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Fig. 5. Glycoform ratio of PrP%¢ in animals were plotted
with their means and SDs. O, Hamster (Sc237); [0, MH2M
(Sc237); A, MHM2 (Sc237); @, hamster (Obihiro) (first
passage); M, MH2M (Obihiro); A, MHM2 (Obihiro); and
©, mouse (Obihiro). X-axis, diglycosylated PrP band ratio;
Y-axis, unglycosylated PrP5° band ratio

the Obihiro strain and the Sc237 strain. In the
MH2M mice, the PrP*® glycoform ratio changed
depending on the prion strain (Fig. 4). Subse-
quently, the unglycosylated and diglycosylated
PrP° ratio of each mouse was plotted. The ratio
of unglycosylated PrP>° increased in the following
order: hamster, MH2M, MHM2, and mouse. In the
MH2M and MHM2 mice, the unglycosylated PrP5¢
ratio was constant irrespective of the prion strains.
However, the diglycosylated PrP5 ratio changed
depending on the prion strain, and this characteris-
tic was obvious in the MH2M mice (Fig. 5).

Discussion

Prion infection in interspecies transmission has
caused a phenomenon of “species barrier.” Amino
acid substitution in the host PrP and the resulting
conformational differences between the invading
PrP% and host PrP€ is thought to be an explana-
tion for this phenomenon. Different PrP glycoform
ratios among host species and strain variations may
be due to different PrP conformations. To clarify
the relationship between scrapie susceptibility and
PrP glycoform ratio, hamsters were intracerebrally
inoculated with mouse-passaged scrapie prions.
The PrP>° glycoform transition was observed de-
pending on the degree of prion adaptation (Figs. 1, 2).
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In early passage, the PrP> glycoform ratio was
similar to that of PrP*° in the inoculum, and the
glycoform ratio gradually shifted to that of the
prion-acquired host PrP with prion adaptation. This
result indicated that the PrP>¢ glycoform ratio was
influenced by both the host PrP amino acid se-
quence and by prion strain characteristics. In early
passage, prion characteristics (inoculum) pre-
dominantly influenced the PrP>° glycoform ratio.
Following subsequent passages, the glycoform ratio
was altered to match the host PrP profile with short-
ening of the incubation periods. PrP*¢ in primary
passaged animals might retain most characteristics
of the original prion strain.

PrP*° glycosylation profiles may be indicative of
the PrP¢ glycoform pattern of the brain area in
which PrP*¢ is formed. PrP€ and PrP5° showed dif-
ferent glycoform patterns depending on the tissue
differences [14]. However, our result also showed
a similar PrP® glycoform ratio in different brain
regions (Fig. 1). To prevent any unexpected influ-
ence in different brain areas, we used the medulla
region in this experiment.

Investigating the PrP>¢ glycoform ratio in pri-
mary passaged animals might provide important
information regarding prion strain diversities [6].
It has also been reported that MH2M mice inocu-
lated with Sc237 generated a different PrP5° con-
former, resulting in the emergence of a new prion
strain [12]. Our result also showed that subsequent
passages altered the PrPS° characteristics. In the
case of BSE, pandemic occurrence was observed,
and the BSE prion may already have several pas-
sage histories among cattle populations. Therefore,
it might be difficult to determine the origin of BSE
using the PrP%° glycoform ratio. It has been re-
ported that there were no significant differences
among PrP5¢ glycoforms of natural scrapie, but that
was apparently different from that of BSE in cattle
and experimentally BSE-affected sheep [18]. In
contrast, 2 different prions, scrapie strain CH1641
and BSE, showed similarities in the PrP>° glyco-
form ratio, indicating that it has a limited useful-
ness in strain differentiation in natural hosts [8].
Many types of amino acid polymorphisms exist
among sheep PrP, and some of them have been
linked to scrapie susceptibility [1]. PrP€ conforma-
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tional differences, which depend on the amino acid
substitutions, also have to be considered while ana-
lyzing the PrP5° glycoform ratio in sheep scrapie.
Recently, an atypical BSE, which showed the accu-
mulation of a different glycoform of PrP% with
a different molecular weight of PK-resistant PrP,
has been reported [2, 4, 20]. To investigate the dif-
ferent phenotype of BSE, it is necessary to clarify
the PrP*° glycomodification mechanisms. In addi-
tion, successful transmission is expected to clarify
whether these different PrP>° glycopatterns are
linked to the different BSE prion strains.

To clarify the molecular basis of glycoform tran-
sition, transgenic mice (MHM2 and MH2M with
PrP0/0 background) were used. As reported pre-
viously [16], scrapie prion susceptibility was influ-
enced by the third subregion of PrP (131-188). A
high-molecular-weight band was predominantly
observed in both mouse and hamster PrP“s. How-
ever, mouse PrPC showed 3 different bands; in con-
trast, almost no unglycosylated band existed in
hamster PrP€. MHM?2 mice, which have amino acid
substitutions in PrP at L108M and V111M, ex-
pressed PrPC with a mouse-type glycoform ratio,
and these mice were susceptible to the mouse-
adapted prion. In contrast, MH2M mice, which
have 3 other amino acid substitutions (I139M,
Y 155N, and S170N) in addition to those of MHM2
mice, expressed PrPS with a hamster-type glyco-
form ratio and were susceptible to the hamster-
adapted prion (Table 1). Analysis of transgenic
mice revealed that 3 amino acid substitutions lo-
cated at the subregion of PrP 131-188 may contri-
bute to both prion susceptibility and PrP glycoform
ratio.

