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Fig. 3. Immunoblot analysis using anti-PrP antibedies for the protease-resistant form of PrP in T98G cells. T98G cells were
incubated with 10% FCS/RPMI 1640 for 40 days after 40 passages (P40D40); whole-cell, methancl-precipitated lysates
were treated with PK (lane 1) or left undigested (lane 2). PK-treated lysates were subjected to immunoblot with the HUC2-13
(a), 3F4 (b), 6H4 (c) or HPC2 (d) antibodies as described in Metheds. Epitope recognition sites located within PrP are shown

as amino acid numbers.

by indirect immunofluorescence staining. Immunoreactive
PP with 6H4 antibody was observed on the cell surface as
a bright fluorescent signal (Fig. 4a), whereas little signal
was observed with mouse IgG, a control antibody purified
from normal mouse serum (data not shown}. We next
prepared membrane and cytosolic fractions from homo-
genates of P40D40 T98G cells and measured the amount
of PrP by competitive ELISA using the 6H4 antibody. PrP
was recovered predominantly in the membrane fraction
(Table 1). As shown in Fig, 4b, the distribution of PrP*™* in
P40D40 T98G cells (left panel} was similar to that of Prpc

in P3D36 T98G cells (right panel); PrP™ was detected in
the membrane fraction (left panel, lane 3), as well as in
homogenates (left panel, lane 1), but no PrP was detected
in the cytosolic fraction (left panel, lanes 5 and 6). These
data indicated that most PrP™ was in the membrane
fraction, probably on the plasma membrane. To test the
detergent solubility of PrP, the homogenates of P40D40
T98G cells were centrifuged in non-ionic detergents. A
large proportion of immunoreactive PrP was found in
the supernatant fraction (Fig. 4c, lane 3), but no PrP
was detected in the pellet fraction (Fig. 4c, lane 2}. These
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Fig. 4. Subcellular localization and detergent solubility of PrP™® in long-term cultured T98G cells. T98G cells were incubated
with 10% FCS/RPMI 1640 in the long-term incubation after repeated passages. (a) T98G cells for 40 days after 40
passages (P40D40) on a 15 mm glass coverslip were subjected to indirect immunofluorescence staining with the 6H4
antibody as described in Methods. Bar, 10 pm. (b) T9BG cells for 40 days after 40 passages (P40D40, left panel) and for
36 days after 3 passages (P3D38, right panel) were scraped into PBS/2-5 mM EDTA and sonicated. Homogenates (homo)
were separated into a membrane fraction (mem) and a cytosolic fraction (cyto). Methanol-precipitated lysates were treated
with PK (lanes 1, 3 and 5) ot left undigested (lanes 2, 4 and 6). PK-treated samples were subjected to immunoblotting with
the 6H4 antibody as described in Methods. (c) T98G cells for 40 days after 40 passages (P40D40) were scraped into PBS/
2-5 mM EDTA and sonicated. Homogenates {H) of 50 pg protein were centrifuged as described in Methods to obtain a non-
ionic detergent-insoluble pellet (F) and a soluble supematant fraction (S). Homogenates, pellet and supernatant fractions
(50 pg protein each) were subjected to immunoblot with the 6H4 antibody as described in Methods,
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Table 1. Subcellular localization of PrP in long-term cul-
tured T98G cells

The amount of PrP is expressed as recombinant bovine PrP
equivalents per 107 cells. Values are means +SEM (n=4).

Sample PrP content

pmol %
Homogenate 263-4420+9 100-0
Membrane fraction 228-9+17-5 869
Cytosolic fraction 99105 3-8

s

experiments indicated that PrP™ in T98G cells was non-

ionic detergent-soluble,

DISCUSSION

The mechanism of the conversion of PrP has not been
studied in human cell cultures, due to the lack of a model
system. In the present study, we developed such a system
by culturing human glioblastoma T98G cells, which express
endogenous PrP® constitutively, After reaching a high
passage number, long-term cultured T98G cells converted
PrP€ into PrP™,

Direct sequencing of amplified PRNF mRNA and RFLP
analysis indicated that the T98G cells were heterozygotes
at codon 129 {129M/V) and that no new coding mutations
were present in cells that had been subjected to long-term
cultures. The deglycosylated form of PK-treated PrP™ in
T98G cells migrated at approximately 18 kDa. In human
prion diseases, two major types of PrP™ can be identified,
based on electrophoretic migration; the relative molecular
mass of the unglycosylated form is approximately 21 kDa
(described as type 1) or 19 kDa (described as type 2) (Parchi
et al., 1997). Accordingly, PrP™ in T98G cells is similar to
the previously described MV2 phenotypic variant (Parchi
et al., 1999a). However, the size of the deglycosylated PK-
resistant fragment in T98G cells was smaller than that of
the corresponding fragments observed in type 2 PrP™,
Most importantly, the 3F4 antibody, which is a well-
characterized antibody known to target residues 109-112
as its epitope {Kascsak et al,, 1987; Matsunaga et al,, 2001),
did not react with PK-digested PrP™ in T98G cells, sug-
gesting that the N-terminal PrP region up to residue 109
might be absent in PK-treated PrP™ in T98G cells. Human
PrP* peptide is divided into three regions that are defined
by their PK-cleavage patterns: an N-terminal region (residues
23-73) that is invariably PK-sensitive, a C-terminal region
(residues 103-231) that is invariably PK-resistant and a
variably digested region (residues 74-102), where the major
cleavage sites are at G82 in type 1 and at 597 in type 2
(Parchi et al, 2000). The 3F4 antibody was used to type
PrP™ {Parchi et al, 2000). Therefore, there are striking
differences in the antigenicity, which reflect the PK-cleavage
patterns, between type 2 PrP™ in sporadic CJD brain and
in T98G cells. It is unlikely, but not impossible, that PK

treatment generated conformational changes in the mid-
region of PrP™ that interfered with epitope recognition
by the 3F4 antibody. Further studies are needed to classify
the type of PrP™ in lysates from long-term cultured T98G
cells.

So far, human PrP* has been analysed on immunoblots
with the 3F4 antibody. Our finding may explain why
previous studies have failed to detect PrP™ in cultured cells.
Interestingly, an N-terminally truncated 18 kDa fragment
of PrP (designated C1) in normal and sporadic CJD brains
has similar properties except that it is PK-sensitive; it is
recognized by the anti-C terminus antibody, but not by
the 3F4 antibody, is cleaved around residue 111 and is
associated with cell membranes (Chen et al., 1995). PrP¢
from human brain homogenates (n=6} originally displayed
a partial PK resistance (20 pg ml~' for 10 min) and has
been detected by the antibody that recognizes residues
145-163, but not by the 3F4 antibody (Buschmann et al,
1998). Taking the data from the various studies of PrP
immunoreactivity into consideration, we believe that it
would be better to incorporate an additional antibody that
recognizes the C terminus of PrP into the standardly used
protease resistance-dependent PrP> assay.

