Shinkai-Ouchi et al. Proteome Science 2010, 8:53
http://www.proteomesci.com/content/8/1/53

Page 6 of 12

HSRM)
DQWREWADSK SCCDYSLHVD ITEWHK
IYEVLSVIRD IGATAQVHAE NGDII

FVTSPPLSPD
RMSVIWDKAV
SAKTHNSALE

481
RIKARSRLAE

sites. The sequence is from UniProtkB; O08553.

1
MSYQGKKNIP PITSDRLLIK GGKIVNDDQS FYADIYMEDG LIK
T IFOMPD QGMTSADDFF QGTKAALAGG TTMIIDHVVP EPGTSLLAAF

Figure 3 Summary of the LC/MS analysis. Gray: detected in the tryptic digests of both spots a and b7; white box: detected in the tryptic
digest of spot b1; red underline: detected in the Glu-C digest of spot a (M+H]" = 1186.8); blue underline: detected in the Glu-C digest of spot
a (M+H]" = 913.7); broken underline: expected to be obtained by the Glu-C digestion of full-length CRMP-2; *: the potential phosphorylation
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result, the amounts of CRMP-2-AC became comparable
to those observed for the full-length form of CRMP-2
(Figure 4B, left). This change of CRMP-2-AC in the late
stages of the disease was further confirmed by the
examination of an additional number of specimens
(Additional file 1). This modest but statistically signifi-
cant change appeared to account for the focal distribu-
tion of lesions in the brain [1-3].

Analysis of the CRMP-2 transcript

Two variant forms of CRMP-2, named CRMP-2A and
-2B, were previously identified that had different amino
terminal regions due to the alternative usage of two first
coding exons [30-33]. Therefore, we examined if the
occurrence of CRMP-2-AC was due to alternative spli-
cing or post-translational processing. Using Northern
blot analysis, a single 4.5-kb band was invariably
detected in the prion-infected mice (n = 2) and the
mock controls (n = 2) sacrificed at 160 dai (Figure 4C).
This size was substantially the same as for the pre-
viously reported CRMP-2 gene transcript [17,19];
accordingly, we conceived that CRMP-2-AC was not
produced by alternative splicing, but by post-transla-
tional proteolytic cleavage. It should be noted that den-
sitometric analysis of the bands did not show significant
difference in the mRNA levels of CRMP-2 between the
prion-infected and the control mice after normalization
to the amount of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA (Figure 4C, right). In a further
analysis by quantitative RT-PCR to compare the mRNA
levels of CRMP-2 in the two groups of mice in detail,
we again did not find a statistical difference in the level
of CRMP-2 mRNA between the prion-infected mice and
the mock controls (Additional file 2).

Effects of the overexpression of CRMP-2-AC on neurons

in vitro

Considering the increasing ratio of CRMP-2-AC to full-
length CRMP-2 in the late stages of prion disease in our
model (Figure 4), we asked whether CRMP-2-AC would
affect the morphology of the neurites. Plasmids encoding
full-length CRMP-2 (named CRMP-2-wt), CRMP-2-AC,
or phosphorylated or non-phosphorylated mimics named
CRMP-2/DD, /AD, /DA, and /AA, in which the C-term-
inal potential phosphorylation sites Thr*'* and Thr***
[20] were mutagenized to Asp or Ala (Figure 5A),
were introduced into murine embryonic cerebral neu-
rons on the first day of culture in vitro (0-DIV). As
the transfection efficacy of the neurons in primary cul-
ture was rather low, we co-transfected a plasmid
encoding green fluorescent protein (GFP) to identify
the transfected cells. The cells positive for GFP-fluores-
cence were examined at 4-DIV for neurites longer than
10 pum, and we found that the cells transfected with
CRMP-2-AC developed 1.2-fold more neurite tips than
the cells transfected with the empty vector (Figures 5B
and 5C). An enhanced level of branching of the neur-
ite tips was also observed in the cells expressing the
non-phosphorylated mimic CRMP-2/AA (Figures 5B
and 5C). Conversely, the cells transfected with CRMP-
2-wt exhibited slightly fewer neurite branch tips than
the cells transfected with the empty vector, similar to
the cells transfected with CRMP-2/DD (Figures 5B and
5C). This was presumably because cellular kinases
phosphorylated CRMP-2-wt that, in turn, acted against
the development of neurite tips. In contrast to the
range of variation in branching, the length of the long-
est neurites did not show a significant difference and
were in the range of 269.8 + 10.1 pm (Figure 5D).
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Figure 4 CRMP-2-AC in the brains of C57BL/6J mice during the
progression of prion disease. (A) Western blot analysis for CRMP-
2, GFAP and GAPDH. The accumulation of PK-resistant PrP>* is
shown at the bottom. p: prion-infected; m: mock controls. The
ladders of GFAP bands are possibly due to post-translational
cleavage [24] or alternative splicing [51]. (B) The amounts of 61-kDa
and 56-kDa CRMP-2 relative to the total amount of CRMP-2 as
determined from the signal intensity of the bands in panel (A). Data
are means = SEM (n = 2). (C) Northern blot analysis for prion-
infected and mock-infected mice sacrificed at 160 dai (n = 2,
respectively). The arrowhead indicates the CRMP-2 transcript. The
ratios of signal intensities of the bands of CRMP-2 mRNA to that of
GAPDH mRNA are shown after normalization to the ratio obtained

from the control mice as 1.00 (means + SEM).

Discussion

CRMPs are cytosolic phosphoproteins abundantly
expressed in the developing brain [16-20,31], and in
some neurons and oligodendrocytes in the adult brain
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[17,19,32,33]. Among the five known isoforms (CRMP-1
to -5), CRMP-2 was originally identified as a mediator
of the collapse of growth cones by semaphorin [16], and
later shown to be involved in the outgrowth of axons
and the induction of neuronal polarity [20] in develop-
ing neurons. Further studies also showed different spli-
cing patterns of its mRNA, giving rise to two variant
forms named CRMP-2A and -2B [30]. CRMP-2A (theo-
retical Mr of 75 kDa) has a long N-terminal sequence,
and induces oriented microtubule patterns in cultured
fibroblasts [30]. On the other hand, the shorter variant
CRMP-2B (theoretical Mr of 62 kDa) corresponds to
the originally identified CRMP-2 protein, and favors dis-
oriented microtubule patterns in the fibroblasts [30].
Thus, the two variants seem to display different, or even
opposite functional properties [30,32]. Intriguingly, Wes-
tern blot analysis of the brain of mouse [32] and rat [33]
showed that CRMP-2A is mainly expressed in the devel-
oping brain while CRMP-2B is predominantly expressed
in the adult brain. The temporal expression pattern of
the two forms, together with their distinct functions,
suggest that CRMP-2 plays roles more than the axonal
outgrowth and the induction of neuronal polarity.