Glycosylation is initiated in the endoplasmic
reticulum (ER). In the ER, glycans play a common
role in promoting protein folding, quality control
and cellular trafficking, and individual glycosyla-
tion patterns; these processes are important for spe-
cific functions of the mature glycoproteins that are
subsequently processed in the Golgi complex [11].
According to the protein-only hypothesis, the con-
version of PrP® to PrP5¢ occurs at lipid rafts on the
plasma membranes, where PrP® has already been
glycomodified in the host tissue. The host-adapted
prion generates PrP> in a pattern that is similar

T. Yokoyama et al.

to host PrP® glycosylation and requires shorter
incubation periods. It may be the result of efficient
conversion of PrP® to PrP%, and glycoform simi-
larity might indicate the degree of prion adaptation.
Furthermore, there is a possibility that PrP>® may
directly influence the PrP® glycomodification. Clar-
ifying the mechanisms involved in altering the
PrP*° glycoform ratio might provide insights into
the conversion process in vivo.

Although PrP%¢ of the Obihiro strain showed a
similar ratio of diglycosylated PrP>° within the ex-
amined rodent species, the ratio of unglycosylated
PrP>° changed in different animal species. In con-
trast, in the case of the hamster-passaged prion
Sc237, the molecular ratios of both diglycosylated
and unglycosylated PrP°°s changed depending on
the host species (Fig. 5). This difference in the
PrP%¢ glycoform pattern in these transgenic mice
also revealed the prion strain diversity.
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Species-specificity of a Panel of Prion Protein
Antibodies for the Immunohistochemical Study of
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Summary

Monoclonal antibodies to the prion protein (PrP) have been of crmcal importance in the neuropathologlcal char-
acterization of PrP-related disease in men and animals. To determine the influence of species-specific amino-acid
substitutions recognized by monoclonal antibodics, and to investigate the immunohistochemical reactivity of the
latter, analyses were carried out on brain sections of cattle with bovine spongiform encephalopathy, sheep with
scrapie, mice infected with scrapie, and human beings with Creutzfeldt-Jakob discase (CJD) or Gerstmann-
Strdussler-Sheinker discase (GSS). Immunoreactivity varied between the antibodies, probably as the result of dif-
ferences in the amino-acid sequence of the prion protein in the various species. Some monoclonal antibodies
agamst mouse recombinant PrP gave strong signals with bovine, ovine and human PrP*, in addition to murine
PrP%, even though the amino-acid sequences determined by the antibody epitope are not fully identical with the
amino-acid sequences proper to the species. On the other hand, in certain regions of the PrP sequence, when the
species-specificity of the antibodies is defined by one amino-acid substitution, the antibodics revealed no reactivity
with other animal species. In the region corresponding to positions 134—159 of murine PrP, immunohistochemical
reactivity or species-spccificity recognized by the antibodies may be determined by one amino acid corresponding
to position 144 of murine PrP. Not all epitopes recognized by a monoclonal antibody play an important role in
antigen—antibody reactions in immunohistochemistry. The presence of the core epitope is therefore vital in under-
standing antibody binding ability.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: BSE; cattle; CJD; GSS disease; man; mouse; scrapic; sheep

Introduction prion protein (PrP “), an isoform of the cellular protei-
nase-sensitive prion protein (PrP%), which occurs as a
result of post-translational modification leading to in-
creases in the population of f-sheet conformation in
the brain (Prusiner, 1998).

Monoclonal antibodies raised against the prion pro-
tein (PrP) have been of critical importance in the neu-
ropathological characterization of PrP-related disease
in man and animals (Bodemer, 1999). Numerous mono-
clonal antibodies (mAbs) for detecting prion proteins

Sheep and goat scrapie, bovine spongiform encephalo-
pathy (BSE), and Creutzfeldt-Jakob disease (CJD)
(sporadic, iatrogenic, familial and variant forms),
Gerstmann-Striussler-Sheinker disease or syndrome
(GSS) and Kuru disease in man are all referred to as
prion diseases, A common feature of these diseases is
the accumulation of abnormal proteinase-resistant

Correspondence to: H. Furuoka {e-mail: furuoka@obihiro.ac.jp). in tissue sections have been dCVClOpCd and characterized
0021-9975/8 - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jcpa.2006.09.002
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in terms of species-specificity and epitope (Kascsak et al.,
1987; Bolton et al., 199]; Piccardo et al., 1998; Zanusso
et al., 1998; Van Everbroeck ef al., 1999a; Privat et al.,
2000). For example, mAb 3F4, whose epitope is mapped
between amino acids 109 and 112 of the human prion
protein, has been widely used in immunohistochemistry
and immunoblotting experiments in human prion dis-
case (Kascsak et al., 1987; Zanusso et al., 1998). This anti-
body detects the prion protein in man and the hamster
but not in the mouse, cow, sheep, Capuchin monkey or
squirrel (Zanusso ¢f al., 1998). On the other hand, mAb
F89/160.1.5, raised against a synthetic peptide and repre-
senting residues 146 to 159 of the bovine prion protein,
reacts with the prion protein in human, ovine and bo-
vine tissue (O’Rourke et al., 1998; Van Everbroeck et al.,
1999a). Although the prion protein is highly conserved,
there is some sequence divergence among species. Possi-
bly a single amino-acid substitution affects epitope re-
cognition by mAb 3F4, in the case of mAb F89/160.15 it
is possible that the amino-acid sequence recognized is
based on the epitope conserved in man and ruminant
species.

To determine the effects of species-specific amino-
acid substitutions, immunohistochemical analysis with
a panel of monoclonal antibodies was undertaken on
sections of brain tissue from BSE-infected cattle, scra-
pie-infected sheep, scrapie-infected mice, and human

CJD and GSS cases.

