binds
to varlous plasma and tissue proteins (Hawkins et al,
1990; Tan and Pepys, 1994). Scintigraphy with tech-
netium-88m 3,3-diphosphono-1,2-propanocdicarboxylic
acid #*"Tc-DPD) may be useful, but i has revealed
amyloid deposits of only FAP (Puills et af, 2002). In
addition, scintigraphy with **™Teabeled monoamide-
menoaminedithiol chrysamine G was useful in chickens
with amyloid arthropathy, but no data en human amy-
loidosts or other types of amyloidosis in animal medels in
vivo were providad (Dezutter et al, 2001b). In addition,

" the labeling of compounds to *¥™T¢ for imaging must be

conducted under conditions that use covalent chelating
agents so that no separation of the label from the nuclide
occurs in vivo (Moran, 1999).

_..The possibility of using BSB for scintigraphy in the

brain has been proposed (Skovronsky et al, 2000). As
demonstrated in Figure 2, after intravenous BSE in-
jection into mice, BSB reactivity showed a significant
colocalization with amyloid deposits stained by Congo
red. In contrast, we found no accumulation of Congo
red in amyloid deposits after Conge red injection into
mice, although most of the mice died within several
hours (data not shown). In addition, it has been wel
documented that Congo red has toxic effects, espe-
cially on platelets (Giger et al,; 1974; Giger and Zbin-
den, 1974). Moreover, Congo red as well as
chrysamine G is classified into & group of azo dyes
that contain a benzidine structurs (Kennelly et al,
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Figurs 3.

A, Affinity of 8SB for FAP or DRA amylold fibrils and tar transthyretin (TTR). Time courses of frequancy changes (AF) of the quartz crystal miczobalancs (QCM)
directory immobilized with FAP or DRA amyloid fbrils or with TTR wers demonstrated, BSB dissolved In 10% dimethyl suttoxide (DMS0) was added Into a buffered
sohution {10 mwa Tris-HCI, 10% OMSO, pH 7.4, 25 *C), at a final concantration of 1.45 nmol, Frequency changes (AF} of the OCM wers converled Inta QCM binding
amount (AM) according to the Sausrhrey Equation (AF {Hz) = 0.8 ng/cm?) (Saverbrey, 4959). a, TTR; b, FAP amyloid fibrils; ¢, DRA arnyloid fibrils. 8, Binding
behavior of DRA amyloid fibrits dependlng on the concentration of BSB or Congo red. Increasing AM by adminlstration of BSB or Congo red Into the solution in each
time spot {10 mu Tris-HC), 10% DMSO, pH 7.4, 25 *C) resulted in a typical saturation binding curve [BEB cancentrations: 1.45-7.27 nmat in 6 mL {0.24- 1.21 )
Canga red conceatrations: 1.00-6.03 nmol in 6 mL (0.41- 2.45 um)}. Clossd circles = Congo red; closed triangles = BSB. C, Scatchard plot of affinities of BSB
or Conga red for DRA amylaid fidrils

AM/BSB or Congo red] = AM.. /K - AMXK, [1)]
Ka = 1K, &

Scatchard plots of the data in B gave a simple stralght line actording to Equatlon 1. Assaciation constznts {Xa) and the maximum btndnd amount {AM,,,,) to DRA
amyloid fibrits were calculated from the slope and the intercept of tha x-axls in the plot, respectively. .r.‘Iosed ¢lrcles = Congo red; cosed trlangles = RSB,
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Figure 4.

Inhibitory effect of BS8 as assessed by eleciron microscopy. Bectron
micrographs of the marphology of Incubated wild-type TTR in the absenca of
BSB (A} and in the presence of BSB (B}, as described In "Materizls and
Methods.” Nonbranched helical filament structures wera seen [n the condition
of A, and branched, short-curled fibrillar substances were seen In the condition
of 8. Scale bars = 30 am,

1984; Zenser et al, 1998; Zhuang et al, 2001a, 2001b).
Compounds possessing the benzidine structure show
carcinogenic effects when administered in vivo (Bi et
al, 1992; Case et al, 1954). In contrast to Congo red,
BSB may be beneficial in scintigraphic studies of
systemic amyloidosis in humans, because it has no

benzidine structure and can be easily madified at the

Br position of the BSB molecule (Zhuang et af, 2001a,
2001b). )
Additiona! effects of BSB—its affinity for amyloid
and its inhibition of amyloid formation—were also
studied, Figure 3 indicates the affinity of BSB for TIR,
FAP amyloid fibrils, or DRA amyloid fibrils. QCM (s a
new tool for measuring the affinity of a protein for a
protein, a protein for 2 DNA, and/or a protein for a
chemical compound {Matsuno et al, 2001; Okahata et
al, 1898). Our results confimmed the strong affinity of
BSB for amyloid fibrils but not for the amyloidogenic
protein. Figure 4 shows an inhibitory effect of BSB on
formation of TTR amyloid in vitro. In the presence of
BSB, TTR could not become complets fibrils; we
ohbserved only immature amyloid fibrils. Recently, the
thioflavin T test has been used to evaluate the degree
of amyloid formation in vitro (LeVine, 1933). However,
we did not analyze the effect of B3B on amyloid
formation in vitro as assessed by the thioflavin t test
because that method examines the competitive inhi-
bition between thioflavin T and BSB (Zhuang et al,
2001a, 2001b}, and we are not aware of the true effect