Among the sets of antibodies used in this study, the anti-
N-terminal portion antibodies (HUC2-13 and 3F4) reacted
strongly with the fully glycosylated form and moderately
with the partially glycosylated form. In contrast, the anti-
bodies against the C-terminal portion of PrP (6H4 and
HPC) reacted moderately with the fully glycosylated form
and strongly with the partially glycosylated form. It is
possible that PK digestion induces a conformational change
of digested PrP and enhances its immunoreactivity to the
anti-C-terminal antibodies, Recently, it has been reported
that the amino acid motif Tyr-Tyr-Arg (YYR), located in a
B-sheet, is exposed in PrP*, whilst it is cryptic in PrP<, and
that antibodies recognize YYR in PrPsc, but not in PrP®
{Paramithiotis et al, 2003). Another paper has reported
that PK digestion enhances immunoreactivity to the anti-
PrP antibody that recognizes the epitope YYR, located in a
f-sheet {(Brun et al, 2004). These reports suggest that
conformation of the C-terminal portion of PrP* is essential
for immunoreactivity of anti-YYR antibodies. The 6H4
antibody also recognizes residues 144-152 of PrP, including
a YYR motif that is located in an «-helix, not in a §-sheet
(Korth et al., 1997). Further study is needed to clarify the
immunoreactivity of anti-C-terminal PrP antibodies.

It has been proposed that PrP€ is converted into PrP™*
either on the cell surface or in endocytic cellular compart-
ments, PrP€ is a surface protein that contains a glycosyl-
phosphatidylinositol anchor (Stah! et al, 1987). A portion
of PrP* is also localized on the cell surface of scrapie-
infected mouse neuroblastoma ScN2a cells (Naslavsky
et al, 1997; Vey et al, 1996), although it is also found in
lysosomes (Taraboulos et al,, 1990). Subcellular localization
of PrP™ in long-term cultured T98G cells was similar to
that of PrP**-infected cells, being present on the cell surface.

3454

Journal of General Virology 85

— 238 —



Propagation of a protease-resistant form of PP

PrP* in ScN2a cells is sedimented by centrifugation in
non-ionic detergents (Caughey et al, 1991), Mutant PrP
in stably transfected Chinese hamster ovary cells, which
express murine homologues associated with human inher-
ited prion diseases, is also non-ionic detergent-insoluble
(Lehmann & Harris, 1996). However, the PrP™ in T98G
cells is detergent-soluble. PrP™ in the human ncuroblas-
toma cell line M-17 BE(2)C carrying the familial subtype
CJD, the glutamic acid to lysine substitution at codon 200
(E200K), is also partially non-ionic detergent-insoluble
(Capellari et al., 2000). The present study indicates that not
all PrP™ is non-ionic detergent-insoluble.

Many cultured cells that express PrP™ mutants carrying
substitutions of inherited prion disease show considerably
less protease resistance (up to 3-3 ug ml™! for 10 min),
compared with PrP™ mutants isolated from the human
brain (Capellari et al., 2000; Harris, 2001). In contrast, the
PrP™ in T98G cells displayed a high resistance to digestion
with PK (10 pg ml~! for 30 min), but was less resistant
than PrP™ in brain homogenates of sporadic CJD (up to
100 pg mi™! for 24 h). Sporadic CJD is typically character-
ized by widespread spongiform degeneration with loss of
neurons, gliosis and formation of amyloid plaques (Parchi
et al,, 1999a). It has recently been reported that six cases of
sporadic fatal insomnia, a prion disease mimicking fatal
familial insomnia, had no coding-region mutation of
PRNP with the 129 M/M genotype and an approximately
19 kDa deglycosylated PrP™, the same as that of type 2
{Mastrianni et al, 1999; Parchi et al, 1999b). Familial
progressive subcortical gliosis may also be a prion disease,
characterized by astrogliosis at the cortex—white matter
junction (Petersen et al, 1995). All patients from two
families with that disease showed no coding-region muta-
tion of PRNP, the 129 M/M genotype and the 18:1-
19:3 kDa form of deglycosylated PrP™ (Petersen et al,
1995). T98G cells were grown out of human glioblastoma
multiforma turmnour tissue of a 61-year-old Caucasian man
(Stein, 1979). We consider it possible that he also had a
sporadic form of prion disease.

Conversion from PrP€ into PrP™ is an important process,
because most prion diseases are characterized by presence
of PrP™, Some knowledge of the conversion mechanism
is based on studies of scrapie-infected cells. Recently, it
has been reported that several conditions can induce the
formation of PrP™ in cultured cells. Proteasome inhibitors
cause accumnulation of the unglycosylated form of PrP™ in
treated cells (Lehmann & Harris, 1997; Ma & Lindquist,
1999; Yedidia et al, 2001). PrP that misfolds during
maturation in the endoplasmic reticulum is delivered to
the cytosol for degradation by proteasomes (Béranger et al.,
2002; Ma & Lindquist, 2001; Yedidia et al, 2001). It has
been hypothesized the conversion into PrP™* might occur
when the number of PrP molecules exceeds the capacity of
the cell to degrade them (Ma & Lindquist, 2002). Another
study showed that manganese-treated mouse astrocytes
express the glycosylated form of PrP™* (Brown et al,, 2000).

Here, we report for the first time the conversion of PrP®
into PrP™ in the widely used human glioblastoma cell line
T98G; a large number of passages and prolonged incuba-
tion under routine cell-culture conditions are required.
In vitro-generated PrP™ is reportedly not sufficient for the
production of infectivity (Caughey et al, 2001; Hill et al,
1999) and further study is needed to clarify the infectivity
of PrP™ in T98G cells (indeed, caution should be taken
with T98G cells in the laboratory). Infectivity assays of PrP™
in T98G cells are now in progress in transgenic mice.

In conclusion, T98G cells should be a useful model for
studying the mechanisms of PrP© conversion into PrP™.
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Abstract  For immunohistochemistry of the prion diseases, several pretreatment methods to enhance the immunoreactivity of human and animal abrormal proteinase-

resistant prion protein (PrPsc) on the tissue sections have been employed. The method of 121'C hydrated autoclaving pretrealment or the combination method of 121°C
hydrated autoclaving with a certain chemical reagent (formic acid or proteinase K, etc) are now widely used. We found that an improved hydrated autoclaving method at

135°C, mare effectively enhanced PpSe immunoreactivity for the antibodies recognizing the linear epitepe. In additien, this method was more effective for the long-term

fixation samples as compared with other previous methods. However, this modified method could not retrieve Prpe antigenic epitopes composed of conformational
structures or several discontinuous epitopes. We describe the comparative studies between our improved method and other antigen-retrieval procedures reported

previously. Based on the differences of reaction among the antibodies, we also discuss the mechanisms of the hydrated auloclaving methods lo retrieve prpse
immunoreactivity.

Keywords Pron prolein - Immunchistochemistry - Antigen retrieval - Autoctaving - Monoclonal antibody

Introduction

Scrapie in sheep and goal, bovine spongiform encephalopathy (BSE), chronic wasting disease in deer and Creutzfeldt-Jakob disease (sporadic, iatrogenic, familial and
variant forms) and Kuru in humans are fransmissitle neurodegenerative disorders belonging te a group of prion diseases. They are characterized by the accumulation of

abnarmal proteinase-resistant prion protein (PrPs':), which is an isoform of the cellular, proteinase-sensitive prion protein (PrPC), as a result of post-franslational
modification with increases of the population of ﬂ-shcet conformation in the brain [20)]. The pathology is characterized by neuronal cell loss, spongiform change, gliosis

and deposition of abnormal amyloid protein.