Materials and Methods
Samples

Immunohistochemical analysis was carried out on the
following brain tissues, cut coronally at the appropriate
level: hippocampus and thalamus from two ICR mice
inoculated intracerebrally with the Obihiro strain of
scrapie (Shinagawa et al., 1985) and from two negative
control mice; medulla oblongata at the level of the obex
and spinal cord from three scrapie-affected and two ne-
gative control sheep and from three BSE-affected and
two control cattle. The disease status of the cattle and
sheep was established by histological, immunohisto-
chemical, and Western blot methodology. These sam-
ples were fixed in 15% formalin for 48-72h and
embedded in paraffin wax by conventional methods.
Tissue blocks containing BSE-affected tissue were trea-
ted with 98% formic acid for 1h to reduce the risk of
prion infectivity.

In addition, human post-mortem brain samples were
obtained from one patient with sporadic CJD (sCJD)
(63-year-old male; codon 129M/M, codon 2I9E/E)
and one with GSS (57-year-old male with PrP PI105L
mutation; codon 129Val/Val, codon- 219E/E). These
samples had been fixed in 15% formalin, after which
the fixed blocks were immersed in 98% formic acid for

1h and embedded in paraffin wax. A few tissue sec-
tions, including those of the cerebral cortex, prepared
from these blocks, were submitted to our laboratory.

Immunohistochemistry (1HC)

Serial tissue sections (4 pm) were placed on silane-
coated glass slides (Muto Purechemicals, Tokyo, Ja-
pan). After dewaxing, endogenous peroxidases were
blocked by incubation in 3% HyO, for 5 min. Six dif-
ferent pretreatment procedures were used, as follows.
(1) Pretreatment “FA” (98% formic acid for 5 min). (2)
Pretreatment “I2IDWHA’ (hydrated autoclaving at
121 °C, 2 atmospheres [atm] for 20min in distilled
water). (3) Pretreatment “12IDWHA/FA” (12IDWHA
and 98% formic acid for 5min). (4) Pretreatment
“12IDWHA/PK” (12IDWHA and Proteinase K
[04 mg/ml; DAKO, California, USA] treatment for
1 min. (5) Pretreatment “135DWHA” (hydrated auto-
claving at 135 °C, 3 atm for 20 min in distilled water).
(6) Pretreatment “135DWHA/FA’ (135DWHA and
98% formic acid for 5 min). The last two methods (5
and 6) were improved hydrated autoclaving methods
designed to retrieve PrP5 immunoreactivity and to be
more sensitive than the previous three methods (2—4)
for the antibodies reacting with linear epitopes (Furuo-
ka et al., 2004). Because of the limited number of slide
sections, sCJD and GSS cases were pretreated by only
one, or at most two, of the six methods. After pretreat-
ment, tissue sections were incubated with 10% normal
goat or normal horse serum (Nichirei, Tokyo, Japan)

“for 30 min. The horseradish peroxidase-labelled poly-

mer method (Envision+ kit; DAKO) was used to “vi-
sualize” positive antibody binding. The 13 primary
antibodies (12 monoclonal and one polyclonal) used
are listed in Table 1. Sections were exposed to primary
antibodies for 1h at room temperature. As negative
controls, further sections were exposed to each primary
antibody without any of the pretreatments. The sec-
tions were then incubated with the second antibody
for 30 min at room temperature. Positive immunoreac-
tive binding signals were detected with diaminobenzi-
dine (Simple stain DAB; Nichirei). Sections were
counterstained with Mayer’s haematoxylin. The inten-
sity of specific labelling was scored as follows: 3+,
strong; 2+, moderate; +, weak; —, nil.

Results
Histopathology and Immunohistochemistry

The typical lesions and patterns described previously
in each species (Fraser and Dickinson, 1968; Wells ¢t al.,
1992; Privat et al., 2000; Ryder et al., 2001) were seen. In
scrapie-infected mice, neuropil vacuolation was asso-
ciated with astrogliosis, and microglial proliferation
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Table 1
Characteristics of the 13 antibodies (12 monoclonal and one polyclonal [B103]) used in this study

Antibodies Epitope Dilution (1in) Immunogen " Species-specificity Source
Murine Bovine  Ovine  Human
110 56- 90 5300 Mouse recPrP + + + + Dr Horiuchi
132 119--127 200 Mouse recPrP + + + + Dr Horiuchi
Tl 137143 200 Mouse recPrP + + + + DrTagawa
118 137- 145 500 Mousc recPrP + - - - Dr Horiuchi
31C6 143- 151 500 Mouse recPrP + - - - Dr Horiuchi
149 147 - 153 500 Mousc recPrP + + + - Dr Horiuchi
43C5 163~ 169 10000 Mouse recPrP + + + - Dr Horiuchi
147 219-229 200 Mouse recPrP + - - - Dr Horiuchi
6H4 155~ 163 500 Cow recPrP + + + + o, Prionics (Ziirich, Switzerland)
F89/160.1.5 146-- 159 200 Cow recPrP - + + + Affinity Bio Reagents (Golden, CO, USA)
3F4 109- 112 100 Human recPrP - - + Chemicon (Temecula, CA, USA)
12F10 142- 160 200 Human recPrP - + + + Cayman Chemical{Ann Arbor, MI, USA)
Bl03 9t- 108 500 Cow recPrP + + + + Dr Horiuchi

*Species-specificity of antibody summarizes the immunohistochemical reactivity shown inTable 2.

was observed throughout all areas of the brain. Immu-
nohistochemical PrP> deposits were distributed diffu-
sely in the cortex, thalamus, and hippocampus.

In the obex region of scrapie-infected sheep, neuropil
vacuolation and single or multiple intracytoplasmic
vacuoles were found particularly in the dorsal motor
nucleus of the vagus nerve (DMNV), which also exhib-
ited particularly intense PrP*° deposition. Numerous
amyloid plaques dlong blood vessels or plaque-like
structures showed PrP°° accumulations in the reticular
formations. Although other nuclei showed immunohis-
tochemical PrP*° deposits, the intensity was mild.
PrP> deposition varied in type (fine particulate,
coarse particulate, glial-vacuolar, peri-vacuolar).