1756 Laborncory fusettization » December 2003 » Volume 83 ¢ Number t2

of BSB on amyloid formation of the TTR molecule with
this method. Therefore, we used electron microscopy
for our analysis. Our dala suggest that BSB may
become a useful tool for suppressing amyloid forma-
tion in systemic amyloidosis.

In summary, we have illustrated the usefulness of
BSB for detection of amyloid deposits in vitro and in
vivo, as well as the therapautic potential for BSB in
amyloidosis. BSB has only recently been developed,
so0 information on its potential effects on the human
body is not available. In vivo studies of BSB are
definitely required for elucidating its potential validity
for the diagnosis and treatment of amyloidosis.

Materials and Methods
Subjecls and Malerfals

For the histopathologic examinations, autopsy sam-
ples from 10 patients with FAP {five men and five
women; average 34.6 + 5.8 years old) were Included
in the study. All patients had a definitive diagnosis of
FAP ATTR Val3OMet on the basis of clinical findings,
amylold deposits In biopsy specimens, and a positive
test for ATTR Val30Met (Terazaki et al, 1999). One
patient with AL amyloidosis (a 58-year-old woman),
three patients with secondary amyloidosis (two men
and one woman; average 48.6 * 5.6 years old), seven
patients with DRA {three men and four women; aver-
age 53.4 * 6.7 years old), and one patient with familia)
prion disease all had diagnoses based on clinical and

“histopathologic findings.

Histochemical Analyses

Each tissue sample was obtained at autopsy. Sections
were cut 3-um thick from paraffin-embedded blocks
of tissue and were stained with alkaline Congo red.
Congo red reactivity was confirmed under polarized
light (Puchtler and Sweat, 1965; Westermark et &),
1999). For BSB staining, sections were immersed in
0.01% BSE in 50% EtOH for 30 minutes. Sections
were quickly differentiated In saturated Li,CO, and
rinsed in 50% EtOH before examination by flucres-
cence microscopy (Skovronsky et al, 2000). Rabbit
anti-human TTR antibody, rabbit anti-human kappa,
lambda light chain antibodies, anti-human p,-
microglobulin antibody, and rabbit anti-human amy-
loid A component antibedy [Dako, Glostrup, Denmark}
were used jor the immunohistochemical studies. The
ABC method was used (Dako) according to the man-
ufacturer's instructions, All chemicals used in histo-
chemical and biochemical studies were of analytical
grade.

BSB Synthesis

BSB was synthesized according to the methed de-
scribed by Zhuang et al (2001a, 2001b) with slight
maodifications. Briefly, the Wittig-Homer-Emmons re-
action with 2-methoxy-5-formyl benzoic acid methy!
ester and 2-bromo-1,4-bis{diethylphosphonato)xylene
provided the coupled product, 1-bromo-2,5-bis(3-
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methoxycarbonyl-4-methoxy)styrylbenzene, as a 49%
yield. After deprotection with a large excess of BBr, in
dichloromethane followed by hydrolysis, BSB was
obtained at a 20% overall yield, as a yellowish pow-
der. HPLC analysis (Wakosil | 5C18HG) with a 4:1 (vAv)
mixture of acetonitrile and 10 mm phosphate buffer
{pH 7.0} as an eluent showed 99% purity, as detected
at 254 am. IR (KB1): 3500, 1680 cm™", FAB-MS: m/z
481 (M*1), and 'H-NMR (300 MHz, DMSO-dg) spec-
trum data were in good agreement with results re-
ported by Zhuang et al (20014, 2001k),

Induction of AA Amyloidosis In Mice

Complete Freund’s adjuvant and Mycobacterium bu-
tyricum were from Difco Laboratories (Detroit, Michi-
gan). AA amyloidosis was induced in C57BL/8J mice
according to the method of Hoshii et al (1997). Emul-

" sions of complete Freund's adjuvant with M, butylicum
were prepared as follows: equal volumes of complete
Freund’s adjuvant and PBS were added to samples of
M. butylicum and emulsified in the cold under sterile
conditions. Afiquots of 250 pl of emulsion were in-
jected intraperitoneally into the mice.