1 ohistochemistry to d trate PrPSC in tissue sections is now a well-established technique for the diagnosis of prion diseases [2]. It has been reported that prpSe
lmmunoreachvny is enhanced by several antigen-retrieval procedures such as formic acid [4, 10, a combination of formic acid pretreatment and microwave
processing [7, J4), hydrated or hydrolytic autoclaving [5, /71, guanidine thiocyanate [4, /9], and combined protocols (7, 8, 9, £51.

The recent disclosure of BSE in Japan has started an active surveillance for all slaughter cattle since October 2001, Briefly, diagnostic procedure is follows: samples have
been taken from the medulla oblongata (obex region) and examined by ELISA as the primary screening test; the ELISA-positive samples have then been confirmed by
Western blot and/or immunohistochemistry. In starting an active survelllance for BSE in Japan, we applied varicus pretreatment methods for different antibodies to

formalin-fixed and paraffin-embedded tissues to enhance Prpe immunoreactivity. Although the pretreatment methods reported previously were found to retrieve PrP% for
antibodies used in this study, we found that an improved hydrated autoclaving method at 135°C more effectively enhanced prpSe immunoreactivity for the antibodies

recognizing the linear epitope. However, our modified method could not retrieve Prp3c antigens well for the monoclonal antibodies recognizing the conformational
structlures,

Here we describe the comparative studies between our improved method and other antigen-retrieval procedures reported previously, and discuss the mechanisms of the
hydrated autoclaving methods to retrieve prpse immunoreactivity,

Materials and methods

Samples

We used the brain tissues that were cut coronally at the level including hippocampus and thalamus from two scrapie-infected and two negative control ICR mice, the
medulla eblongata at the level of the obex, and the spinal cord from three scrapic-affected and two negative control sheep, and from three BSE-affected cattle in Japan and
two control catile. Two mice were inoculated intracerebrally with scrapie G1 strain, which induces amyloid plaque formations in the brain. Affected or non-affected sheep
and catile were diagnosed and confirmed by histological, immunohistochemical, and Western blot methods. These samples were fixed in 15% formalin for 48-72 hand
embedded routinely in paraffin, BSE fissue blocks were treated with 98% formic acid for 1 h to reduce the infectivity of prion after formalin fixation. In addition, we
prepared the serial tissue blocks from the medulla oblongata of scrapie-affected sheep, which was immersed in 15% formalin af least for ¢ months.
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Immunohistochetmistry

Serial tissue sections, 4 f!m in thickness, were picked up on silane-coaled glass slides (Muto Purechemicals Co., Japan). After deparaffinization, endogenous peroxidase

was blocked by tncubation in 3% H102 for 5 min. We applied six different pretreatment protocols as follows: (1) 98% formic acid for 5 min (designated as FA); (2)

hydrated autoclaving at 121'C, 2 atmosphere (atm) for 20 min (with Tomy high-pressure steam sterilizer KS-323. Yapan) in distilled water (121DWHA); (3) 121IDWHA
and 98% formic acid for 5 min (121DWHA/FA), (4) 121DWHA and proteinase K (0.4 mg/mt, Dako, USA) ireatment for 1 min (121DWHA/PK); (5} hydrated
autoclaving at 135°C, 3 atm for 20 min in distilled water (135DWHA); {6) 135DWHA and 98% formic acid for 5 min (135DWHAJ/FA). After applying each pretreatment,
fissue sections were incubated with 10% goat or horse normal serum {Nichirei, Japan) for 30 min. In this study, we used the avidin-biotin complex methods (ABC kit;
Vector Lab., USA) and the horseradish peroxidase-labeled polymer methods (Envision+ kit; Dako). Sections were exposed to primary antibodies for overnight at 4'C or

1 h at room temperature for ABC kit or Envision+ kit, respectively, As negative controls, the sections were exposed for each primary antibody without any pretreatments.

The following steps were performed with second antibodies and others according to the each manufacture s instructions. The stgnals were delected using
diaminobenzidine (Simple stain DAB; Nichirei, Japan), Sections were counterstained with Mayer s hematoxylin.

The characteristics of the nine primary antibodies used in this study are summarized in Table |. For sections prepared from the tissue blocks immersed in 15% formalin for
6 months, we tested the 121DWHA and 135DWHA methods using B103 and 43C5 antibodies.

Table 1 Characteristics of the nine antibodies used in this study (L linear epitape, DC discontinuous epitope, mAb monodonal antibody, pAb polyclonal antibody)

Antibodiesl PosiE;iI,t::lop < e Clonality| | Dilution)| Imnmuenogen Source

132 119-127 L mAb 1:200  |[Mouse recPrP|[Horiuchi

149 147-153 L |mAb 1:500 |[Mouse recPrP|[Horiuchi

43C5 163-169 [f. mAb 1:10000 ||Mouse recPrP||Horiuchi

B103 103-121 L pAb 1:1000 ([Cow recPrP |Horiuchi

6H4 155-163 L mAb 1:500  ||Cow recPrP _|[Prionics (Ziirich, Switzerland)|
72 89-231(143-151)|DC  |[mAb 1:500 ||[Mouse recPrP|[Horiuchi

44B1 155-231 [PC_|mAb 1:200  |[Mouse recPrP|[Horiuchi

4482 155-231 [ODC JmAb ][1:200 |[Mouse recPrP|[Horiuchi

T2 {[Unknown IDC  |imAb  |{1:500 [[Mouse recPrF|{Tagawa

Morphometry

Serial sections from BSE-affected samples were pretreated with 121DWHA, 121DWHA/EA, 121DWHA/PK, 135DWHA, and 135DWHA/FA methods, and
immunostained with four antibodies (B103, 43C5, 44B1, and 6H4), respectively. Each of the pretreatment conditions were evaluated on the selected five areas (total f4
mz). The Lumina Vision computer analysis system (Mitani Corp., Tokyo, Japan) was used to measure the positive area of PrP immunostaining. The brown-colored

chromogen precipitate was sclected, digitized images of these areas, and the digital pixels converted into the density area (P mz) on the software, The highest density
measurement was set to 100% and relative density (RD) of immunostaining by the other pretreatments in the same area was calculated.

Resuits

Histopathology

In the mouse, neuropil vacuolation associated with astrogliosis and microglial proliferation was observed throughout all areas of the brain. Amyloid plaque structures were
also seen, which were often observed in contact with the capillary vessels.

In the obex region of scrapie-infected sheep, neuropil vacuolation and single or multiple intracytoptasmic vacuoles were particularly found in the dorsal motor nucleus of
vagus nerve (DMNV), gracile nucleus, nucleus ambiguus and reticular formation [22]. The hypoglossal nucleus, olivary nucleus and nucleus of solitary tract (NST) were
only mildly affected. In addition, spongiform neuropil lesions were seen in the periphery of the dorsal ¢olumn of spinal cord and the vertebral column.