Due to the subclinical nature of the BSE cases, spon-
giform lesions (mild) were observed only in the
DMNYV, and at the periphery of reticular formations.
Intense PrpS immunoreactivity was also observed at
these two locations. Fine or coarse particulate deposits
were seen in the olivary nucleus. The hypoglossal nu-
cleus showed positive immunoreactivity, but at a low
intensity. In the spinal cord, no obvious vacuolation
was observed. Immunohistochemically, however, fine
and coarse particulate deposits and linear and peri-
neuronal labellmg were seen in the neuropil of the grey
matter. No PrP*° deposits were observed in untreated
sections from the affected animals, or in sections (with
or without pretreatment) from control animals.

The sCJD case showed mild to moderate spongiform
degeneration in the cerebral cortex, associated with
neuronal loss and severe astrogliosis. Immunolabel-
ling, which was confined to the cerebral cortex, was dif-
fuse, synaptic granular or coarse particulate. In the
GSS case, the characteristic lesions consisted of numer-

ous multicentric amyloid plaques in the cerebral cor-
tex. Neuronal loss and severe astrogliosis were also
observed, but spongiform degeneration was not promi-
nent. All plaques was immunolabelled with PrP anti-
bodies. Diffuse PrP deposits were present in deep
layers of the neocortex. Also, large punctate areas of
immunoreactivity were observed between nerve cell

bodies.

Antibody Reactivity for Different Species

The characteristics of 12 primary monoclonal antibo-
dies and one polyclonal antibody (Bl03) used in this
study are summarized in Table 1. The epitopes of the
prion protein recognized by these antibodies are shown
in Fig. 1. The immunolabelling results for each pretreat-
ment and antibody are summarized in Table 2. The
antibodies used in this study showed patterns of immu-
noreactive binding that varied with the method of pre-
treatment. However, the specificity of each antibody in
terms of species was well defined, and is shown in
Table 1. With all antibodies, FA pretreatment gave weak
if any immunolabelling. With most but not all antibo-
dies, 12IDWHA/FA pretreatment was more effective
than I2IDWHA and 12IDWHA/PK pretreatment. In
general, 135DWHA and 135DWHA/FA were preferable
to other methods of pretreatment for antibodies react-
ing with linear epitopes.

Of eight mAbs for mouse recombinant PrP, three
(mAbs 110,132, and T1) reacted with PrP" in all species
under some pretreatments (Fig. 2a-d). MAb 149 re-
acted with murine, bovine and ovine PrP , but showed
no immunoreactivity for human PrP®, Thc mAbs 118,
31C6 and 147 exhibited positive immunoreactivity only
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Fig. 1. Thelocations of the prion protein epitopes recognized by the antibodies used in this study. Amino-acid sequences are based on National
Center for Biotechnology Information (NCBI) Protcin Databases. MoPrP: amino-acid sequence of murine prion protein (Accession
Number NP 035300). BoPrP: amino-acid sequence of bovine prion protein (Accession Number NP 851358). ShPrP: amino-acid se-
quence of ovine prion protcin (Accession Number NP 001009481). HuPrP: amino-acid sequence of human prion protein (Accession
Number AAR21603). (7], Antibody against recombinant mouse PrP; [, antibody against recombinant cow PrP; £3, antibody against

recombinant human PrP.

with murine PrP* and none for bovine, ovine or hu-
man PrP* (Fig. 2e—h). The mAb 43C) revealed strong
immunoreactivity in all animals, but none in human
samples. MAb F89/160.1.5, against recombinant cow
PrP, gave immunolabelling invariably, except for mur-
ine PrP* (Fig. 2i-1). The mAb 6H4 reacted with bo-
vine, ovine, murine and human PrP*  with
12IDWHA/FA or 12IDWHA/PK pretreatment, but
not with other pretreatments. Polyclonal antibody
Bl03 against recombinant cow PrP gave positive reac-
tions in all species. The mAb 3F4, which recognizes hu-
man recombinant PrP, revealed immunoreactivity
with PrP® in human but not bovine, ovine or murine
samples. The mAb 12F10, also raised against human re-
combinant PrP, showed positive immunoreactivity for

human, bovine and ovine PrP> but no immunoreactiv-
ity for murine PrP>. This particular mAb immunola-
belled bovine PrP* under every pretreatment.
However, as with the ovine PrP*, pretreatment with
135DWHA and 135DWHA/FA failed to retrieve the
antigen.

As shown in Table 2, immunolabelling intensity re-
flecting the detectable PrP*¢ varied with the method of
pretreatment (Furuoka et al., 2004). However, there
were no obvious differences in labelling patterns.