Injection and In Vivo Characterization of BSB

Four weeks after 250 ul of emulsion was injected into
the mice, 200 pl of 0.2% BSB in mouse serum was
injected via the tail vein. Six mice were allowed to
recover for 24 or 48 hours before thay were killed by
decapitation, and spleens were removed and frozen.
Sections B- to 10-um thick were cut by cryostat, dried,
and imaged with no additional staining. After sectfons
were imaged, serial sectlons were stained with Congo
red.

Amylgid Formafion in Human TTR

Denatured TTR was generated by the procedure of
Goldberg et al {1991). To evaluate amyloid fibril for-
mation via partial TTR denaturation, 15 um TTR was
mixed in 50 mm sodium acetate (pH 3.0-4.0) contain-
ing 100 mm KG!, with or without 20 um BSB, and
incubated with agitation at 37 °C for 4 weeks,

Allinity of BSB er Congo Red for Amyloid Fibrils

FAP amyloid fibrils were collected by centrifugation
from vitrectomized corpus vitreum from patients with
FAP, The samplées were then washed three times with
1 ml of saline and 1 mi of distilled water, respectively,
and were centrifuged (9000 Xg for 5 minutes) (Ando et
al, 1998). DRA amyloid fibrils were purified from an
intestinal sample from a patient as described by Naik!
et al {1989). The affinity of BSB or Congo red for
amyloid fibrils was examined by using a highly sensi-
tive 27-MHz QCM (Affinix Q; litium Company, Tokyo,
Japan) as described (Matsuno et al, 2001; Okzahata et
al, 1998). Briefty, 2 ul of 100 g/ml purified amyloid
fibrils, 2 pl of 100 pg/ml purified wild-type TTR, or the
variant TTR {ATTR Val30Met) was directly immobilized
on a QCM plate, the plate was soaked in 6 mil of a

Evelutsinn of BS8 in Sy

. papo.
Ay

buffered solution [10 mm Tris-HCY, 10% dimethyl sul-
foxide (DMSO), pH 7.4] at 25 °C, and the resonance
frequency of the QCM was defined as the 0 position
after equitibrium, Then, BSB or Congo red solution
{dissolved in 10% DMSO0) was Injected silently into the
butfered solution, and time courses of the change in
frequency of the QCM responding to BSB or Congo
red was recorded. The stability and drift of the 27-MHz
QCM frequency in the solution were * 5 Hz for 12
hours at 25 °C.

Electron Microscopic Analyses

The sample containing the synthesized TTR filaments
was centrifuged at 15,000 Xg for 90 minutes. Pellets
were placed on collodion-coated grids and negatively
stained with 2% phosphotungstic acid adjusted to pH
7.4. The specimens were examined under a Hitachi
H7000 electron microscope (Hitachi Company, Hita-
chi, Japan) with an accelerating voltage of 100 kV.
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aBsTRACT. The use of Fransgenic (Tg) mice expressing chimeric sheep/mouse (Sh/Mo) prion protein (PrP) and chimeric bovine/mouse
(Bo/Mo) PrP genes was evaluated as a sheep scrapie model. We also investigated the potential for the transmission of sheep scrapie to
a human/mouse (Hu/Mo) PrP Tg mouse line. The Sh/Me PrP and Bo/Mo PrP Tg Prnp** or Prnp™ mouse lines were inoculated intra-
cerebrally with brain homogenates from three sheep with natural scrapie (KU, Y5 or $2). Incubation periods were slightly shorter in
Sh/Mo PrP Tg Prap*™, than in non-Tg mice inoculated with KU brain homogenate. In contrast, the incubation period was significantly
prolonged (p<0.05) in Bo/Mo PrP Tg Prnp** mice inoculated with KU brain homogenate. The incubation period was significantly longer
in all Tg Peap*™ and Prnp", than in non-Tg mice (p<0.01) inoculated withY5 brain homogenate. None of the Tg Prop™ mice inoculated
with S2 brain homogenate developed clinical signs and PrP5 was undetectable in their brains. These results suggested that expression
of the Sh"Mo PrP or Bo/Mo PrP transgenes does not confer susceptibility to sheep prions upon mice, and thus none of the Tg mouse
lines could be a suitable model of sheep scrapie. Hu/Mo PrP Tg Prop™ mice inoculated with natural and experimental scrapie or mouse
prions did not develop clinical signs of scrapie and PrP% was undetectable, These results suggested that neither sheep nor mouse strains

of scrapie are highly transmissible to humans.

KEY WORDS: prion, PrP transgene, scrapie susceptibility, transgenic mouse.

Transmissible spongiform encephalopathies (TSEs)
including Creutzfelt-Jakob disease (CJD) in humans,
scrapie in sheep and goats, and bovine spongiform encepha-
lopathy (BSE) in cattle are characterized by spongiosis,
astrocytosis and the accumulation of an abnormal protease-
resistant prion protein (PrP), termed PrP% [14].