In BSE cases, because of the subclinical case, extremely mild spongiform lesions were observed only in the DMNV, and periphery of the reticular formation [24],

Immunchistochemistry

Immunohistochemical examination revealed that no PrP depositions were observed in the sections from the affected animals without pretreatment and from the ¢ontrol
animals with and without pretreatment.

pepSe immuncstaining yielded characteristic patterns in cach animals affected with prion disease [2/]. The following immunostaining patterns were observed: (1) fine
particulate deposition; {2) coarse particulate deposition; (3) perineuronal deposition; {(4) glial type deposition; {5) perivascular or perivacuclar deposition; {6) plaque or
plaque-like deposition. .

In scrapie-infected mice, PP deposits were observed diffusely in cortex, thalamus, and hippocampus. Perivascular, perivacuclar prpSe deposits and plaque or plaque-
like structures in thalamus were also seen.

The PrPS¢ deposits in scrapie-affected sheep were most intense in the DMNV. The hypoglossal nucleus also showed deposits, but the staining was sparse. Glial, coarse
particulate, perineuronal, perivascular and perivacuolar depositions were found in the reticular formation.

Tn BSE cases, the intense positive reactions of PrP5° were observed in the DMNY, NST and periphery of the reticular formation, which showed fine, perincuronal and
perivacuolar patterns. Fine or coarse particulate depositions were s¢en in olivary nucleus. The hypoglossal nucleus also showed positive reactions, but with a low intensity
of immunostaining.

Comparison of pretreatment methods

Microscopic examinations for each pretreatment and antibody are summarized in Table 2. All antibodies used in this study reacted with PrP5 of all animals under some
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pretreatments.

Table 2 Results of the immunoreactivity for the antibodies under pretreatment methods [FA 96% formic acid for § min, 121DWHA hydrated autoctaving at 121°C, 2 atmosphere
(atm) for 20 min in distiled water, 12T0WHA/FA 1210WHA and 96% formic acid for 5 min, 121DWHA/PK 121DWHA and proteinase K treatment for 1 min, 1350WHA hydrated
autoclaving at 135°C, 3 atm for 20 min in distiled water, 135DWHA/FA 135DWHA and 98% formic acid for 5 min, M scrapie-affected mouse, C BSE-affected cow, S scrapie-
affected sheep, P plaque type, D diffuse type, 3+ strongly positive signal, 2+ moderately pasitive signal, + faint positive signal, - negative)

Antibodies||Tissue souce Pretreatment
FA[I2IDWHA|[12IDWHA/FAJ[IZ1D WHA/PK|[I35DWHA|[135DWHA/FA
{132 [M/P - 2+ 2+ + 2+ 2+ ]
M/D -l 2+ - + 2+ |
\C -k + - 3+ 3+
S - |l 2+ - 2+ 3+
149 M/P 2+ |i+ 2+ 2+ 3+ 2+
M/D + ||+ 24 + |3+ i+
C - - 2+ - I+ B+
S -+ 2+ 2+ 2+ 3+
43C5 M/P + 2+ [2+ |2+ 3+ 3+
M/D -2+ i[2+ |2+ 2+ 2+
C [ 2+ 2+ 2+ 3+
7 S - |2+ 2+ 2+ 3+ 3+
B103 M/P - |+ 2+ 2+ 3+ 3+
M/D -+ 2+ 2+ 3+ 3+
[ C - |+ 2+ 2+ 3+ I3+
S - I+ 2+ 2+ 3+ 3+
6H4 M/D I 1+ 2+ + - -
| M/P -+ 2+ - Il -
C - |+ 2+ - II- -
5 S C : I :
72 [M/P 2+ |+ 3+ : il- 2+
M/D - - + - - -
C + |- 2+ + - -
S e : : :
[44B1 M/P + |+ 2+ - + 2+
M/D - |- 24 - - 2+
C + |+ 2+ - - +
5 1 2 : I E
4482 [M/P I+ [+ |13+ - Il |2+
! [(M/D - - 2+ II- B +
C - - 2+ II- - -
S - |- 2+ - - -
T2 M/P 2+ |+ 3+ - - +
M/D s 2+ I N -
C - - 2+ - [- +
| 5 [ S : [ :

Single FA pretreatment gave very weak or no reactions to all antibodies; however, mouse amyloid plaques were positive to some antibodies (mAbs 149, 43C5, 72, 44B1,
44B2, and T2). Among 121DWHA, and a combination of 12IDWHA with FA (i21DWHA/FA) or PK (121DWHA/PK) pretreatments, 121DWHA/FA was most effective
with most antibodies, but 121DWHA/PK was more or equally effective compared with 121IDWHA/FA using mAb 43C5 and pAb B103, Considering the sensitivity to
135DWHA and 135DWHAJFA pretreatments, the antibodies used in this study have been divided into two types, one which showed the increase in reactivity, and the
ather showing a significant reduction or a loss of reactivity. mAbs 132, 149, 43C5 and pAb B103, which reacted with the linear epitope, are classified to the former group
(Fig. la—d), while mAbs 72, 44B1, 44B2 and T2 recognizing the discontinuous epitope are referred to the lawter group (Fig. 2a-d), mAb 6H4 against cow recombinant
PrP stained bovine, ovine and murine PrP>® with 121DWHA/FA pretreatment, but other pretreatments showed no positive reactions for any animal pipSe except for the

murine plaque type of PrP% with 121DWHA, 121DWHA/FA and 121DWHA/PK pretreatments.
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Fig. 1 Immunohistachemistry of the PrP with mAb 43C5 in the thalamus of scrapie-affected mouse; a 121DWHA, b 121DWHA/FA, ¢ 135DWHA and d 135DWHAFA methods.
The immunedensity is considerably greater using the 135DWHA and 13SDWHA/FA methods [PrP prion protein, 1210WHA hydrated autodlaving at 121°C, 2 atmesphere {atm)
for 20 min in distiled water, 121DWHA/FA 121DWHA and 96% formic acid for 5 min, 1350WHA hydrated autoclaving at 135°C, 3 atm for 20 min in distifled water, 135DWHA/FA

135DWHA and 98% formic acid for 5 min]. Bars a—d 50 Hm
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Fig. 2 Immunohistechemistry of the PrP with mAb 4481 in the thalamus of scrapie-affected mouse; a 121DWHA, b 121DWHASFA, ¢ 135DWHA and d 135DWHA/FA methods.