Not only in the physiological neuronal processes, the
importance of CRMP-2 in the adult brain under non-
physiological conditions has also been implied recently
in animal models of neurodegenerative disorders includ-
ing traumatic brain injury and cerebral ischemia (see
below). Here, we performed a proteomic analysis of the
brains of mice infected with scrapie prion, and found a
C-terminally truncated form of CRMP-2 (CRMP-2-AC)
in the late pathological stages of the disease. To date,
truncated forms of CRMP-2 have been identified in cul-
tured neurons exposed to N-methyl-D-aspartic acid
[34,35] or depleted of nerve growth factor [36], in mod-
els of traumatic brain injury [35,37], ischemia [38], and
sciatic nerve injury [39], and in the developing mouse
brain [31]. Although the precise cleavage sites of
CRMP-2 in these studies remain undetermined,
sequence-specific antibodies [34,35] or peptide mapping
in MS analyses [31,36,39] mapped them to the C-
terminal region. In addition, some studies ascribed pro-
teolytic cleavage by calpain to the production of the
truncated forms of CRMP-2 [34-36]. We demonstrated
that the production of CRMP-2-AC was not due to the
alternative splicing of its mRNA, the known splicing
responsible for the production of CRMP-2A and -2B
[30]. Rather, judging from its Mryy,, plops and the trun-
cation site, it is most conceivable that CRMP-2-AC was
derived from proteolytic cleavage of CRMP-2B (referred
to as the full-length form of CRMP-2 in the present
study) which is predominantly expressed in the adult
brain [32,33]. We speculate that calpain is likely to be
involved in its generation, since the truncation site of
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Figure 5 Effect of CRMP-2-AC on primary cultured neurons. (A) Diagram of the cDNA constructs. The asterisks show the potential
phosphorylation sites in the C-terminal region. (B) Representative images of the neurons at 4-DIV. Bar; 20 um. (C) Numbers of neurite branch
tips longer than 10 um in individual cells at 4-DIV. Data are means + SEM from at least 24 cells. “Statistical difference determined by Student’s t-
test (P0.05). (D) Lengths of the longest neurites of the cells at 4-DIV. Data are means + SEM of the lengths from at least 24 cells.

CRMP-2-AC (P4 = Thr, P3 = Pro, P, = Ser, and P, =
Ala) was in modest agreement with the amino acid
sequences preferred for cleavage by calpain [40,41]. In
this regard, an increased level of p-calpain was reported
in the hippocampus of prion-infected mice [24]. It
should be noted that a recent quantitative RT-PCR ana-
lysis of the brains of C57BL/6 mice challenged with
bovine spongiform encephalopathy prion showed an
increased level of CRMP-2 mRNA approximately to
140% of that in the control mice in the mid-stage of the
disease, and its decrease to 54% in the terminal stage
[42]. We have shown the level of CRMP-2 mRNA did
not differ significantly between the prion-infected and
the control mice in the late phase of the disease (Figure
4C, Additional file 2). The reason for this discrepancy in
the decreased level of CRMP-2 mRNA in the later
stages of the disease remains unknown at the moment.
It might be due to the difference in the prion strains, or
the difference in the pathological severity at the timing

of the specimen sampling. The truncation of CRMP-2
was not mentioned in this transcriptional study [42].
Lines of evidence to date indicate that the sequential
phosphorylation of CRMP-2 at Ser®??, Thr®®®, Thr®'*
and Ser °'® by Cdk5 and GSK-3p is essential for the reg-
ulation of CRMP-2 activity [20,29]. These regulatory
sites are, however, partially ablated in CRMP-2-AC. In
fact, the unchanged pI value of CRMP-2-AC after incu-
bation with A-PPase (Figure 1E), and the absence of a
neutral loss of H;PO, (Am/z = -98) in the MS analysis
of CRMP-2-AC (data not shown), strongly indicated
that it was not phosphorylated. Thus, the augmentation
in the development of neurite branch tips of cultured
neurons by the overexpression of CRMP-2-AC may be
explained by the lack of the regulatory phosphorylation
sites. Alternatively, it is recognized that CRMPs are
assembled into homo- or hetero-tetramers. Interestingly,
while the structure of the recombinant CRMP-2'3-4%°
(i.e., lacking the C-terminal region) was indeed in a
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tetrameric form, as determined using crystallographic
analysis, it behaved like a trimer when analyzed using gel
filtration [43]. This was interpreted to indicate a rapid
equilibrium between the tetrameric and the dimeric
states of CRMP-2'3%0 [43], If so, it is conceivable that
CRMP-2-AC has a reduced ability to undergo oligomeri-
zation. Such a defect in oligomerization into the homo-
meric and/or heteromeric state would impair the
physiological function of CRMP-2. In the adult brain,
CRMP-2B is the predominant form of CRMP-2, and
mainly localizes in dendrites [32]. Considering that ham-
ster (2] and murine [3] models of scrapie showed neuro-
nal dendritic atrophy before ultimate neuronal cell death,
it is interesting to surmise that CRMP-2-AC might be
involved in such a neurodegenerative process.

Conclusions

To explore the molecular neuropathology of prion dis-
eases, we conducted a proteomic analysis of a murine
model of prion diseases. In addition to the quantitative
changes of GFAP, glutathione S-transferase-pl and per-
oxiredoxins during the progression of the disease in the
brain of ICR and C57BL/6] mice, we identified a unique
truncation of CRMP-2. Detailing the relevance of
CRMP-2-AC to the morphological abnormalities of
degenerating axon terminals/dendrites observed in mod-
els of scrapie [1-3] awaits further study. Nevertheless,
considering that several forms of truncated CRMP-2, if
not identical to CRMP-2-AC, were found in models of
neurodegenerative disorders [35-39], the results of the
present study should provide clues to the molecular
neuropathology of prion diseases compared with other
neurodegenerative disorders.

Methods

Mice, prion inoculation, and brain homogenate

Female C57BL/6J and ICR mice (6 weeks old) were pur-
chased from Charles River Laboratories (Yokohama,
Japan) and CLEA Inc. (Meguro, Japan), respectively. The
mice were inoculated with 25 uL of a 0.25% (w/v) brain
homogenate in phosphate-buffered saline (PBS; JRH
Biosciences, Lenexa, USA) prepared from terminally ill
ICR mice infected with mouse-adapted scrapie prion
(Obihiro-1 strain) [21]. As mock-infected controls, mice
were injected with 25 pL of a 0.25% brain homogenate
(w/v in PBS) from healthy mice. Experiments were car-
ried out in compliance with the biosafety regulations
and the guidelines for laboratory animal care of the
National Institute of Infectious Diseases. Individual
brains were homogenized in 4-volumes (w/v) of chilled
PBS using a Physcotron homogenizer (Microtec Co.,
Ltd.,, Funabashi, Japan), and centrifuged at 100,000 x g
for 1 h at 4°C with a TLA-55 rotor (Beckman Coulter,
Inc., Fullerton, USA) to obtain the supernatant (soluble
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fraction) and the pellet (membranous fraction). Protein
concentrations were determined using a BCA protein
assay kit (Pierce, Rockford, USA).