The transmission of prions between species is often sto-
chastic, characterized by prolonged incubation periods or
even the absence of clinical signs and symptoms during the
first passage in a new host. The reduced susceptibility of
one species to priens derived from another is due to the
“species barrier” [12]. Studies using transgenic mice
expressing PrP transgenes have conclusively shown that the
PrP gene is the primary determinant that controls suscepti-
bility to foreign prions [1, 3, 8, 15-18, 20, 21]. Moreover,
the incubation period of TSEs in transgenic mice is
inversely proportional to the level of PrP protein produced
in the host brain [13, 22].

Sheep are natural hosts for scrapie, but many restrictions
affect the use of these animals to study this disease. Such
limitations include the high cost of large numbers of ani-
mals, space and facilities, biohazard problems and long
incubation periods. Therefore, reliable and practical animal

* CORRESPONDENCE T: IsHIGURO, N., Laboratery of Veterinary Pub-
lic Health, Obihiro Univesity of Agriculture and Veterinary
Medicine, Inada-cho, Obihiro, Hokkaido 080-8555, Japan.

J. Vet. Med. Sci. 65(3): 341-347, 2003

models of sheep scrapie are required to bicassay of sheep
prions.

Tg mice expressing the sheep PrP gene would be useful
tools with which to bioassay sheep scrapie [13]). A host fac-
tor, provisionally called “protein X”, may be involved in
species-specific prion propagation {20]. In the human/
mouse Tg system, the “protein X effect can be overcome
using chimeric human and mouse PrP (MHuZM PrP) [14,
20].

We developed Tg mice expressing a chimeric PrP gene
(Sh/Mo or Bo/Mo PrP) and assessed their susceptibility to
sheep prions with a view to using these mice as a model of
sheep scrapie. We also investigated the potential transmis-
sion of sheep scrapie to the Hu/Mo PrP Tg mouse line.

MATERIALS AND METHODS

Tg mice: Four lines of Tg mice, #4, #20, #50 and #61
expressing chimeric sheep and mouse PrP genes (Sh/Mo
PrP Tg Penp*™*), and three lines of Tg mice, #10, #43 and
#46, expressing chimeric bovine and mouse PrP genes (Bo/
Mo PrP Tg Prop**), which were produced by crossbreeding
Tg and C57BL/6 mice, were established by Kitamoto et al.
at Tohoku University School of Medicine (unpublished
data). Figure 1 shows the organization of both chimeric PtP
genes. The above mice were crossbred with knockout mice
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Fig. I.  Structure of chimeric PrP transgene construct. Recombinant mouse PrP gene was constructed from frag-

ments derived from I/Ln (—) and 1295V (----) mice. Three exons indicate open boxes, and two introns indicate 11
and I2. Open reading frame (ORF) in transgenes indicated by dotted box was replaced with bovine or sheep ORF

as described in Materials and Methods.

{Prnp™) [23], then screening these offspring for the trans-
gene. We used Tg mice that were heterozygous for the
transgene and non-transgenic littermates as controls,

Screening of transgene: Tail tissue from weaned pups
was digested with 400 g/ of proteinase K (150 gg/m! in 50
mM Tris-HCI, 100 mM NaCl, 20 mM EDTA, 1% SDS, pH
8.0) at 37°C for 24 hr. Cellular DNA was extracted twice
with buffered-phenol and once with chloroform:isoamyl
alcohol (24:1 v/v) and precipitated with three volumes of
ethanol. Mouse PrP residues 40 to 187 in the open reading
frame (ORF; indicated by dotted box in Fig. 1) were
replaced in the transgene with the corresponding regions of
sheep PrP ORF (sheep substitutions extended from 34 to
190) or bovine PrP ORF (bovine substitutions extended
from 34 to 198). The bovine ORF is a common type that
contains six copies of an octarepeat sequence. The sheep
ORF was derived from a sheep with the PrP amino acid
polymorphisms, 136 Ala and 171 GIn. Figure 1 shows
amplification of the coding region and digestion of the PrP
gene. Endogenous mouse or chimeric PrP.genes were dif-
ferentiated by PCR using the primers, Tr-1 (5°-
GCCCTCTTTGTGACTATGTGG) and Tr-2 (5'CCCCCT-
TGGTGGTGGTGGTGAC). The products were digested
with Kpn I, which cleaves the endogenous mouse PrP gene
fragment at one site but not Sh/Mo PrP gene fragment, or
with Pst I, which cleaves the Bo/Mo PrP gene fragment at
one site but not the mouse PrP gene fragment.