The 121DWHA/FA method is the most effective for enhancing the PrP and anly faint reactivity is observed with the 121DWHA methed. Although 135DWHAJFA method
enharices the PP, no reactive deposits are observed using the 1350DWHA methad. Bars a—d 50 Hm

Effects on the sections from the tissues immersed in formalin for a long period

With 121IDWHA and 135DWHA pretreatment, both B103 and 43C5 antibodies gave positive reactions in almost the same areas for sections of scrapie-affected sheep that
had been immersed in formatin for 6 months, However, the seclions treated by the 135DWHA method yielded an intense signal and widespread staining, while the
detectable antigens in 121DWHA pretreatment were limited and showed low intensity (Fig. 3a, b).
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b e
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Fig. 3 immunchistachemistry of the PrP with pAb B103 in the sections of scrapie-affected sheep from the sampte immersed in formalin for 6 months; & 1210WHA and b
135DWHA methods. Bars a, b 500 Hm

Morphometry

The comparison of RD in each pretreatment method on BSE seclions is shown in Fig. 4. This digital morphometry was in good agreement with the observations
throughout. Although 135DWHA or 135DWHA/FA methods increased the density with mAb 43C5 and pAb B103, the effect was stronger with the former (Fig. 4a, b).
Using mAbs 44B1 and 6H4, the 121DWHA/FA protocol was appropriate for antigen retrieval and the I35DWHA or 135DWHA/FA method were not effective {Fig. 4c,

d).
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Fig. 4 Comparison of refative density (RID%) using each pretreatment methed on BSE sections for different antibodies; a pAb B103, b mADb 43C5, ¢ mAb 6H4, and d mAb
44B1. mAb 44B1 recognizes discontinuous epitope, and cthers recognize linear epitope. The effect of FA, 121DWHA, 121DWHAFA, 121DWHA/PK, 1350WHA and
135DWHA/FA s displayed as bar A, B, C, D, € and F, respectively. a FA disptays 1 RD%. 1210WHA (29 RD%) does not lead to a significant increase. 121DWHA/FA and
121DWHA/PK show a density of 81 and 75 RD%, respectively. Immunadensity is further enhanced by 1350WHA, (100 RD%) and 135DWHA/FA {100 RD%). b FA displays 1
RD%. 121DWHA, 121DWHAJFA and 1210WHA/PK show 15, 22 and 18 RD%, respectively, 1350WHA and 135DWHAJ/FA result in 100 and 94 RD%, showing a significant
increase. ¢ FA (5 RD%), 121DWHA (17 RD%), 1210WHA/PK. (3 RD%), 135DWHA, (1 RD%) and 135DWHAJ/FA (2 RD%) do not lead to a significant increase in immunodensity.
121DWHAIFA (100 RD%) shows the highest increase. d FA shows 22 RD% and 12 1DWHA, 25 RD%. Imunadansity is not enhanced by 121DWHA/PK and 135DWHA.
135DWHA/FA displays 4 RD%. The best result was abtained by 1210WHA/FA (100 RD%) (FA 96% formic acid for § min, 1210WHA/PK 121DWHA and proteinase K treatment
for 1 min)

Discussion

Int immunohistochemistry for the prion diseases, several pretreatment methods to enhance the immunoreactivity of human and animal PrPS® on the tissue sections have been
reported. The method of 121°C hydrated autoclaving pretreatment o the combination method of 121°C hydrated autoctaving with a certain chemical reagent (formic acid or

proteinase K, etc) are now widely used [5, /3. The precise mechanisms by which pretreatments enhance the PrpS¢ immunoreactivity are still unknown. However, the
effect of these chemical treatments is considered to make amyloid fibril proteins denature, breaking down the structure of amyloid fibrils, and exposing the buried
epitopes [£]. In formic acid pretreatment, microwave irradiation is thought to enable for formic acid penetration in tissue, and to expose the epitope and react with the
antigen more efficiently [7]. In addition, it is speculated that hydrolytic auteclaving contributes to alter the primary siructures of PrP in situ [//].

We describe a new hydrated autoclaving method, termed the 135DWHA method, to enhance the immunoreactivity of the PrPsc, and have compared this with the
previously reported methods. Generally, the 135DWHA or 135DWHA/FA methods for the antibodies reacting with linear epitope showed a higher sensitivity than
121DWHA, 121DWHA/FA, or 12IDWHA/PK methods, except for antibody 6H4. Although prolonged exposure of brain material to aldehyde fixatives usually

dramatically decreases the antigenicity of prpSe [£7], this newly enhancing method was more effective for the long-term fixation samples compared with other metheds. On
the other hand, our simple modification could not enhance immunoreactivity for the prien antigen for antibodics recagnizing discontinuous or conformational epitopes.

For immunohistochemical antigen-retrieval techniques, hypotheses such as breaking cross-linking [16], protein denaturation or medification-re-modification [3] have been
proposed, and were thought to have an advantage on the basis of observatian or support from several studies {18, 22, 23]. In particular, the later theory is based on heat-
or chemical-induced modification of the three-dimensional structure of * formalinized™ protein, restoring the condition of a formalin-modified protein structure back
towards its original structure on the paraffin-embedding tissue sections. Because immunchistochemisiry without pretreatment did not give any positive reactions using the
pAb B103 and 44B1 in the frozen sections (data not shown), there are some differences between this theory and our model, However, it seemed probable that epitopes
hidden by the aggregation of PrPs are exposed on the surface, or that conformational binding sites formed by the other protein molecules are disrupted due {0
conformational changes induced by the hydrating autoclave methods on the formalin-fixed paraffin sections, assuming that the principle of the antigen-retrieval methods is
to lead to & re-naturation or partial restoration of the protein structure with re-establishment of the three-dimensional to something approaching its native condition [22, 23].

Antibody, especially that reacting on the discontinuous epitope, recognizes specific epitopes localized in a spatial configuration within the protein molecule. mAb 1583
recognizes the discontinuous epitope in the pathological PrP isoform, and a single continuous 1583 binding site was speculated to be formed either by aggregation of two
or several PrP molecules, or by structural reamrangement of a single PrP molecule, or by a combination thereof [£2]. The exact mechanisms causing the differences between

1
135DWHA and I2IDWHA methods in the antibody s recognition of the conformational epitope are still unknown, However, these can be surmised as follows: some
aggregate proteins or molecules may be loosely arranged and antigenic determinants come to lie on the surface durin g formic acid or 121°C, 2 atm autoclaving pretreatment:
furthermore, elevation of the temperature and atmosphere may cause further changes of certain stereoscopic struciures or components of PrP molecules, causing aloss of
its conformational epitope. Additional formic acid treatment also causes a slight change, helping in the demasking of the conformational epitope,

Further studies on prion antigen-retrieval techniques, including establishing an exact correlation of these mechanisms and the antibody epitope, may shed new light in the
pathology of the prion diseases,
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Abstract

Prion protein (PrP) binds copper and exhibits superoxide dismutase-like activity, while the roles of PrP in copper homeostasis
remain controversial. Using Zeeman graphite furnace atomic absorption spectroscopy, we quantified copper levels in immortalized
PrP gene (Prnp)-deficient neuronal cells transfected with Prap andfor Prad, which encodes PrP-like protein (PrPLP/Dpl), in the
presence or absence of oxidative stress induced by serum deprivation. In the presence of serum, copper levels were not significantly
affected by the expression of PrP and/or PrPLP/Dpl, whereas serum deprivation induced a decrease in copper levels that was in-
hibited by PrP but not by PrPLP/Dpl. The inhibitory effect of PrP on the decrease of copper levels was prevented by overexpression
of PIPLP/Dpl. These findings indicate that PrP specifically stabilizes copper homeostasis, which is perturbed under oxidative
conditions, while PrPLP/Dpl overexpression prevents PrP function in copper homeostasis, suggesting an interaction of PrP and
PrPLP/Dpl and distinct functions between PrP and PrPLP/Dpl on metal homeostasis. Taken together, these results strongly suggest
that PrP, in addition to its antioxidant properties, plays a role in stabilizing cellular copper homeostasis under oxidative conditions,