2-DE

The samples were prepared by adjusting the soluble frac-
tion of the brain homogenate to a total of 400 ug pro-
tein/mL in 9 M Urea, 4% CHAPS, 65 mM DTT, and
0.5% IPG buffer 3-10 (GE Healthcare, Uppsala, Sweden).
Immobiline DryStrips for isoelectric focusing (IEF; pH 3-
10 NL, 13 cm, GE Healthcare) were rehydrated at 20°C
overnight by soaking in 250 uL of the sample solution {a
total of 100 pg of protein), then IEF was carried out using
a linear gradient from 0-1000 V in 2 h, followed by 8000
V for 6 h. After IEF, the strips were equilibrated with 50
mM Tris-HCl (pH 8.8), 6 M urea, 2% SDS, 20 mM DTT,
30% glycerol, and 0.03% bromophenol blue for 15 min,
and overlaid on 12.5% polyacrylamide slab gels for SDS-
PAGE. Proteins were stained with CBB R-250 or SYPRO
Ruby (Invitrogen, Carlsbad, USA), and gel images were
captured using a LAS-1000 plus lumino-image analyzer
(Fuji Photo Film, Tokyo, Japan). Software PDQuest, ver-
sion 7.3 (Bio-Rad Laboratories, Hercules, USA) was used
for the image analysis. At least one duplicate set of mice
was analyzed for each specified dai. Mr and pI were cali-
brated using the spots of the following proteins: calmo-
dulin (16.7 xDa, pl 4.1), y-enolase (47.2, 5.0), serum
albumin (65.9, 5.5), peroxiredoxin 6 (24.7, 5.72), carbonic
anhydorase II (28.9, 6.5), and aconitase (82.5, 7.4). The
signal intensity of each spot was normalized to that of 3-
actin for statistical analysis. In the dephosphorylation
analysis, the samples were incubated with A-PPase (New
England Biolabs, Inc., Beverly, USA) at 30°C for 15 min
prior to 2-DE.

Western blotting

The anti-CRMP-2 antibodies C4G (epitope; CRMP-2*%0-52%)
and N3E (epitope; CRMP-2"%"1%%) [29] were purchased
from Immuno-Biological Laboratories Co., Ltd. (Taka-
saki, Japan). The other antibodies used were anti-GFAP
(DAKO, Glostrup, Denmark), anti-GAPDH from (Abcam
plc., Cambridge, UK), HRP-labeled anti-mouse IgG
(TrueBlot) (eBioscience Inc., San Diego, USA), and HRP-
labeled anti-rabbit IgG F(ab'), (GE Healthcare). The ECL
Plus reagent (GE Healthcare) and a LAS-3000mini
lumino-image analyzer (Fuji Photo Film) were used for
detection. Signal intensity was quantified using Image
Gauge software (Fuji Photo Film). For the analysis of
PrP%¢, the membranous fraction (a total of 10 pg pro-
teins) in 30 pL of 0.5% sarkosyl, 25 mM Tris-HCl, and 50
mM NaCl (pH 7.5) was incubated with PK (final concen-
tration, 0.1 pg/uL) at 37°C for 120 min. The digestion
was stopped by the addition of 4-volumes of 10 mM phe-
nylmethylsulfonyl fluoride in methanol, and the mixture
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was centrifuged at 20,000 x g for 30 min at 4°C to recover
PrP®¢ as a precipitate. The anti-PrP monoclonal antibody
44B-1 [44] was a gift from Prof. M. Horiuchi (Hokkaido
University, Japan).

MS and protein identification

Pieces of the 2-DE gel were rinsed with 100 mM ammo-
nium bicarbonate, and incubated with 10 mM DTT at
56°C for 45 min. Then, protein in the gel was reacted
with 55 mM iodoacetamide at room temperature for
45 min, and subjected to in-gel digestion [45,46] with
trypsin (sequencing grade; Promega, Madison, USA) or
Glu-C (EC 3.4.21.19; Roche Applied Science, Basel,
Switzerland). For the peptide-mass fingerprint analysis,
MS data for the tryptic digests obtained with a Voyager-
DE STR spectrometer (Applied Biosystems, Foster City,
USA) were examined in the NCBInr.fasta protein data-
base using MS-Fit [47] and Mascot/version 2.1 (Matrix
Science, Boston, USA) software [48]. For the amino acid
sequence analysis of CRMP-2, the digests were applied
to a MAGIC2002 HPLC system (Michrom Bioresources,
Inc., Auburn, USA) equipped with a capillary column
(Inertsil ODS 3 um, 0.1 mm i.d. x 50 mm, GL Science
Inc., Shinjuku, Japan). Elution was performed using (A)
H,O/acetonitrile/formic acid = 98/2/0.1 (v/v/v) and (B)
H,O/acetonitrile/formic acid = 10/90/0.1 (v/v/v), with a
gradient from A/B = 95/5 (v/v) to 45/55 (v/v) at a flow
rate of 400 nL/min. The eluate was introduced into an
LCQ Deca XP spectrometer (Thermo Fisher Scientific
Inc., Waltham, USA) using a nano-ESI interface (AMR
Inc., Meguro, Japan) and a MonoSpray FS monolithic
emitter (GL Sciences). The data were collected at an
interval of three tandem spectra per spectrum in the
data-dependent-scan mode, and analyzed using Bio-
Works software (Thermo Fisher Scientific Inc., version
3.1) and by manual inspection. The theoretical Mr and
pl values were calculated using Compute pI/MW [49]
and Scansite [50] software.

Northern blotting

RNA was prepared from the whole brains of C57BL/6]
mice sacrificed at 160 dai using the SV Total RNA
Isolation System (Promega), and stored at -80°C in
RNAsecurereagent (Applied Biosystems) until use. Elec-
trophoresis was carried out with 1 pg of RNA using
1.0% agarose-formaldehyde gel in 40 mM MOPS-NaOH,
10 mM sodium acetate, and 1 mM EDTA (pH 7.0).
After the transfer of the RNA to a positively charged-
nylon membrane (Roche Applied Science), the mem-
brane was incubated with digoxigenin-labeled antisense
RNA probes for CRMP-2 (complementary to the open
reading frame (ORF) from +340 to +1551; correspond-
ing to Thr''*-Ser"'”) or GAPDH (the ORF of from +330
to +878) at 68°C overnight in Ambion ULTRAhyb
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hybridization buffer (Applied Biosystems). The bound
probes were detected using an alkaline phosphatase-
labeled anti-digoxigenin antibody (Roche Applied
Science) and CDP-Star chemiluminescence reagent
(New England Biolabs, Inc.), with X-ray films (Fuji
Photo Film) and a LAS-3000mini lumino-image analyzer
(Fuji Photo Film). Signal intensity was quantified using
Image Gauge software (Fuji Photo Film).