Inoculation with sheep and mouse prions (PrP); Brains
from sheep infected with natural scrapie (KU, PrP amino
acid type PrPMARQ/PIPTARQ, Y5 pPrpMARQPPMARQ gpd 52,
PrPMARQ/prPMARHY - experimental scrapie (VPH-GI,

PrPMARYPrPMARQ) and the mouse adapted scrapie strain,
Mo-Obihiro were sources of prions. Brain homogenates
(10% wiv) in PBS were prepared by serial passage through
18-, 22- and 27-gauge needles. Mice were inoculated
intracerebrally with 20 p! of 10% brain homogenate of KU,
52, VPH-G1, Mo-Obihiro and 1% brain homogenate of Y5
and 52. When death was clearly imminent, the inoculated
mice were sacrificed under anesthesia. The brains were
removed, cut into halves along the median line, and stored at
-35°C before processing for of PrP* detection.

Detection of PrP® and PrP5: Brain homogenate {10% w/
v} from control mice was prepared in 20 mM Tris-HCI, 0.5
mM MgCl,, 0.5 mM DTT, 6% Sarkosyl, 2 mM phenylmeth-
ylsulfonyl fluoride (PMSF), pH 7.5. The homogenate was
stabilized for 30 min at 37°C and then separated by centrif-
ugation at 17, 860 x g for 5 min at room temperature, The
supernatant was decanted and centrifuged again at 173, 969
x g for 20 min at 20°C. The supernatant was precipitated
with 10 volumes of methanol and boiled in a double-con-
centrated sample buffer (0.1 M Tris-HC, 4% SDS, 2% 2-
mercaptoethanol, 20% glycerol, 0.01% bromophenol blue,
pH 6.8) at 100°C for 10 min.

To detect PrP, brains of mice infected with scrapie were
minced, suspended in 6.5 volumes of 50 mM Tris-HCI, 5
mM MgCl,, 2% Triten X 100, pH 7.5 and digested with
DNase 1(65 pg/100 mg tissue) and collagenase (650 pg/100
mg tissue) at 37°C for 3~10 hr until tissue clumps disap-
peared. Sarkosyl was added to a final concentration of
6.25% and the mixture was equilibrated for 30 min at 37°C
before centrifugation at 17, 860 x g for 5 min at room tem-
perature. The supernatants were digested with proteinase K
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Table }. Reactivity of anti- PrP antibodies

Antibody  Animal Immunogen Reactivity 1o Prp* Dilution  Reference
( Synthetic Peptide) Bo Sh Mo
B103 Rabbir Bo PrP + o+ + 1:2000 [10}
residues103-12]
BSPX54™ Mouse Bo PrP + 4+ - 1:5 [N
residues146-159
H90 Rabbit Ha PrP - - + 1:800 19

residues90-104

a) Reactivity to respective PrP at the indicated dilution.
b) Monoclonal antibody in cutture medium,
Bo, bovine; Sh, sheep; Mo, mouse; Ha, hamster {Syrian hamster).

A Sh/Mo PrP Tg mice

B Bo/Mo PrP Tg mice

KDa

#50  #61

EL. 10 1.1 0.3 03 1.0 0.8 0.5 23 1.0

Fig.2. Expression of PrPC in Tg mice. Expression levels (E.L.) of PrP“ in Sh/Mo PrP Tg (A} and in Bo/Mo PrP Tg (B) mice brains esti-
mated by relative expression of chimeric PrP gene to non-Tg PrP gene using antiserum H90 (upper panels) that reacts only with Mo PrP
and antiserum B 103 (lower panels) that reacts with Mo PrP, Sh PrP and Bo PrP. Membranes probed with H30 were reprobed with B103.
Expression levels were estimated as described in the text. E.L.: estimated relative expression levels. Samples in A and B contained 0.5 and
0.4 mg tissue equivalent, respectively. Molecular weights of PrP® (arrows) of 35 kDz were estimated using cytochrome ¢ monomer and

otigomers (Oriental Yeast, Tokyo, Japan).

(40 pg/100 mg tissue) for 2 hr at 37°C, then PMSF was
added to a final concentration of 2 mM. Proteins were pre-
cipitated with nine volumes of methanol and collected by
centrifugation at 17, 860 x g for 5 min at 4°C. The precipi-
tates were dissolved in double-concentrated sample buffer
at 100°C for 10 min.

Proteins were resolved by electrophoresis in 12% poly-
acrylamide gels containing 0.1% SDS and transferred to
Hybond-PVDF membranes (Amersham, U.5.A.) using a
wet blotter as described [6]. Non-specific binding was
blocked using 5% skim milk, 0.2% Tween-20 in PBS on a
rocking platform. PrP%- or PrP- specific bands were visu-
alized using the primary antibodies, B103, H30, or the mon-
oclonal antibody (mAb) BSPX54 (Table 1), and the
secondary antibody, horseradish peroxidase-conjugated
anti-mouse or rabbit IgG (Amersham) in the ECL-Western
blot detection system (Amersham). Bands were visualized
and quantified using FUNFILM LAS-1000 (FUJIFILM,

Tokyo, Japan) and FUJIFILM Image Gauge (FUJIFILM,
Tokyo, Japan), respectively.