© 2003 Elsevier Inc. All rights reserved.
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The function of the cellular isoform of prion protein
(PrPC) remains unclear. Several lines of recent evidence
suggest that PrP¢ binds copper and has antioxidative
activity, especially contributing to superoxide dismutase
(SOD) activity [I-6]. Although manganese can sub-
stitute for copper, it induces conformational changes
and a loss of SOD activity [7). Furthermore, the impli-
cation of metal or oxidative stress metabolism in the
pathogenesis of prion diseases has been reported. Brain
from prion-infected animals shows a decrease in copper
level with a concomitant increase in manganese level [8].
A reduction in copper level and an elevation in man-
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ganese level were demonstrated for affinity-purified
prion protein (PrP) from prion-infected animals [9).
Moreover, brains in scrapie-infected animals show
increased levels of oxidative stress markers [8,10].
Some lines of PrP gene (Prnp)-knockout Prnp~/-
mice (Zrchll, Ngsk, Rem0, and Rikn) expressing PrP-
like protein PrPLP/Dpl [11,12], which is encoded by
Prnd, exhibit a late-onsct ataxia that can be rescued by
crossing the mice with those overexpressing wild-type
PrP [13,14], suggesting that PrP¢ functionally interacts
with PrPLP/Dpl. The predicted protein of PrPLP/Dpl
has ~25% identity with the carboxy-terminal two-thirds
of PrP [11]). These proteins revealed a similar three-di-
mensional structure in a nuclear magnetic resonance
(NMR) study [15]. Unlike PrP¢, PrPLP/Dpl lacks the
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N-terminal octa-peptide repeat region of PrP¢ to which
copper ions are bound [11]. Conflicting results have so
far been reported for the capability of PrPLP/Dpl to
bind copper ions. One recent report has shown that this
protein binds to copper [16], while another does not [17].
Moreover, PrPLP/Dpl expression correlates to the levels
of oxidative stress markers in the brains of PrP-knock-
out mice, suggesting PrPLP/Dpl exacerbates oxidative
stress [18]. Therefore, the expression of both proteins
can have an important role in metal homeostasis and
oxidative stress metabolism,

Recent studies have demonstrated a decrease in
copper content in the brain of Zrchl PrP-knockout mice
compared to those of wild-type mice [2], whereas other
studies have provided inconsistent results [19]. More-
over, the regulation of copper concentration by PrP¢
may not be a cell-autonomous mechanism but rather
reflect a systemic process of heterogeneous cell popula-
tion in the brain. Therefore, the cell-autonomous role of
PrP® in metal homeostasis was estimated by investigat-
ing the metal levels in the presence or absence of PrPC in
Prap~/=cells. Additionally, the role of PrPLP/Dp! in
metal homeostasis is unknown. We therefore investi-
gated whether PrP® and PrPLP/Dpl expression could
affect metal homeostasis in vitro and in vivo.

Materials and methods

Cell cultures and animals. A murine PrP-deficient cell line (HpL3-4)
[20] and the transfectants (HpL3-4-PrPNo3 [21], HpL3-4-EM. HpL3-
4-PrP, HpL3-4-Dpl, and HpL3-4-PrPDpl) were maintained in Dul-
becca’s modified Eagle’s medium (DMEM) (Sigma, St. Louis, MQ)
supplemented with 10% fetal calf serum {FCS) at 37°C in a humidified
5% CO; incubator. Serum deprivation was performed as previously
described [21]. Male Rikn Prip~/~ mice (ectopically expressing PrPLP/
Dpl) [22], male FVB/Prnp~/~ (Zrchl) mice (not ectopically expressing
PrPLP/Dpl) (kindly provided by Dr. Stanley B, Prusiner), and male
CS57BL/6CrSic (Prap*/*) mice (Japan SLC, Hamamatsu, Japan) were
analyzed at 10 weeks of age. All mice were housed according to
standard animal care protocols in accordance with guidelines of the
University of Tokyo and fed standard laboratory chow (CLEA Ro-
dent Diet CE-2; CLEA Japan, Inc., Tokyo, Japan} and tap water ad
libitum. The nuraber of animals was kept to a minimum, and the an-
imals were sacrificed in accordance with guidelines of the University of
Tokyo before the collection of their brains.

Plasmid construction and gene transfer. The open-reading frame
(ORF) of PrPLP/Dpl cDNA was amplified by polymerase chain reaction
(PCR) using DPL-KOZAK-SF (5-GCGTCGACHGCCACCATGA]
AGAACCGGCTGGGTACATGG-3). [The Sall linker is underlined
and the Kozak consensus sequence (GCCACCATGG)is boxed [23]] and
DPL-STOP-SR (5-CTCGTCGACCTCTGTGGCTGCCAGCTTCA
TTGA-3'} primer, subcloned into pT7Blue vector. and cloned into
pIRES-EGFP vector (Clontech, Palo Alto, CA) in the sense orientation
to the cytomegalovirus promoter. The Dpl-EGFP fragment was cut out
and inserted into the multi-cloning site of pMSCVhyg vector (Clontech).
The resulting constructs were pMSCVhyg-EGFP and pMSCVhyg-
EGFP-Dpl. In these vectors, the viral long terminal repeat drives ex-
pression of the hygremycin resistance gene whereas the murine stem cell
virus {MSCV) promoter drives transgene expression, The pMSCV
constructs were transiently transfected into the packaging cell ling PT67

by the lipofectamine-mediated method (Gibeo/BRL, Gaithersburg.
MD). Viral supernatants were harvested and used to transduce HpL3-4-
PrPNo3 cells or HpL3-4 cells transfected with pMSCVpuro. Selection
was performed for more than 10 days in a complete medium containing
400 pg/ml hygromycin (WAKQ, Osaka, Japan).

Auntibodies. Antibodies DDC39 [24] and 6H4 (Prionics, Ziirich,
Swiltzerland) [25] were, respectively, used for the detection of mouse
PrPLP/Dpl and mouse Prpe,

Determination of metal concentration. To minimize metal contami-
nation of samples, all vessels and scrapers were immersed in 0.1 M nitric
acid overnight and washed with deionized water, Brains were dissected
from male adult {10 week old) mice. Cells were collected by scraper and
washed four times with phosphate-buffered saline (PBS). Tissue and cell
samples were frozen at —80°C prior to use. The sample was taken and
dried at 105°C for 4h in a 10-m] polytetrafluorocthylene beaker to
obtain the dry weight. The sample and 0.5ml of concentrated HNQ,
were heated separately from room temperature to 130°C for over 1 h
and then kept at 150°C for 6h to promote vapor phase digestion of
HNO; in a 50-ml polytetrafluoroethylene digestion vessel with a
stainless steel jacket [26]. After cooling to room temperature, the con-
tainer was diluted to 2ml with (.1 M HNO,. The concentrations of Cu
and Mn were determined by graphite furnace atomic absorption
spectroscopy (GF-AAS) with polarized Zeeman-effect background
carrection (Hitachi Z-9000 atomic absorption spectrophotometer,
Japan). Analysis lines used were 324.8 and 279.5nm for Cu and Mn,
respectively. The following thermal treatment program was used:
drying from 80 to 120°C for 30s, ashing from 300 to 600 °C for 30s,
holding a1 600 °C for 10s, atomization at 2700°C for 105, and cleaning
at 3000°C for 3s. The argon gas purged at a flow rate of 200 mi/min
during the drying and ashing cycles and 30 mi/min during atomization.
The signal intensity was calibrated with standard solutions of Cu or
Mn. We measured each brain or cell pellet sample in triplicate and the
mean value was employed for analysis. The metal values presented are
means (jgfg) dry weight. Values represented means £ SE of each group
(N = 4) of mouse brains or cell pellets analyzed.