Plasmids

Full-length cDNA of mouse CRMP-2-wt was obtained
from a C57BL/6] mouse brain cDNA library (Invitrogen)
by PCR using the following primers: 5'- GGAATTCGA-
GATGTCTTATCAGGGGAAGAAAAATATTCCA-3’
and 5'- ATAAGAATGCGGCCGCTTTAGCCCAGGCT
GGTGATGTTGG-3’ (the underlined sequences are for
the generation of EcoRI and Notl sites). CRMP-2-AC
cDNA (CRMP-2'°'7) was generated using the reverse
primer 5- ATAAGA ATGCGGCCGCTTAT-
GAGGCTGGAGTCACC-3’ (the underlined sequence is
for the introduction of a NotI site). The cDNAs were
ligated into the pCIlneo mammalian expression vector
(Promega) between the EcoRI and Notl sites. Site-direc-
ted mutagenesis was carried out using the following pri-
mers: 5'- GTGACGCCCAAGACGGTGGCGCCAGCCT
CATCAGCTAAG-3' and 5- CTTAGCTGATGAGGCT
GGCGCCACCGTCTTGGGCGTCAC-3’ for T514A; 5'-
GTGACGCCCAAGACGGTGGATCCAGCCTCATC
AGCTAAG-3" and 5- CTTAGCTGATGAGGCTG
GATCCACCGTCTTGGGCGTCAC-3’ for T514D; 5’-
CATTCCCCGCCGCACCGCCCAGCGCATCGTGG-3’
and 5’- CCACGATGCGCTGGGCGGTGCGGCGGG
GAATG-3’ for T555A; and 5'- CATTCCCCGCCG-
CACTGATCAGCGCATCGTGG-3" and 5'- CCAC
GATGCGCTGATCAGTGCGGCGGGGAATG-3’ for
T555D. The constructs were verified using DNA
sequencing.

Cell culture, transfection, and microscopy

Cerebral cortical neurons from E15 ICR mice (Nerve-cell
Culture System; Sumitomo Bakelite Co., Ltd., Shinagawa,
Japan) were plated on poly-L-lysine-coated plastic dishes
(Sumitomo Bakelite Co., Ltd.), and maintained in Neu-
robasal medium (Invitrogen-GIBCO) with B27 (Invitro-
gen-GIBCO) and 0.5 mM glutamine according to the
manufacturer’s instructions. Arabinocytidine (2.5 pM)
was added to the medium to suppress the growth of
glia. The pClneo vectors encoding CRMP-2 or its
mutants (1 pg) were mixed with pEGFP-N1 encoding
GFP (0.5 pg; Clontech Laboratories Inc., Mountain
View, USA), and the mixture was introduced into cells
using the NeuroPORTER transfection reagent (Genlantis,
San Diego, USA) at the time of plating (0-DIV). The
neurons were fixed at 4-DIV using BD Cytofix (BD
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Biosciences, Franklin Lakes, USA) for 15 min at room
temperature, and observed under a BIOZERO BZ-8000
microscope (Keyence, Osaka, Japan) with a software BZ
analyzer (Keyence) for counting the number of neurite
tips and measuring the length of neurites.

Additional material

=

Additional file 1: CRMP-2-AC in the brains of C57BL/6J mice in the
late stages of the disease. A supplementary data of Western blot
analysis for detection of CRMP-2-AC in additional individuals of prion-
infected and mock control mice.

Additional file 2: Relative levels of CRMP-2 mRNA determined by
quantitative RT-PCR. The mRNA levels of CRMP-2 did not show
significant difference between the prion-infected and mock control mice
in quantitative RT-PCR analysis.
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ABSTRACT. Atypical bovine spongiform encephalopathy (atypical BSE) has recently been identified in several countries including Japan.
Most cases of atypical BSE have been reported in cattle older than 8 years of age. To clarify the association between age and occurrence
of atypical BSE, we investigated both the physiological properties and amount of cellular prion protein (PrPC) in brain homogenates from
young and aged cattle by enzyme-linked immunosorbent assay and immunoblotting. The amount of PrP€ in the brain homogenates was
not significantly different between young and aged cattle, but the amount in the detergent-insoluble fraction in the aged cattle was sig-
nificantly higher than that of young cattle. Significant differences were observed in neither of the glycosylation forms nor in proteinase
K sensitivity in young and aged cattle. Age-related changes included deposition of lipofuscin pigment and a decrease of 33% in pro-
teasome activity in the brains of aged cattle compared to that of young cattle.

KEY WORDS: atypical BSE, brain homogenate, cattle, prion, proteasome.

Prion diseases, also known as transmissible spongiform
encephalopathies (TSE), are a group of fatal neurodegener-
ative disorders caused by accumulation of the proteinase K
(PK)-resistant pathogenic isoform (PrP ) in the host cellu-
lar prion protein (PrP€) [17]. TSE, which have been found
in humans and other mammalian species, include bovine
spongiform encephalopathies (BSE) in cattle and scrapie in
sheep and goats. Only one strain of BSE prion was origi-
nally thought to exist, in contrast to the many different
scrapie strains found around the world [3]. Recently, how-
ever, a strain of atypical BSE, which is different from the
classical BSE, was independently reported in Italy [5],
France [1], and Japan [21]. Atypical BSE is classified into
two different types: H-type, characterized by a higher
molecular mass associated with the unglycosylated protein
band, and L-type or a bovine amyloidotic spongiform
encephalopathy (BASE), characterized by an unglycosy-
lated protein band with a lower molecular mass and the pre-
dominance of a monoglycosylated band [, 5].

To date, more than 40 cases of atypical BSE, including 2
cases in Japan [13, 21], have been documented globally
through active surveillance systems. Most atypical BSE
cases have occurred in cattle over 8 years of age, although
classical BSE cases occur mostly in animals between 4 and
6 years of age. This indicates that atypical BSE might be
associated with cattle age or age-related retrogressions such
as proteasome activity. However, the biochemical proper-
ties and expression of PrPC in the brain of aged cattle remain
largely unclear.

To clarify the existence of any relationship between cattle

* CORRESPONDENCE TO: [sHIGURO, N., Laboratory of Food and Envi-
ronmental Hygiene, Department of Veterinary Medicine, Faculty
of Applied Biological Sciences, Gifu University, -1 Yanagido,
Gifu 501-1193, Japan.
e-mail: ishiguna@gifu-u.ac jp

J. Vet. Med. Sci. 72(12): 1583-1587, 2010

age and occurrence of atypical BSE, the physiological prop-
erties and amount of PrP¢ expression in brain homogenates
were compared between young and aged cattle. Relative
expressions of PrP€ in brain homogenates were not signifi-
cantly different between the young and aged cattle, but the
amount of detergent-insoluble PrPC fraction in the aged cat-
tle was slightly higher than that of the young cattle. The
activity of proteasomes in the brain of aged cattle decreased
by about 33% compared to that of young cattle, and deposi-
tion of lipofuscin pigment increased with advancing age.