RESULTS

Expression of PrP¢ in Tg mice: Barriers between mouse
and other species is thought to be influenced by the expres-
sion of transgene products and heterology between exoge-
nous PrP% and de novo PrP€ in mice. We estimated the
expression of chimeric Sh/Mo PrP® and Bo/Mo PrP€ in the
brains of Tg mice by Western blotting using the antisera
B103 that reacts to sheep and bovine PrP, and H90 that
reacts with mouse, but not sheep and bovine PrP (Table |
and Fig. 2). H90 antiserum detected authentic Mo PrP¢ in
the brains of all Tg mice (Fig. 2A and B). Authentic Mo
PrP© signals in the Tg mouse lines were quantified and nor-
malized by comparison with the signals from non Tg mice
as a standard. Signals from total PrPC of the Tg mice in the
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Table 2.  Incubation periods for transmission of sheep scrapie to Tg Prp*”™* mice
Recipient Mouse Prion Affected/ Incubation period
Line strain®  inoculated®  (mean days * SD) P Prpseh
Sh/Mo PrP Tg
Prp** mice
#50 KU 3 519+ 31 0.1590 +
#61 KU 3 505 £ 46 0.0837 +
Bo/Mo PrP Tg
Prop™* mice
#10 KU 22 7010 0.0001 +
#43 KU 373 598+ 12 0.0116 +
#46 KU 173 C 699 - +
Non transgenic
mice KU 8/8 54234 +
Sh/Mo PrP Ty '
Penp*'* mice
#4 Y5 8/8 512428 0.0019 +
#20 Y5 10/10 555120 <0.001 +
#50 Y5 313 493116 0.0064 +
#6l Y5 5/5 51018 0.0003 +
Bo/Mo PrP Tg
Prnp** mice
#10 YS 515 657 £ 57 <0.001
#43 Y5 6/6 598 £ 44 <0.001 +
Non transgenic
mice Y5 6/6 470%5 +

a) KU, 10% brain homogenates of scrapie sheep KU; Y5, 1% brain homogenates of scrapie sheep

YS.

b} Numbers of affectedfinoculated mice exclude mice dying after inoculation or developing ¢linical

signs of scrapie.
¢) P values determined by t-test.

d) All mice proteins examined by Western blotting.

same membranes reprobed with B103 antiserum were nor-
malized by comparison with the signals from non-Tg mice
in the same manner. Expression of transgene by each Tg
mouse line was determined as follows. Normalized values
of total PrPt were divided by the respective normalized
value of the authentic Mo PrP¢ minus 1. The expression
levels of the transgene in ShMo PrP Tg mouse lines #4,
#20, #50, and #61 were 1.0, 1.1, 0.3 and 0.3, respectively
(Fig. 2A). Similarly, the levels in Bo/Mo PrP Tg mouse
lines #10, #43, #46 were 0.8, 0.5, and 2.3, respectively (Fig.
2B).

Susceptibility of the Tg PrP*"* mice to sheep prion: Sh/
Mo PrP Tg, Bo/Mo PP Tg Prnp*’* and non-Tg littermate
mice were inoculated with brain homogenates of sheep KU
or Y5 naturally infected with scrapie as a source of sheep
prion. The clinical course in affected Sh/Mo PrP and Bo/
MoTg Prnp*"* and non-transgenic mice was characterized
by progressive dysbasia, mild ataxia, whole-body tremors,
ataxia, and paralysis followed by death. The incubation
periods in the Sh/Mo PrP Tg Prnp** mice inoculated with
KU brain homogenate seemed to be somewhat, but not sig-
nificantly shorter than that in the non-Tg control. However,
incubation periods were significantly prolonged in Sh/Mo
PrP Tg Prnp** mice inoculated with the Y5 brain homoge-
nate (p<0.01) and in Bo/MoTg Prnp** mice inoculated with
KU and Y35 brain homogenates (p<0.01) (Table 2).

Detection of PrP% in the brains of Tg mice: We analyzed
the types of PrP% accumulated in the brains of Sh/Mo PrP
and Bo/Mo PrP Tg mice inoculated with scrapie KU homo-
genates using the mouse PrP specific antibodies H90 and the
sheep/bovine PrP specific mAb BSPX54. Brains from the
mice inoculated with sheep scrapie and the Obihire strain
[19] served as controls for Sh PrP% and Mo PrP% respec-
tively (Fig. 3). Mo PrP%¢ was detected with H90 but not with
mAb BSPX54, while Sh PrP5 was detected only with mAb
BSPX54 (Fig. 3). Based on the antibody specificity, both
Mo PrP% and Sh/Mo PrPS¢ were detected in the brains of Sh/
Mo PrP Tg mice #50 and #61 that developed symptoms of
scrapie signs with KU (Fig. 3A). This indicates that the
product of the transgene, Sh/Mo PrPC, could be a substrate
for the propagation of prions in Sh/Mo PrP Tg mice. How-
ever, less Sh/Mo PrP% than Mo PrP* apparently accumu-
lated, indicating that authentic Mo PrP€ was dominant in Sh/
Mo PrP Tg mice even though they were inoculated with
sheep prions. Furthermore, Bo/Mo PrP% in Bo/Mo PrP Tg
mice inoculated with KU sheep prions was undetectable,
even though Mo PrP% was detected (Fig. 3B).