Discussion

. . . Sc. .
Immunohistochemical demonstration of PrP> in tissue
sections serves to confirm the diagnosis of prion
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Table 2
Immunolabelling results with 13 antibodies after six different pretreatments
Antibody Type of specimen Results obtained with the stated preireatment
A I2IDWHA I2IDWHA/FA 12IDWHA/PK I35DIWWHA 135DWHA/FA
110 M - + 2+ 3+ 3+ 3+
C - + + 2+ 3+ 2+
SP/D +[— +[+ +]+ 2+/2+ 3+/3+ 3+[3+
GSSP/D NE NE NE NE 3+/3+ 3+/3+
CJD NE NE NE NE + +
132 M - + 2+ - 2+ 2+
C - - + - 3+ 3+
SP/D ~/- +[— 2+(+ e 3+/3+ 2+/2+
GSSPID NE NE NE NE 2+/+ 2+/+
¢JD NE NE NE NE + +
TI M - + 2+ 2+ 3+ 2+
C - + 2+ - 3+ 2+
SP/D e 2+/+ 2+[2+ 2+/2+ 3+/3+ 3+/3+
GSSP/D NE NE NE NE 3+/3+ 3+/3+
CJD NE NE NE NE + +
118 M - - + + + +
C - — — — - —
SP/D == —=[= =/- =/- == =/=
GSSP/D NE NE ol NE -/ —/—
CJD NE NE - NE - -
31C6 M - - 2+ + 2+ 2+
C — — — — - —
SP/D == =/- =/= -=I= =/= -/=
GSSP/D NE —/- e e —/- NE
CJD - NE - - - -
149 M - + 2+ + 3+ +
C — - 2+ - + 3+
SP/D —f— +/— 2+[+ 3+/2+ 3+/2+ 3+/3+
GSSP/D NE NE e NE e NE
(]))) NE NE - NE - NE
43C5 M - 2+ 2+ 2+ 3+ 3+
C - 2+ 2+ 2+ 3+ 3+
SP/D e 2+[+ 2+/2+ 2+[2+ 3+/3+ 3+/3+
GSS P/D e NE s NE e NE
(0}1)) - NE - NE - NE
147 M - + + - 2+ 3+
C _ - —_ - - _
SP/D -~ -/~ -~ —- -~ -/~
GSS P/D NE NE e NE e NE
CJbD NE NE - NE - NE
6H4 M — + 2+ - - -
C - + 2+ - - -
SP/D —/- +[= 2+/2+ —[—- —/- e
GSSP/D NE NE +/+ —/- —/—- —/-
CJD - NE + - - -
F89/160.1.5 M - - - - + -
C + 2+ 2+ + 2+ 3+
SP/D e +/+ 2+/2+ 2+/2+ 3+/2+ 3+/3+
GSSP/D NE NE NE NE 3+/2+ 2+/2+
CJD NE NE NE NE C o+ +
3F4 M - - - - - -
C - — — _ — -
SP/D =/= == ~-/- =/- == ==
GSSP/D e NE e +/+ e NE
CJD - NE - + - NE
12F10 M - - - - - -
C - 2+ 2+ 2+ 3+ 3+
SP/D -/- e 2+/2 2+/2 e —-/-

continued on next page
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Table 2 (continued )

Antibody Type of specimen Results obtained with the stated pretreatment
Fi 121DWHA 2IDWHA/FA 12IDWHA/PK 135DWHA I35DWHA/FA
GSSP/D -/ NE e [+ -/- NE
cJb NE NE + NE - NE
B103 M - + 2+ 2+ 3+ 3+
C - + 2+ 2+ 3+ 3+
SP/D —/= +]+ 2+ 2+ 242+ 3+/3+ 3+/3+
GSSP/D NE NE NE NE +/+ NE
CJD NE NE NE NE + NE

M, scrapie-affected mouse; C, BSE-affected cow; S, scrapic-affected sheep; GSS, Gerstmann-Straussler-Sheinker discase; CJD, CreutzfeldeJakob dis-

case; NE, not examined; I, plaque type; D, diffuse/synaptic type.

For other abbreviations and for the scoring (— to 3+) of immunolabelling intensity, see Materials and Methods.

diseases (Bodemer, 1999). However, specific pretreat-
ment of paraffin wax sections is necessary to enhance
PrP5° immunoreactivity. Pretreatment methods based
on hydrated autoclaving at 121 °C or a combination of
hydrated autoclaving (121 °C) with certain chemical re-
agents (e.g., formic acid or Proteinase K) are now
widely used (Kitamoto et al., 1992; Van Everbroeck et
al.,1999b; Kovacs et al., 2002). Furuoka et al. (2004) re-
ported that an improved hydrated autoclaving method
(135 °C), enhanced PrP*® immunoreactivity with anti-
bodies recognizing the linear epitope. The effect of che-
mical treatments may be to break down the structure of
amyloid fibrils and expose the buried epitopes (Doi-
Yi ¢t al., 199]; Hashimoto et al., 1992). It is further specu-
lated that hydrated autoclaving contributes to altera-

tions in the three-dimensional structures of PrP, and-

unravelling the buried epitope caused by PrP aggrega-
tion (Kitamoto et al., 1992).

MADs for mouse recombinant PrP reacted with
PrP% and PrP* in other species provided that these
species possessed the same amino-acid sequence in the
segment recognized by these antibodies (mAbs 132 and
149). However, the immunoreactivity of mAbs 110, T1,
118, 31C6, 147, F89/160.1.5, 6H4, 3F4 and 12F10 varied
when, in heterologous species, the species-specific ami-
no-acid sequence differed. The mAb 110 epitope lies
within mouse prion protein residues 56-90, with a spe-
cies specificity conferred via Ser7] and Ser79. The
mouse amino-acid sequence recognized by the mAb
T1 epitope showed an overlap with the ovine PrP se-
quence, but did not fully overlap with the bovine PrP
sequence. The mAbs 110 and T1 gave strong immuno-
reactive signals with bovine, ovine and human PrP®,
as well as with murine PrP®, even though the amino-
acid sequence in the epitopes of these antibodies was
not completely identical.