MATERIALS AND METHODS

Brain samples: The medulla oblongatae of bovine brains
from 52 young healthy cattle (age: 2035 months, Holstein)
were obtained from the Gifu Prefectural Office of Meat
Inspection in Japan. The medulla oblongatae from 63 aged
healthy cattle (age: 2120 months, Holstein) were obtained
from the Matsumoto Meat Inspection Center in Japan. All
medulla oblongatae samples were tested negative for BSE
according to enzyme-linked immunosorbent assay (ELISA)
kit. Medulla oblongatae from three young and three aged
cattle were fixed in 10% formalin for histological analysis.
The remaining samples were kept frozen at —80°C until use
in ELISA and immunoblotting analyses.

Preparation of brain homogenate and fractionation: Ten
percent (w/v) of brain homogenates from obex regions were
prepared in 5 m/ of lysis buffer [10 mM Tris-HCI pH 7.5,
150 mM NaCl, 0.5% nonidet P-40 (NP-40), 1.25 mM
EDTA pH 8.0 and 0.5% sodium deoxycholate] on ice by
means of a pestle, as described by Yuan et al. [23]. The
brain homogenates were centrifuged at 2,500 rpm (570 x g)
for 10 min at 4°C to collect supernatant, designated as the S1
fractions. The S1 fractions were further centrifuged at
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50,000 rpm (100,000 x g) in an Optima TLX Ultracentri-
fuge with a TLA100.3 rotor (Beckman Coulter, Fullerton,
CA, U.S.A)) for 1 hr at 4°C. After ultracentrifugation, the
detergent-soluble (S2) fraction and the detergent-insoluble
(P2) fraction were separated. The S2 fractions were concen-
trated with a 4-fold volume of methanol at —20°C for 30
min, and then the S2 and P2 fractions were resuspended in
the buffer (10 mM Tris-HCI pH7.5 and 150 mM NaCl).
Protein concentrations in the S1, S2 and P2 fractions were
determined by spectrophotometer and a DC protein assay kit
(Bio-Rad Laboratories, Hercules, CA, U.S.A.).

208 proteasome activity assay: The proteasome activity
in the S1 fractions of brain homogenates from both young
and aged cattle were measured with a 20S proteasome activ-
ity assay kit (Chemicon International, Temecula, CA,
U.S.A.) according to the manufacturer’s instructions. The
assay kit works by detecting fluorophore 7-amino-4-methy|-
coumarin (AMC) after it is cleaved from the labeled sub-
strate LLVY-AMC by the hymotrypsin-like activity of
cellular proteasome. Free AMC was subjected to quantified
fluorescence measured with a 380/460 nm filter set with a
Wallac 1420 ARVOsx Multilabel Reader (PerkinElmer,
Waltham, MA, U.S.A.). To measure the proteasome activ-
ity with the inhibitors, the S1 fractions were incubated with
proteasome inhibitors such as 0.1 ug/ul of lactacystin.

PK digestion and deglycosylation of PrP¢: For PK
(Roche Diagnostics, Mannheim, Germany) digestion of
PrPC, 25 samples were incubated with several PK concentra-
tions ranging from 0 to 5 #g/m/ for 30 min at 37°C, and then
the reaction was terminated by addition of 0.1 mM Pefabloc
(Roche Diagnostics).

For deglycosylation of the PrP€, 9 u/ amounts from six
samples were denatured with 1 x/ of 10 x glycoprotein dena-
turing buffer [6% 2-Mercaptoethanol and 10% Sodium
Dodecyl Sulfate (SDS)] and boiled for 10 min. Next, 2 x4/ of
500 mM sodium phosphate (pH 7.5), 2 u/ of 10% NP-40, 4
ul of water and 2 u/ of recombinant Peptide N-glycosidase F
(PNGase F; Roche Diagnostics) were added and they were
then incubated for 1 hr at 37°C. The PNGase F reaction was
stopped by addition of 20 u/ of 2 x sample buffer (25 mM
Tris-HCI pH 6.8, 2% Glycerol, 1.2 mM EDTA pH 8.0,
0.016% 2-Mercaptoethanol, 0.016% Bromo phenol blue,
2% SDS and 0.096% Urea) before subjecting samples to
SDS polyacrylamide gel electrophoresis (SDS-PAGE).

SDS-PAGE and immunoblotting: Samples were mixed
with an equal volume of 2 x sample buffer and boiled for 10
min. Ten micrograms of proteins were separated by Tris-
Glycine SDS-PAGE with 12% NuPAGE polyacrylamide
gel (Invitrogen, Carlsbad, CA, U.S.A.). The size fraction-
ated proteins on the gels were electrotransferred onto immo-
bilon-P polyvinylidene fluoride (PVDF: Millipore,
Billerica, MA, U.S.A.) membranes at 65 V for 2 hr at 4°C.
Membranes were blocked with 5% nonfat milk in phosphate
buffered saline plus 0.1% Tween 20 (PBST) and reacted
with anti-PrP 44B1 monoclonal antibody (mAb; [12]). The
samples were also reacted with two anti-PrP mAbs 110 [12]
or SAF32 (Bertin, Paris, France) recognizing N-terminal
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octa-repeat region. The PVDF membranes were washed in
PBST and then incubated with the appropriate secondary
antibody conjugated with horseradish peroxidase (GE
Healthcare, Buckingham, U.K.). The bands that reacted
with antibodies were then visualized by enhanced chemilu-
minescence (ECL kit, GE Healthcare), and detected by
LAS-4000UVmini lumino image analyzer using Multi-
Gauge software (Fujifilm, Tokyo, Japan).

After immunodetection with anti-PrP mAb 44B1, the
antibodies bound to membranes were completely stripped,
and reprobed with anti-synapsin I mAb (Sigma-Aldrich, St.
Louis, MO, U.S.A.) by the same procedure as described
above for cellular protein.

ELISA: To estimate the quantity of glial fibrillary acidic
protein (GFAP) in the brain homogenates, S1 fractions
(young cattle, n=10; aged cattle, n=8) were analyzed with a
RIDA SCREEN® Risk Material 10/5 ELISA (R-Biopharm
AG, Darmstadt, Germany) according to the manufacturer’s
instructions. To determine the quantity of PrP¢ in the brain
homogenates from young and aged cattle, the S1 (young cat-
tle, n=10; aged cattle, n=8) and, S2 and P2 (young cattle,
n=20; aged cattle, n=45) were analyzed by FRELISA® BSE
(FUJIREBIO, Tokyo, Japan). Results were examined for
statistical significance with the Student’s unpaired #-test.