Susceptibility of the Tg PrP® mice to sheep prions: To
eliminate the expression of de novo mouse PrP, Sh/Mo PrP
Tg and Bo/Mo PrP Tg Prp®® mice were inoculated with
brain homogenates containing the natural scrapie prions Y5
or §2. Incubation periods were significantly prolonged in
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A Sh/Mo PrP Tg mice B
_#50 - #61

Bo/Mo PrP Tg mice

MoPrP%  MoPrP®  #43

Fig. 3.  Detection of PrP% in Tg mice inoculated with sheep prions from KU, Types of PrP% accumulated in the brain of Sh/Mo PrP Tg
mice (A} and Bo/Mo PrPTg mice (B) inoculated with scrapie sheep KU brain homogenates were analyzed using mouse PrP specific
antibodies H90 (upper panels) and sheep/bovine PrP specific mAb BSPX54 (lower panels). Sh PrP%, PrP> from sheep with scrapie; Mo
PrP%, Prb% from ICR mice with scrapie. Molecular weights of PrP* bands indicated by arrows estimated using cytochrome ¢ monomer

and oligomers (Oriental Yeast, Tokyo, Japan}.

Sh/Mo PrP Tg Prnp™ mouse lines inoculated with sheep
prion Y5 (p<0.001). However, Bo/Mo PrP Tg Prnp®®
mouse lines inoculated with Y5 did not develop clinical
signs of scrapie and PrPS° was undetectable in their brains
except for one mouse (#46) in which the incubation period
was 644 days. Likewise, none of the mouse lines inoculated
with sheep prion S2 developed clinical signs of scrapie and
PrP® was undetectable in their brains (Table 3).

Potential transmission of sheep scrapie to Hu/Mo PrP Ty
Prap® mice: Hu/Mo PrP Tg Prnp™ mice were inoculated
with three natural and experimental sheep scrapie sources,
namely V3, 52, VPH-G1 and Mo-Obihiro mouse scrapie
prions. None developed clinical signs of scrapie and PrP3°
was undetectable in their brains. In another study, when
Sporadic CJD isolate was inoculated into the same mouse
line, the incubation period was 156 T 14 days [11] (Table 3).
These results indicated that sheep and mouse scrapie is less
transmissible to humans.

DISCUSSION

We established Tg mice (Sh/Mo PrP Tg mice) expressing
the Sh/Mo chimeric PrP gene, the organization of which is
similar to that of the MHu2ZM PrP gene, and investigated
their usefulness as a model of sheep scrapie, However, the
incubation perieds in Sh/Mo PrP Tg mice inoculated with
sheep prions were not reduced (Tables 2 and 3). Moreover,
almost all accumulated PrP%¢ in Sh/Mo PrP Tg mice infected
with scrapie were from endogenous mouse PrPC (Fig. 3A).
These results suggest that Sh/Mo PrP transgene expression
did not facilitate mouse susceptibility to sheep prions.

Bo/Mo PrP Tg mice are more resistant to inoculated

sheep prions (Table 2). Moreover, PrP% detected in the
brains of affected Tg mice was derived only from authentic
mice PrPC. These results indicate that Bo/Mo PrPC cannot
act as a substrate for the propagation of sheep prions. Dur-
ing the course of this study, Scott er al. reported that mice
deficient in the authentic PrP gene but expressing MBo2M
bovine/mouse chimeric PrP¢ (MBo2M PrP is similar to Bo/
Mo PrP in this study) are completely resistant to BSE pri-
ons. In contrast, Tg mice deficient in authentic PrP but
expressing bovine PrP€ are susceptible to BSE prions [17}.
Qur findings are consistent with these, since Bo/Mo PrPt is
less competent for the propagation of PrP% and/or prions.
Tg (BoPrP) mice expressing only bovine PrP are susceptible
to BSE prion and tgOv or Tg (OvPrP4) mice expressing
only sheep PrP are susceptible to sheep scrapie prions [4, 17,
22].