On the other hand, mAbs 118 and 31C6 exhibited no
immunoreactivity with bovine, ovine or human PrP>,
The murine amino-acid sequence recognized by

mADb 118 recognizes three and two distinct amino-acid
sequences in human beings and cattle, respectively, and
one such sequence in sheep. One distinct amino-acid
region is mapped by mAb 31C6. The mAb F89/160.1.5,
which recognizes the 146-157 bovine sequence
(O’Rourke et al., 1998), detected bovine, ovine and hu-
man PrP* but not murine PrP*, Similarly, mAb 12FI0,
raised against human recombinant PrP (which recog-
nizes protein residues 142-160 in the human sequence),
produced strong immunolabelling of bovine and ovine
PrP5 but not murine PrP*. It appeared that the spe-
cies-specific epitope in each antibody was defined by
one amino-acid substitution, as follows: tryptophan at
position 144 of murine PrP in mAbs 118 and 31C6; tyr-
osine at position 156 of bovine PrP in mAb F89/160.1.5;
and tyrosine at position 145 of human PrP in mAb
12F10. Thus, in the region recognized by these antibo-
dies (T1, 31C6, 118, 149, F89/160.1.5, 6H4 and 12FI10; cor-
responding to positions 134-159 of murine PrP),
immunohistochemical reactivity or species-specificity
associated with the antibodies may be determined by
one amino acid corresponding to position 144 of mur-
ine PrP. In addition, the results suggested that the
relative immunoreactivity of the antibodies was char-
acterized by the core epitope present in the region of
amino-acid sequences recognized by the antibodys; i.e.,
the antibody epitope contained a region of high specifi-
city consisting of only a few epitopes, or unable to re-
cognize different conformations.

The mAb 6H4, produced against cattle recombinant
PrP and recognizing protein residues 155-163 in the bo-
vine sequence (Korth etal.,1997) (corresponding to po-
sitions 143-151 of murine PrP, recognized by mAb
31C6), produced strong labelling of murine and ovine
PrP% as well as bovine PrP*. The mAbs 31C6 and
6H4 shared certain features. For instance, the partial
or complete loss of immunoreactivity resulting from
PK, 135DWHA or 135DWHA/FA pretreatment sug-
gested that the region recognized by mAbs 31C6 and
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Fig. 2a-1. Immunolabelling of murine, bovine, ovine and human PrP* with different antibodies. (a, ¢ and i) Thalamus of scrapie-affected
mouse. (b, fandj) DMNVof BSE-affected cow. (¢, g and k) DMNVof'scrapie-affected sheep. (d, h and 1) Cerebral cortex of a GSS
case. (a~d) mAbTI. (e-h) mAb 118. (i-I) mAb F89/160.1.5. The mAb'T1 reacts with murine, bovine, ovine, and human PrP5. The
mADb 118 reacts only with murine PrP. The mAb F89/160.1.5 reacts with bovine, ovine and human PrP* but not with murine

PrP*. IHC. Bars, 200 um.

6H4 may include the labile conformation affected by
these three pretreatments. However, the immunohisto-
chemical core epitope of mAb 6H4 appears not to be
defined by the substitution of tyrosine for tryptophan,
while mAb 31C6 would seem to be species-specific be-
cause of the epitope defined by tryptophan at position
144 of murine PrP. The findings suggested that se-

quence variations recognized by the antibody were
not solely responsible for its immunohistochemical spe-
cificity. Equally important was the location of the ami-
no-acid substitution in the epitope.

The mAb KG9 against cow recombinant PrP, which
recognizes the bovine sequence HRYPN at positions
166170 (corresponding to positions 154—158 of murine
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PrP), reacted with bovine PrP> but not sheep PrP*
(Laffling et al., 2001). On the other hand, mAb L42
raised against an ovine synthetic peptide between posi-
tions 145-163 (corresponding to positions 141-159 of
murine PrP) reacted with PrP of both cattle and sheep
in Western blotting studies (Harmeyer e¢ al., 1998; Vor-
berg et al., 1999). It is possible that the presence of tyro-
sine at position 166 of ovine PrP* influences the
conformation of the relocated KG9 sequence in ovine
PrP> at the conversion of PrP® to PrP> and prevents
reaction with the antibody, because mAb KG9 showed
similarly low immunoreactivity with neurons of nor-
mal sheep and cattle (Laffling et al., 2001). Although it
could not be ruled out that the antigen retrieval meth-
od failed to unmask the KG9 epitope in PrP* in ovine
sections as effectively as in bovine sections (Laffling et
al., 2001), the existence of the core epitope may explain
the differences between the reactivity of mAbs KG9
and L42.

In conclusion, this study demonstrated the immuno-
histochemical properties (e.g., species-specificity) of
newly developed antibodies, and the existence of a core
epitope responsible for antibody specificity. Western
blotting reactivity and biochemical analysis of the anti-
bodies used in this study will be described elsewhere.
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Abstract: In this study, we established Neuro2a (N2a) neuroblastoma subclones and characterized their sus-
ceptibility to prion infection. The N2a cells were treated with brain homogenates from mice infected with
mouse prion strain Chandler. Of 31 N2a subclones, 19 were susceptible to prion as those cells became pos-
itive for abnormal isoform of prion protein (PrP*) for up to 9 serial passages, and the remaining 12 sub-
clones were classified as unsusceptible. The susceptible N2a subclones expressed cellular prion protein
(PrP°) at levels similar to the parental N2a cells. In contrast, there was a variation in PrP¢ expression in
unsusceptible N2a subclones. For example, subclone N2a-1 expressed PrP¢ at the same level as the
parental N2a cells and prion-susceptible subclones, whereas subclone N2a-24 expressed much lower levels
of PrP mRNA and PrP¢ than the parental N2a cells. There was no difference in the binding of PrP* to
prion-susceptible and unsusceptible N2a subclones regardless of their PrP* expression level, suggesting that
the binding of PrP* to cells is not a major determinant for prion susceptibility. Stable expression of PrP¢
did not confer susceptibility to prion in unsusceptible subclones. Furthermore, the existence of prion-
unsusceptible N2a subclones that expressed PrP‘ at levels similar to prion-susceptible subclones, indicated
that a host factor(s) other than PrP¢ and/or specific cellular microenvironments are required for the prop-
agation of prion in N2a cells. The prion-susceptible and -unsusceptible N2a subclones established in this

study should be useful for identifying the host factor(s) involved in the prion propagation.