Histological analysis: Formalin-fixed medulla oblonga-
tae at the obex were defatted with alcohol and embedded in
paraffin. The paraffin-embedded blocks were cut into 4-um
sections, and routinely deparaffinized, rehydrated, and then
stained with hematoxylin and eosin (HE).

RESULTS

Physiological comparison of obex samples from young
and aged cattle: To examine whether the proteasome activ-
ity in bovine brain is influenced by advancing age, 20S pro-
teasome activity in brain homogenates from young and aged
cattle was determined in the S1 fractions with a 20S protea-
some activity assay kit. The 20S proteasome activity of the
aged cattle was about 33% lower than that of the young cat-
tle: this represents a significant difference (P<0.01, Fig. 1).
When the samples were incubated with the lactacystin
inhibitor, the proteasome activity decreased 24% in the
young cattle and 26% in the aged cattle.

Histological analysis revealed deposition of lipofuscin
pigment in the obex region in both the young and aged cat-
tle, with more deposition in the aged cattle (data not shown).

Expression of PrP‘ in brains of young and aged cattle:
To determine the expression level of PrPC in the brains of
the aged cattle, amounts of PrPC in the S1 fraction were
examined with a FRELISA® BSE kit. The amount of PrP®
in the S1 fraction was not significantly different between the
young and aged cattle (Fig. 2A). The amount of glial
marker GFAP in the S1 fraction was also not significantly
different between the young and aged cattle (Fig. 2B). The
amount of PrP€ in the P2 fraction was significantly higher in
the aged cattle than in young cattle (P<0.05), while the
amount of PrP¢ in the S2 fraction showed no significant dif-
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Fig. 1. Proteasome activity in brain homogenates from

young and aged cattle. The 20S proteasome activity in the
S1 fraction of brain homogenates from young (8 cattle: 17—
24 months) and aged (8 cattle: 60—-100 months) cattle was
determined by a 20S proteasome activity assay kit. The 20S
proteasome activity was measured with or without the lac-
tacystin inhibitor. Histograms were obtained from 8 sam-
ples and show the mean + SD. RFU, relative fluorescent
unit, was determined by a 380/460 nm filter set with a Mul-
tilabel Reader Wallac 1420 ARVOsx. *, P<0.01.

ference (Fig. 2C).

The PrP¢ immunoblot profile was examined with anti-
PrP mAb 44B1(Fig. 3). In the S2 fraction, one major band
migrating at approximately 35 kDa (lanes 2-6) is shown in
Fig. 3. In the P2 fraction, one major band migrating at 26—
17 KDa was detected with mAb 44B1, but not with N-termi-
nal recognizing mAbs 110 and SAF32, suggesting that the
26—17 KDa band corresponds to the N-terminally truncated
form (Fig. 3). The quantities of synapsin I in the S2 and P2
fractions were not significantly different between the young
and aged cattle, although the bands reacted with anti-syn-
apsin I were slightly different between S2 and P2 fractions.

Treatment with PNGase F and PK-sensitivity of PrP¢:
After treatment with PNGase F, the PrPC in the S2 and P2
fractions shifted mainly to the 30-kDa band corresponding
to the full-length PrP€ and the 18-kDa band corresponding
to an N-terminally truncated PrP¢ fragments (Fig. 4). There
was no significant difference in glycosylation forms
between the young and aged cattle.

To examine PK sensitivity, the S2 and P2 fractions from
different aged cattle were treated in either the absence or
presence of 1, 1.25, 1.6, 2.5 and 5 ug/ul of PK for 30 min,
after which the PrP€ molecules were studied by immunoblot
analysis (Fig. 5). After incubation with 5 pg/ul of PK, most
PrP€ in the S2 fraction was relatively digested in contrast to
PrPC in the P2 fraction. These results indicate that the S2
fraction was relatively sensitive to PK concentration in both
the young and aged cattle, whereas the P2 fraction was rela-
tively resistant to PK treatment in both the young and aged
cattle.
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Fig. 2. Comparison of the amounts of PrPC expression and quan-

tity of GFAP in brain homogenates. A) The amounts of PrP€ in
the S1 were detected by a FRELISA™ BSE. The cutoff value
was determined by the value at 0.150 plus the mean value of
negative controls according to the manufacturer’s instructions.
Young cattle, 10 samples; Aged cattle, 8 samples. B) The quan-
tity of GFAP was determined by a RIDASCREEN" Risk Mate-
rial 10/5. Young cattle, 10 samples; Aged cattle, 8 samples. C)
The amounts of PrPC in the S2 and P2 were detected by a
FRELISA® BSE. Young cattle, 20 samples; Aged cattle, 45
samples. *, P<0.05.
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Fig. 3. The relative amounts of S2 and P2 of PrPC in brain
homogenates from young and aged cattle. The samples were
separated by SDS-PAGE, transferred onto PVDF mem-
branes and reactd with mAb 44B1. Lane |, Scrapie (Obihiro
strain) affected mouse brain; lanes 2, 4, 6, 7, 9 and 11, young
cattle (20-month old); lanes 3, 5, 8 and 10, aged cattle (lanes
3 and 8, 175-month old; lanes 5 and 10, 129-month old).

DISCUSSION

To clarify the relationship between aged cattle and the
occurrence of atypical BSE, we focused on the physiologi-
cal properties and amount of PrP€ in brain homogenates
from young and aged cattle. In this study, the brains of aged
cattle (>120 months) exhibited a significant decrease in the
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Fig.4. Immunoblot analysis of PrP® in brain homogenates
after treatment with PNGaseF. The samples were separated
by SDS-PAGE, transferred onto PVDF membranes and
reacted with mAb 44B1. Molecular mass markers are indi-
cated on the left. Lane 1, Scrapie (Obihiro strain) affected
mouse brain; lanes 2, 3, 5, 6, 8, 9, 11 and 12, young cattle
(20-month old); lanes 4, 7, 10 and 13, aged cattle (175-month
old).
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Fig. 5. Immunoblot analysis of PrPC in brain homogenates
after PK treatment. The samples after PK treatment were
separated by SDS-PAGE, transferred onto PVDF mem-
branes and reacted with mAb 44B1. Lane 1, Scrapie (Obi-
hiro strain) affected mouse brain; S2, lanes 2-7; P2, lanes
9-13; lanes 2 and 8, non PK control.

20S proteasome activity, and deposition of lipofuscin pig-
ment served as a sign of aging. Oxidative metabolism is
essential for neurons to generate energy, because the high
energy demands in neurons lead to aging vulnerability [7].
Additionally, lipofuscin contains some materials derived
from lysosomal degradation; furthermore, it increases with
aging [7].

We believe our study is support for the age-related
decreases of protein turnover in cells. In our study, the
amount of PrP¢ in the detergent-insoluble (P2) fraction was
significantly higher in the young than in the aged cattle (Fig.
2C), which agrees well with a decrease in protein turnover
including 20S proteasome activity with aging. In vitro evi-
dence has shown that the 20S proteasome selectively

degrades damaged proteins following an oxidative insult
[8], and is a marker of the primary mechanism for the
degrading oxidized proteins [6]. Age-related decline in pro-
teasome activity is also reported in the brain [4] and spinal
cord [11].