The susceptibility of Sh/Mo PrP Tg mice to sheep prions
was not enhanced despite expression of the Sh/Mo PrP
transgene perhaps because of the relatively low expression
levels of Sh/Mo PrP* in the Tg mice. The expression level
of Syrian hamster (SHa) PrP or MH2M hamster/mouse chi-
meric PrP and tgOv lines expressing ovine PrP in Tg mice is
inversely proportional to the incubation periods after inocu-
lation with 263K hamster prions or with PG127 and LA404
sheep scrapie prions [13, 16, 22]. In fact, an expression
level of hamster PrP© that was over ten-fold higher than that
of mouse PrP¢ was required to completely overcome the
species barrier effect [13]. However, the expression of Sh/
Mo PrP€ was equal to or less than that of endogenous mouse
PrPE. Thus, the amount of Sh/Mo PrP€ expression may not
have been high enough to confer susceptibility.

To eliminate the influence of mouse PrPC, we repeated
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Table 3. Incubation periods for transmission of sheep scrapie to Tg Prnp™ mice
Recipient Mouse Prion Affected/  lacubation period
Line strain® inoculated®  or Survival time p~ Prpscd:
Sh/Mo PrP Tg
Pmp®™ mice
#20 Y5 411 589 + 88 <(.001 +
#50 Y5 L1711 722+ 41 <1001 +
Bo/Mo PrP Tg
Prnp™ mice
#10 Y5 019 61~705% -
#43 Y5 015 29~705% -
# 46 Y5 1/5 644 +
Non transgenic
mice Y5 11711 431 %25 +
Sh/Mo PrP Tg
Prnp™ mice
#20 S2 0/8 162~724% -
#50 52 o8 386-726 -
Bo/Mo PrP Tg
Prnp™ mice
#10 52 0/11 169~7179 -
#43 52 o/10 539~724% -
Non transgenic }
mice 52 /10 658~668¢ -
HuwMo PrP Tg
Prnp™ mice
Y5 o5 132~814% -
S2 0/4 71-862¢ -
VPH-GI1 0/4 . 692~927% -
Mo- Obihire 03 5416979 -
Sporadic CID L1/11 156 + 14" +

a) 52, 10% and 1% brain homogenates of sheep S2 infected with scrapie; VPH-GI1, 10% brain
homogenates of sheep VPH-G1 infected with scrapie; Mo-Obihiro, 10% brain homogenates of
mouse Mo-Obihiro scrapie; Sporadic CJD, 10% brain homogenates of codon 129 met/met patient

via i.c.

b) Numbers of affected/inoculated mice exclude mice dying after inoculation or developing clinical

signs of scrapie.
¢) P values determined by t-test.

d) All mice proteins examined by Western blotting.

¢) Cause of death was not due to scrapie but other causes (e.g. accident, old age).

f) Data from Mohri S er al., 2000.

the same experiment using ShvMo and Bo/Mo PrP Tg Prmp™®
mice (Table 3). However, the incubation periods were not
reduced. In other words, authentic mouse PrPC inhibition of
the conversion of PrP*° may be an insignificant factor.
Sh/Mo Tg mice may have failed to overcome the species
barrier because chimeric PrP is not a suitable substrate for
sheep prion propagation. If the interaction between Sh/Mo
PrP¢ and inoculated sheep prion (PrP%) was favored over
that between Mo PrP® and Sh PrP%, more Sh/Mo Prp%
would have accumulated in the brains of Sh/Mo PrP Tg
mice. However, we found that PrP* in the brains of Sh/Mo
Tg mice mainly consisted of Mo PrP¥ (Fig. 3A). The C-
terminal part of PrP might also be involved in the process of
PrP* formation [9, 17]). If so, the C-terminal amino acids in
the sheep PrP gene might have been substituted by mouse
PrP amino acid residues. Codons 182-230 between sheep
PrP and mouse PrP differ in only six amino acid residues

[7], of which some are likely to be involved in the conver-
sion from sheep PrP¢ to PrPse.

The lack of susceptibility of the transgenic and non-trans-
genic mice lines to inoculum S2 as compared with Y5 may
be related to strain characteristics (Table 3). Several scrapie
strains have different effects on experimental mice [4, 22].

‘The pathogenicity and incubation periods of prion strains 52

and Y5 may be different in infected mice. Furthermore,
sheep scrapie 52 was only heterozygous at codon 171 Gln/
Arg, therefore this genetic property may influence its patho-
genicity. The structures of scrapie strains may also be dif-
ferent.

None of the human/mouse Tg lines of mice (Hu/Mo PrP
Tg Prnp”) inoculated with four natural and experimental
types of scrapie developed clinical signs of scrapie and their
brains were negative for PrP5 (Table 3). Incubation periods
for scrapie isolates in laboratory primates were significantly
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longer than those associated with Kuru and CJD isolates [3].
Moreover, a French investigation of scrapie and CJD found
no epidemiological relationships between the two diseases
[2]. Thus, these and the present findings support the coaten-
tion that scrapie is minimally or not at all transmissible to
humans.
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