Western blot assay. The procedures for protein extraction from
brains and cells and subsequent immunoblotting have been described
previously [21] with DDC39 anti-PrPLP/Dpl antiserum or 6H4 anti-
PrP monoclonal antibody. Equal quantities of protein (60 pg for PrP€
and 60 pg for PrPLP/Dpl) were used for Western blotting,

Statistical analysis. Statistical analysis was performed using the
non-repeated measures ANOVA followed by Dunnett’s test, Differ-
ences where p < 0.05 were considered to be statistically significant.

Results and discussion

To investigate whether PrPLP/Dpl plays a role simi-
lar to PrPC in the regulation of copper and manganese
homeostasis, copper and manganese concentrations
were determined for the HplL.3-4 cells transfected with
Prnp and/or Prand. The expression of PrP“ and PrPLP/
Dpl in the stable transfectants was confirmed by Wes-
tern blot analysis using anti-PrP 6H4 and anti-PrPLP/
Dpl DDC39 (Fig. 1A}, HpL3-4-PrP cells expressed PrP¢
at a level] equivalent to that in HpL3-4-PrPDpl cells,
while no apparent PrP“ were observed in HpL3-4-EM
and HpL3-4-Dpl cells. Although reverse transcription-
PCR indicated the presence of PrP-PrPLP/Dpl chimeric
mRNA in HpL3-4 cells (D.C. Lee, A, Sakudo, T. On-
odera, unpublished results), PrPLP/Dpl protein was
under the detectable limit in HpL3-4-EM and HpL3-4-
PrP cells by Western blot analysis employing 60 ug of
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Fig. 1. Cellular copper and manganese content in Priup~/~ cells trans-
fected with Prip and/or Prnd. Cellular copper and manganese content
in Prnp~/~ cells transfected with Prap and/or Prad cultured in the ab-
sence and presence of serum was determined by graphite furnace atomic
absorption spectroscopy {GF-AAS) with Zeeman background correc-
tion. (A) Prap*/* (WT) brain (lane 1), Rikn Prap~/~ brain {lane 2),
and HpL3-4 cells transfected with pMSCVpuro + pMSCVhyg-EGFP
(EM: HpL3-4-EM; lane 3), pMSCVpuro+pMSCVhyg-EGFP-Dpl
(Dpl: HpL3-4-Dpl; lane 4), and pMSCV puro-PrP + pMSCVhyg-
EGFP (PrP: HpL3-4-PrP; lane 5) or pMSCV puro-PrP + pMSCVhyg-
EGFP-Dpl (PrPDpl: HpL3-4-PrPDpl; lane 6) were separated by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and then Western blotted. PrP¢ or PrPLP/Dpl was detected
with 6H4 or DDC39, respectively. {B,C) Cellular copper (B) and
manganese {C) content in HpL3-4 cells transfected with Prap and/or
Prnd and serum-deprived for 0 h (black bars) or 6 h (white bars). Dif-
ferences where p < 0.05 (*)and < 0.01 {**) compared with HpL3-4-EM
cells serum-deprived for 0 h were considered statistically significant.

extracted protein (Fig. 1 A). However, enhanced levels of
PrPLP/Dpl were observed in HpL3-4-Dpl and HpL3-4-
PrPDpl cells compared to HpL3-4-EM and HpL3-4-PrP
cells. The cellular copper concentration among Hpl.3-4-
EM, HpL3-4-PrP, HpL3-4-Dpl, and HpL3-4-PrPDpl
cells was not significantly different in the presence of
serum (Fig. 1B). Therefore, the expression of PrP® and
PrPLP/Dpl did not influence cellular copper homeosta-
sis in the presence of serum. We examined the changes of
cellular copper levels after 6h of serum deprivation, a
period which corresponds to the time required for su-
peroxide generation [21]. The incubation of cells in the

absence of serum significantly decreased cellular copper
concentration in HpL3-4-EM, Hpl.3-4-Dpl, and HpL3-
4-PrPDpl cells, whereas that in HpL3-4-PrP cells was
unchanged (Fig. 1B). These results demonstrated that
PrP¢ prevented a decrease in cellular copper concen-
tration under serum deprivation.

We analyzed the effect of the expression of PrP¢ and
PrPLP/Dpl on cellular manganese concentration using
PrP-deficient cells. In the presence of serum, HpL3-4-Dpl
and HpL3-4-PrPDpl cells showed manganese concen-
tration significantly higher than HpL3-4-EM and HplL.3-
4-PrP cells (Fig. 1C), with HpL3-4-PrP cells being not
significantly different in manganese content compared
with HpL3-4-EM cells (Fig. 1C). The increase in man-
ganese concentration was correlated with the expression
level of PrPLP/Dpl (Fig. 1C). Therefore, the cellular
concentration of manganese was regulated by PrPLP/
Dpl in an expression level-dependent manner but not by
PrPC in the presence of serum. However, after incubation
in serum-free culture for 6h, all four transfectants did
not show any significant differences in cellular manga-
nese content (Fig. 1C). These results suggest that the
expression of PrPLP/Dpl enhanced manganese uptake
from serum in an expression level-dependent manner and
PrP¢ did not influence cellular manganese homeostasis.

To further examine whether copper and manganese
content 1s regulated by the expression of PrP and
PrPLP/Dpl in vivo, copper and manganese contents in
brains of Prap*/*, Rikn Prap™/~, and FVB/Prnp~/-
{ZrchlI) mice were analyzed. The brain Cu concentration
depends on diet and age [27,28). This may account for
some of the contradictory results concerning copper
concentrations between wild-type and Zrchl PrP-
knockout mice [2,19]. Therefore, in this study to mini-
mize the effect of age and diet on the results in all three
mouse lines (Prnp*/* mice, Rikn Prnp~/-, and FVB/
Prap~/~ (Zrchl)), we used age-matched male mice fed
with standard diet (CLEA Rodent Diet CE-2; CLEA
Japan, Inc., Tokyo, Japan), in which the metal content
was monttored (8.1 £ 0.9 Cu pg/g dry weight, 1053+ 6.9
Mn pg/g dry weight). Prrp*/* mice expressed PrP¢ but
not PrPLP/Dpl in the brain (Fig. 2A); a Western blot
analysis confirmed that brains of Rikn Prap~/~ mice
showed ectopic PrPLP/Dpl expression without PrP¢
expression (Fig. 2A), while those of FVB/Prnp~/-
(Zrchl) mice demonstrated the absence of both proteins
(Fig. 2A). Rikn Prap~/~ brain demonstrated a signifi-
cant decrease in copper concentration compared to
Prap*/+ brain, whereas FVB/Prnp~/~ (Zrchl) brain
showed no significant difference in copper concentration
from Prap*/* brain (Fig. 2B). In comparison, although
an increased manganese content by PrPLP/Dpl expres-
sion was observed at a cellular level (Fig. 1C), brains of
Rikn Prnp~/~ mice ectopically expressing PrPLP/Dpl
revealed no difference in manganese content when
compared to those of Prnp*™/* mice (Fig. 2C).
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Fig. 2. Effect of PrP® and PrPLP/Dpl expression on brain metal levels.
(A) PrP€ and PrPLP/Dpl expressions in Prap*/* (WT) brain and Rikn
Prap~i= and FVB/Prrp~~ (Zrchl) brain were analyzed by Western
blot analysis. The brain sample (60 g} was separated by 12% SDS-
PAGE, transferred onto a polyvinylidene difluoride (PYDF) mem-
brane, and immunostained with anti-PrP 6H4 or anti-PrPLP/Dpl
DDC39. The presence of PrP€ in brain homogenate of Prup*/+ mice
and PrPLP/Dpl in brain homogenate of Rikn Prrp~/~ mice was con-
firmed. (B,C) Copper (B) and manganese (C) levels were measured in
brains of Prap*’* (WT), Rikn Prap~/~, and FVB{Prnp~/~ (Zrchl) mice
by GF-AAS. Metal levels are given as pg/g dry weight. Differences
where p < 0.05 (*) in copper concentration between Prap*/* brain and
Rikn Prnp~/~ mouse brains were considered statistically significant.