To analyze more details of the physiological properties of
PrPC, the Sl fraction was then fractionated into detergent-
soluble (S2) and detergent-insoluble (P2) proteins. PrP¢
amounts in the S2 and P2 fractions of the aged cattle was
slightly higher than that of young cattle, while PrP® amount
of the S1 fraction was almost same in young and aged cattle
(Fig. 2A). Several experiments using proteasomal inhibi-
tors such as MG132 and N-acetyl-leucinal-leucinal-nor-
leucinal (ALLN) revealed that wild type PrP€ is
accumulated in both detergent-soluble and -insoluble spe-
cies, when cells are incubated with proteasomal inhibitors
[14, 22]. In particular, the insoluble fraction includes an
unglycosylated 26 kDa PrP€ molecules with a protease-
resistant core [14, 22]. Thus in our study, the remarkable
accumulation of PrPC in the P2 fraction of the aged cattle
may be caused by the significant decreases in the 20S pro-
teasome activity (Figs. | and 2). In our study, the P2 sam-
ples from young and aged cattle were relatively resistant to
PK treatement. However, it is not clear how the physiolog-
ical properties of PrP€ such as PK resistance and accumula-
tion of PrPC in the P2 fraction of the aged cattle are
associated with occurrence of atypical BSE. In the future, to
elucidate the relationship between expression of PrP¢ and
occurrence of atypical BSE, brain samples from atypical
BSE need to be characterized directly.

We found influences of aging on neither of the glycosyla-
tion forms nor on PK sensitivity in the bovine PrP¢. How-
ever, Goh et al. described both an increasing prevalence in
the complex oligosaccharides in PrPC from aged mice and
an absence of any relationship between aging and PK sensi-
tivity of mouse PrP€ [10]. We conclude that age-related
physiological changes in PrP€ are not the same in cattle and
mice. Likewise, Salés e al. reported that PrP¢ expression
increase with age in the brain of hamsters [18], while in the
present study, the amount of PrP€ in the S1 fractions were
similar in young and aged cattle, suggesting that PrP€
expression may not change drastically with age in the brains
of cattle. Again, we conclude interspecies differences.

The present study provides insight into possible explana-
tions for the correlation between cattle age and occurrence
of atypical BSE. Perhaps aging should not be considered
strictly as an influence on PrPC, but also as an influence on
variable structures and functions of the brain due through
genetic and environmental mechanisms. Despite the pleth-
ora of research on neurodegenerative diseases associated
with aging in humans, such as Alzheimer’s and Parkinson’s
diseases, questions concerning aging still remain [7]. Mito-
chondrial dysfunction is thought to be a key factor in age-
related diseases of humans [19] and should therefore be
investigated in the cattle. Biological relationships between
aging and PrP¢, including antioxidant-like activity [2], syn-
aptic transmission [15], and the expression of PrP¢ exposure



PRPC PROPERTIES OF YOUNG AND AGED CATTLE

to oxidative stress in the aged mice [20], have also been
reported. Thus, it is conceivable that PrPC plays a role in
protecting neurons from the effects of cellular stress.

The origin and mechanisms of the occurrence atypical
BSE remains unknown, as with classical BSE. Only one
cases of atypical BSE have been reported in young cattle,
while classical BSE occurred in aged cattle in Japan [13, 21].
It is very difficult to precisely estimate the influences of age
on atypical and classical BSE cases. Atypical BSE and clas-
sical BSE display unique incubation periods, PrP™* deposi-
tion patterns, and histological lesions [9, 16]. However,
because the onset of BSE is affected by exposure dose of
BSE agent and host susceptibility, it is difficult to estimate
the infection time for both classical and atypical BSE cases.
There is a possibility that atypical BSE agents could infect
young cattle and reside within the body for long periods
before symptoms of BSE appears in aged cattle. In addition,
the low prevalence of atypical BSE identified through
mainly active surveillance means that whole brains are not
often available for examination. Thus the need remains for
detailed sampling of the brain, with the exception the obex
region, to determine the etiology of atypical BSE.
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Prion protein plays a key role in the pathogenesis of transmissible spongiform encephalopathies. Because
changes in expression of the prion protein gene (PRNP) alter the incubation time and severity of prion
diseases. Our previous work revealed a strong association between the promoter (spanning base pairs
(bp) —88 to —30) and intron 1 (spanning bp +114 to +892) that leads to optimum expression of the bovine
PRNP. Here, we employed two mutation analysis strategies (deletion and insertion) and two reporter
assay systems (luciferase and GFP expression) to define the regulatory domains within intron 1 and fur-
ther elucidate its role in regulating the promoter activity of the bovine prion protein gene. We identified
DNA sequences with potential suppressor and enhancer activities within the 5’ end of intron 1. Moreover

stability analyses for PRNP mRNAs demonstrated that splicing sites and mechanism are critical for bovine

PRNP expression.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Bovine spongiform encephalopathy (BSE) is one of the transmis-
sible spongiform encephalopathies (TSEs). The presence of cellular
prion protein (PrP) is crucial for the development, transmission,
and resulting neurotoxicity of TSEs [1]. The expression level of
the prion protein gene (PRNP) affects the disease profile, as animal
models show that both knockout and low expression of PRNP,
respectively, effectively abolish or reduce susceptibility to TSEs
[2,3], while high expression is associated with susceptibility and
shortened incubation time for development of the disease [4].

The genetic susceptibility of cattle to BSE is associated with
polymorphisms in the regulatory region of the PRNP and the level
of its expression [5-7]. The lack of any expression in mice trans-
genic for an intron-less PRNP highlights the importance of intron
1 for PRNP expression [8]. Polymorphisms in intron 1 are linked
to expression of bovine PRNP, as well as susceptibility to BSE.
Among these, 12-bp insertion and/or deletion (indel) polymor-
phism in intron 1 showed a significant association with BSE sus-
ceptibility [6,9].

Exon 1 was shown to be associated with suppression of PRNP
expression [7], while exons 2 and 3 (containing the ORF) play no
significant role in the activity of the bovine PRNP promoter [7,10].

* Corresponding author. Address: Yanagido 1-1, Gifu, 501-1193, Japan. Fax: +81
58 293 2864.
E-mail address: Ishiguna@gifu-u.ac.jp (N. Ishiguro).

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
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In this study, we investigated the regulatory domains within
intron 1, including alternative exon 1 and its interaction with the
promoter region, to ascertain how it effects bovine PRNP expres-
sion. We defined sequences with suppressor and enhancer proper-
ties in the 5 end of intron 1, and found a strong association
between the mechanism of splicing and activity of the bovine PRNP
promoter.