Key words: Neuro2a, Prion, PrP, Susceptibility

Transmissible spongiform encephalopathies, so-
called prion diseases, are fatal neurodegenerative disor-
ders that include scrapie in sheep and goats, bovine
spongiform encephalopathy, and Creutzfeldt-Jakob dis-
ease in humans. The major component of causative
agent of prion diseases, prion, is thought to be an
abnormal isoform of prion protein (PrP*). PrP* is gen-
erated from a normal cellular prion protein (PrP°) by
certain post-translational modifications and the process
in the conversion of PrP“ to PrP* is considered to be a
central event in pathogenesis of prion diseases (31).
PrP¢ is a sialo-glycoprotein expressed on the cell sur-
face as a glycosyl-phosphatidylinositol anchoring pro-
tein (36). Cell biological studies have revealed that
mature PrP© on the cell surface acts as a substrate for the
PrP* biosynthesis, and formation of PrP* takes place
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either at the cell membrane or during the endocytic
pathway (3, 8, 37). Depletion of cholesterol inhibits
PrP* formation in prion-infected cells (2, 38), and the
co-existence of PrP and PrP* in lipid rafts or caveo-
lae-like domains suggests that cholesterol- and sphin-
golipid-enriched membrane microdomains are sites for
the interaction between PrP® and PrP* (29, 41).
Although PrP° is essential for the propagation of
prion and the development of prion diseases (6), other
host factors are thought to be involved in the PrP* for-
mation, i.e., prion replication. Studies using chimeric

Abbreviations: CHO, Chinese hamster ovary; DMEM, Dul-
becco’s modified Eagle’s medium; FBS, fetal bovine serum;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HS,
heparan sulfate; LRP/LR, laminin receptor precursor/laminin
receptor; MAb, monoclonal antibody; N2a, Neuro2a; PBS,
phosphate-buffered saline; PrP, prion protein; PrP€, cellular prion
protein; PrP¥, abnormal isoform of prion protein; RT-PCR,
reverse transcription-polymerase chain reaction; SDS-PAGE,
sodium dodecy! sulfate-polyacrylamide gel electrophoresis; WB,
Westemn blotting.
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and point mutants of PrP have suggested that a host fac-
tor designated Protein X is required for prion propaga-
tion (18, 40), although its identity remains unknown.
To date, Bcl-2 (21), laminin receptor precursor/laminin
receptor (LRP/LR) (32), neural cell adhesion molecule
(35), and several other proteins have been identified as
possible counterparts of PrP¢. Plasminogen has been
reported to bind PrP* (11). In addition, a reduction in
the level of LRP/LR inhibits PrP* formation in prion-
infected cells, suggesting that the LRP/LR has a direct
or indirect role in prion propagation (22). The biologi-
cal significance of other proteins in prion propagation
remains unclear (34, 35).

Recently, cysteine proteases, such as calpain, and
cathepsin B and L were reported to modulate PrP* for-
mation (23, 42). Furthermore, inhibitors of c-Abl tyro-
sine kinase and mitogen-activated protein kinase kinase
are reported to accelerate PrP* degradation in prion-
infected cells (10, 30). Thus, changes in the cellular
microenvironment, by interfering with cellular signal-
ing, may also affect prion propagation. These findings
suggest the involvement of other host factors for prion
propagation. Identification of such host factors and cel-
lular microenvironments involved in prion propagation
is of great interest not only for understanding the basic
mechanisms of prion propagation but also for finding
new therapeutic targets.

Comparative analyses between permissive and non-
permissive conditions for prion propagation will facili-
tate the identification of the host factors involved in
prion propagation. In the present study, we established
subclones of mouse Neuro2a (N2a) neuroblastoma cells
and analyzed their susceptibility to prion. The prion-
susceptible and -unsusceptible subclones established in
this study should be useful for identifying host factors
involved in prion replication.

Materials and Methods

Cell culture and cloning of the cells. N2a cell line
(American Type Culture Collection CCL-131, 58th pas-
sage at the purchase) was grown in Dulbecco’s modified
Eagle’s medium with high glucose (DMEM; ICN Bio-
medicals), 10% fetal bovine serum (FBS), and non-
essential amino acids. N2a subclones were obtained by
limiting dilution.

Inoculation of prion to N2a cells. Mouse prion
strain Chandler was propagated in ICR mice (CLEA
Japan, Inc.). The brains of mice at the terminal stage of
the disease were homogenized in phosphate-buffered
saline (PBS) at 10% (w/w) and the homogenates were
stored at —30 C until use. The brain homogenate was
diluted to 2% with the medium, and 500 pl was added

to N2a cells in 60-mm dishes containing 1 ml of medi-
um. After 24 hr, the medium was refreshed, and cells
were serially passaged every 3 to 4 days at a 1:10 dilu-
tion.

Detection of PrP*. Preparation and detection of
PrP¥* in the prion-infected cells were carried out as
described previously (19, 20) with slight modifications.
Cells were lysed in lysis buffer (0.5% Triton X-100,
0.5% sodium deoxycholate, 10 mm Tris-HCI, pH 7.5,
150 mm NaCl, and 5 mM EDTA), and small aliquots of
the lysates were stored for the determination of the pro-
tein concentration. The remaining lysates were digested
with 20 pg/ml proteinase K at 37 C for 20 min. The
digestion was stopped by the addition of Pefabloc
(Roche) to 5 mM. The mixture was adjusted to 0.3%
phosphotungstic acid by addition of a 5% solution and
then incubated for 30 min at 37 C with constant rotation.
PrP* was then collected by centrifugation at 20,000 X g
for 20 min and subjected to SDS-PAGE followed by
Western blotting (WB). Blots were probed with mono-
clonal antibody (mAb) 31C6 (20) and horseradish per-
oxidase-conjugated sheep F(ab"), fragment of anti-
mouse IgG (Amersham Bioscience). The specific
bands were visualized with ECL Western Blotting
Detection Reagents (Amersham Bioscience) and a
LLAS-3000 chemiluminescence image analyzer (Fuji-
film). Quantitative analyses of the blots were carried
out with Image Reader LLAS-3000 version 1.11 (Fuji-
film).