In this study, cellular copper concentration was de-
creased in the absence of PrP* under oxidative conditions.
As serum deprivation increased production of superoxide
anion which is reduced by re-introduction of Prap in
HpL3-4 cells [21], cellular copper concentration might be
decreased by oxidative stress (PrPC may stabilize celtular
copper homeostasis possibly due to its antioxidant
properties). To our knowledge, this is the first report that
cellular copper concentration is decreased under oxida-
tive conditions in the absence of PrP®. Copper ion is a
redox active metal that plays important catalytic roles in
enzymes [29]. Moreover, as copper ion easily reacts with
reactive oxygen species (ROS) and can generate free
radicals [30], copper levels must be regulated to prevent

aberrant reaction with ROS. Therefore, cellular copper
concentration may be strictly regulated under oxidative
conditions. Our previous studies have shown that PrP¢
eliminates superoxide via the regulation of SOD activity
[21]. Therefore, to elucidate the mechanism of copper
homeostasis regulation by PrPC, further studies on the
relationship between copper homeostasis regulation and
the antioxidative property of PrP¢ are warranted. Our
study also indicated that the stabilization of copper ho-
meostasis by PrP¢ was completely inhibited by overex-
pression of PrPLP/Dpl, which inhibited regulation of
copper homeostasis by PrP® in a dose-dependent manner.
PrPLP/Dpl did not affect copper homeostasis in the ab-
sence of PrP¢. This suggests a potential interaction be-
tween PrP€ and PrPLP/Dpl. PrP¢ has an affinity constant
for copper in the micromolar range [31]. Copper bound to
PrP€ is exchangeable to serum albumin and amino acids
but not to ceruloplasmin within the physiological con-
centration range of the total copper concentration in
plasma [31]. Therefore, PrP® may play a role in transfer-
ring copper from serum albumin and amino acids in se-
rum, and the transfer may be inhibited by overexpression
of PrPLP/Dpl. In other cases, as PITPLP/Dpl may bind to
copper in a manner similar to PrP® [16], an alterative
possibility could be proposed that PrP¢ may not intra-
cellularly transfer copper in the presence of PrPLP/Dpl
due to the chelating effect of PrPLP/Dpl on copper. A
dose-dependent influence of the expression of PrPLP/Dpl
in increasing cellular manganese levels is also evidenced.
These results indicate PrP has different roles in regulat-
ing metal homeostasis from PrPLP/Dpl, despite the ho-
mology of PrPLP/Dpl with PrPC. Different sequences
between PrP¢ and PrPLP/Dpl would determine the dis-
crimination of metal regulation. Manganese exists in non-
transferrin-bound and transferrin-bound forms in the
serumn and extracellular fluid of the brain [32]. Although
the non-transferrin-mediated pathway remains unclear,
transferrin-bound manganese is taken up by cells via the
transferrin  receptor-mediated endocytosis [32]. As
PrPLP/Dpl may not bind to manganese [16], PrPLP/Dpl
may indirectly regulate manganecse homeostasis by en-
hancing the endocytosis. An alternative possibility is that
it may result from a secondary effect of the upregulation of
manganese-containing proteins such as manganese-su-
peroxide dismutase. We also demonstrated the combi-
nation of a lack of PrP® and ectopic expression of PrIPLP/
Dpl decreased copper content in the mouse brain. Simi-
larly, amyloid precursor protein {(APP) contains metal
binding sites for copper and zinc, and APP-knockout
mice are reported to show elevations in brain and liver
copper levels [33]. Additionally, we show that PrPLP/Dpl
expression level-related increased in cellular manganese
concentration, whereas ectopic expression of PrPLP/Dpl
did not increase manganese content in the mouse
brain. These results suggest that some cell populations or
regions of the brain may regulate cellular manganese
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concentration by PrPLP/Dpl expression, while other cell
populations or regions of the brain may not. Therefore,
further studies of the various cell types and dissected
subregions of the brain in these mouse lines are needed to
confirm possible cell type and region-specific alterations
in manganese levels. Brains of Rem0 Prap~/~ mice ec-
topically expressing PrPLP/Dpl show much higher levels
of protein oxidation and lipid peroxidation than those of
Prup*/* mice or Npu Prup~/~ mice not ectopically ex-
pressing PrPLP/Dpl {18, suggesting that PrPLP/Dpl ex-
pression increases oxidative stress. This report and our
results advocate that ectopic expression of PIPLP/Dpl in
the absence of PrP% decreases copper concentration in the
brain with accompanying increased oxidative stress.

Prion diseases are thought to be dug to the combined
effect of an accumulation of an abnormal isoform of prion
protein (PrP%) and a deficiency of PrP® in neurons [22].
PrP% is derived from PrP< [34]. This conversion leads to
PrP% accumulation and PrP® deficiency in neurons [34].
The former causes oxidative stress in the animal brain
[8,10]. Furthermore, neurons lacking PrP€ are susceptible
to oxidative stress [35]. Therefore, the oxidative stress and
lack of PrP€ caused by PrP% may result in a loss of neu-
rons. Recently, brains of scrapie-infected mice have been
reported to show decreased copper levels prior to the
onset of clinical symptoms [36)]. Interestingly, in the
present study, we found that Rikn Prrp~/~ mice showed a
decrease of copper levels compared to Prap'/t mice,
suggesting that Rikn Prap~/~ mice resemble scrapie-in-
fected Prnp*/* mice in terms of metal homeostasis. Rikn
Prap~/~ mice may be a useful model for studying the
pathogenesis of neurodegenerative diseases accompanied
by aberrant metal homeostasis such as prion diseases and
Alzheimer’s disease. Furthermore, it suggests that
inhibition of oxidative stress and perturbatiton of copper
homeostasis by pharmacological agents would be useful
for a therapeutic approach for prion diseases.
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