Flow cytometry. Flow cytometric analysis was per-
formed as described previously (19).

PrP* binding assay. Cells were seeded at 2.5 X 10°
cells/well in 6-well plates and grown for 48 hr. Cells
were then fed with 500 pl of the fresh medium and
inoculated with 250 pl of 0.4 to 2% prion-infected
mouse brain homogenate diluted with medium, and
kept for 3 hr at either 37 C or on ice with occasional tilt-
ing. After the incubation, cells were washed with PBS
three times, and bound PrP* was detected as described
in detection of PrP*.

Quantitative reverse transcription-polymerase chain
reaction (RT-PCR) analysis. Total RNA was isolated
from the cells with TRIzol Reagent (Invitrogen Life
Technologies). First strand cDNA was synthesized
from the total RNA using a First-Strand Synthesis Kit
(Amersham Biosciences) according to the manufactur-
er’s instructions. Real-time TagMan PCR assays were
performed to determine the relative quantity of mouse
PrP gene expression. Amplification reaction mixtures
contained template ¢cDNA, 1X pre-designed set of
primers and a TagMan probe targeting the boundary
between exons | and 2 of the PrP gene (TagMan Gene
Expression Assays No. Mm-00448389), and 1X Tag-
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Man Universal PCR Master Mix (Applied Biosystems)
in a final reaction volume of 20 pl. The amplification
profile was monitored with an ABI PRISM 7900HT
(Applied Biosystems), and the relative quantity was
determined by the standard curve method (1) using
SDS Plate Utility version 2.1 (Applied Biosystems).
Expression of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) gene was monitored as an endogenous
control using TagMan Rodent-GAPDH Control
Reagents (Applied Biosystems).

Cellular cholesterol content of N2a subclones. Cells
were seeded in 6-well plates in DMEM containing 10%
FBS. After 48 hr, the medium was changed to Opti-
MEM (Gibco) and cells were kept for additional 24 hr.
Then, cells were washed three times with PBS and
lysed with PBS containing 0.1% Triton X-100. The
lysates were frozen at —30 C until use. The lysates
were clarified by centrifugation at 20,000 X g for 15
min at 4 C, and the resulting supernatants were assayed
for cholesterol using an Amplex Red Cholesterol Assay
Kit (Molecular Probes) according to the manufacturer’s
instructions. Fluorescence was measured with a fluo-
rescence microplate reader ARVO-SX (Wallac) using
excitation at 560 nm and detection at 580 nm.

Stable expression of MoPrP°. Eukaryotic expression
vector, pRc/EF-MoPrP (M. H. and A. K. manuscript in
preparation), which contains a mouse PrP cDNA
expression unit driven by peptide chain elongation factor
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la promoter (27) along with the bacterial aminoglyco-
side phosphotransferase gene (G418 resistant gene)
expression unit, was introduced into N2a cells with
FuGENE 6 (Roche). The transfected cells were cul-
tured in the presence of 0.3 mg/ml G418 (Gibco), and
G418-resistant cells were selected. The cells were
stained with anti-PrP mAb as described for the flow
cytometric analysis (19), and cell sorting was per-
formed using an EPICS ALTRA flow cytometer (Beck-
man Coulter). The cells with fluorescence intensities
ranging from 100 to 500 were recovered and cultured
with DMEM. Cells passaged more than 3 times were
used for prion infection experiments.

Results

Prion-Susceptibility of N2a Subclones

We isolated 31 N2a subclones by limiting dilution
and examined them for susceptibility to prion. The N2a
subclones were inoculated with scrapie Chandler strain-
infected mouse brain homogenates, and prion-suscepti-
bility was determined by the presence of PrP* during
nine passages after inoculation. Figure 1 shows the rep-
resentative results for PrP* detection in the N2a sub-
clones at the third, sixth, and ninth passages after inocu-
lation. Of 31 N2a subclones, 19 (N2a-2, -3, -5, -6, -7,
-17,-21,-22, and -25 in Fig.1) were judged to be prion-
susceptible, and the remaining 12 subclones (N2a-1, -4,

N2a-1 N2a-2 NZa-3 N2a-4 N2a-§ N2a-6 N2a-7 N2a-8
passage:3 6 9 3 6 9 K 6 9 3 6 9 6 9 3 6 9 3 6 9 3 6 9
25~ :
20-
(kDa)
N2a-17 N2a-19 \2a-20 N2a-21 Nza-ZZ NZa-23 NZa-24 N23-25
passage:} 6 9 3 6 9 3 6 9 3 6 9 3 6 9 3 6 9 3 6 9 3 6 9
- 9% «a ® “
20= ®® - ©» -
o ' S
“(kDa)

Fig. 1. Detection of PrP* in N2a subclones inoculated with prion. N2a subclones were inoculated with 2% brain homogenate from mice
infected with Chandler strain, and then consecutively passaged up to nine times. The presence of PrP* was examined at the third, sixth,
and ninth passages by WB. PrP*-enriched sample derived from 0.1 mg of the cell lysates was loaded on each lane, and PrP* was detect-
ed with mAb 31C6. Results of representative N2a subclones are indicated. Molecular markers are indicated on the left.