2. Materials and methods
2.1. Cell culture

CKT-1 cells (bovine fibroblast-like epithelial cells) [5] were cul-
tured in Dulbecco's modified Eagle's medium (DMEM) with 5% fe-
tal calf serum (FCS). L929 (mouse fibroblast cells) and GT 1-7
(mouse hypothalamic neuronal cells) cell lines were grown in
DMEM with 10%FCS. Cells were maintained at 37 °C and 5% CO,
in a humidified incubator.

2.2. Plasmid constructs

Two cloned constructs from our previous study [5] were used as
controls. The positive control was pBPrPCAT-5, consisting of an in-
serted segment from bp —409 to +2527 (PRNP promoter, exon 1, in-
tron 1, and part of exon 2) cloned into the basic chloramphenicol
acetyl transferase (CAT) reporter plasmid, which showed almost
full promoter activity using CAT assay [5]. As a negative control,
we used pBPrPCAT-13, in which a segment of the PRNP promoter
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from bp +114 to +892 was deleted by digestion with Eagl. The in-
sert promoter segments of both constructs were amplified by PCR
using LA Taq polymerase (Takara Bio, Ohtsu, Japan) with the addi-
tion of a Xhol restriction site at the 5 end and addition of a Bglll
restriction site at the 3’ end for cloning. The following primers
were used for cloning constructs (new restriction site sequences
indicated by bold and underline): Forward 5'-CCCCCCCTC-
GAGGCCTCAAATTTTAATCTGAAAATT-3' (for Xhol), and Reverse
5'-GGAGGAAGATCTGTTCAGTTTTCAAATATATTCAG-3' (for Bglll).

All primers were designed using GENETYX Ver. 8.2.2 software
(GENETYX, Tokyo, Japan), and the primer sequences were based
on the sequence of bovine PRNP (GenBank accession number:
D26150). Reaction mixtures for PCR contained the following:
1 pl of DNA template (<1 pg), 5 pl of 10X LA PCR Buffer 11 (Mg?*
free), 5 ul of 25 mM MgCl, 8 pl of ANTP mix (2.5 mM each),
0.5 pl of LA taq polymerase (5 units/ul), 1 pl of each forward
and reverse primer (10 pmol/pl), and sterilized distilled water
to a final volume of 50 pl. Thermal cycling conditions were as fol-
lows: 94 °C for 1 min followed by 94 °C for 30s, 55 °C for 1 min,
and 72°C for 3min (30 cycles), followed by 7 min at 72 °C.
Amplified PCR products with modified ends were used for further
mutagenesis and were cloned into either luciferase reporter plas-
mids or green fluorescent protein (GFP) expression plasmids for
expression assays.

2.3. Mutagenesis constructs

Deletion mutagenesis. Deletion mutagenesis by overlap exten-
sion PCR was carried out as described [11]. Two PCR products rep-
resenting the flanking regions of the sequence to be deleted were
prepared first: a Xhol product (before the deletion segment) and
a Bglll product (after the deletion segment). Each PCR reaction in-
volved one modified primer specific for the region to be deleted
and one of the original amplification primers: Xhol for the forward
direction and Bglll for the reverse direction. The modified primers
consisted of a 30-nucleotide sequence derived from one flank of
the segment to be deleted and a 12-nucleotide sequence from
the opposite flank (Suppl. Table 1). The PCR reactions were carried
out using LA Taq polymerase with the same reaction mixture and
under the same thermal cycling conditions described above. In
the subsequent step, 5 pl of each of the two flanking region PCR
products were used as templates for an overlap ligation PCR con-
taining the outermost primer pair (Xhol forward and Bglll reverse)
using LA Taq polymerase. Stepwise deletions of various length seg-
ments of the amplified promoter region of clone pBPrPCAT-5 were
carried out (Fig. 1A).

Insertion mutagenesis. Two Ndel restriction sites were added to
the ends of amplicons of chosen insert segments of bovine PRNP
using Ndel linkers (New England Biolabs, Beverly, MA) according
to the manufacturer’s instructions. PCR products digested with
Ndel were reinserted in the Ndel site at bp +1088 of clone 13luc
(See also Fig. 1A). The primers used in amplification of the recov-
ered insert segments were listed in Suppl. Table 2. Clones 36 and
37 were constructed by insertion of chemically synthesized
DNA segments from bp +129 to +203, and bp +203 to +313,
respectively.

2.4. Sequencing

DNA sequencing was conducted to confirm the precise inser-
tion/deletion mutation of the modified promoter segment with
no change in flanking PRNP sequences. Sequencing analysis
was carried out using a BigDye® Terminator v3.1 Cycle Sequenc-
ing Kit and an ABI PRISM 310 Genetic Analyzer (Applied
Biosystems, Foster city, CA) according to the manufacturer’s
instructions.

2.5. Reporter assay systems

Luciferase reporter assay. Cell lines were seeded into a 24-well
plate, and plasmid constructs were transfected with Lipofectamin
LTX and PLUS reagents (Invitrogen, Carlsbad, CA) according to
manufacturer's instructions and incubated for 48 h. Luciferase re-
porter assays were carried out using a Dual-Luciferase Reporter As-
say system (Promega, Madison, WI) according to manufacturer's
instructions. The firefly luciferase activity was determined by mea-
suring the relative luminescence units (RLU) using a manual lumi-
nometer (Bioorbit, Turku, Finland). Luciferase assay results were
normalized for each clone by dividing the firefly luciferase reporter
RLU by the Renilla luciferase reporter RLU (co-transfected internal
control). At least nine readings from three separate experiments
(triplicate readings/clone/experiment) were performed for each
clone.

GFP expression. Amplified PCR segments were cloned into a
pGLOW-TOPO vector (Invitrogen, Carlsbad, CA) for GFP expression,
according to the manufacturer's instructions. GFP expression by
transfected CKT-1 cells was assessed after 24 h using a Biozero
fluorescent microscope (BZ-8000-Keyence, Osaka, Japan). The
intensity of fluorescence in each cell was estimated using WIN-
ROOF v.5.7 software (Mitani, Tokyo, Japan). Twenty to 50 cells of
each clone were tested in each of three separate experiments.

2.6. Real-Time PCR for detection of mRNA stability

Two-step Real-Time PCR was used to compare the stability of
spliced and unspliced mRNA between clones 5luc (with no modifi-
cation), 13luc (lacking one splice site), 56luc (lacking both splice
sites), 52luc (lacking one splice site), 53luc (retaining both splice
sites), and the basal reporter vector PGL4.10 as a negative control.
CKT-1 cells maintained in 6-well plates were transfected with
0.5 pg of DNA from chosen plasmids and incubated for 48 h. Total
RNA was extracted from the cells using an RNeasy Mini kit (QIA-
GEN, Valencia, CA) according to the manufacturer’s instructions.
Reverse transcription into cDNA was performed using a Prime-
Script I High Fidelity RT-PCR kit (Takara Bio, Ohtsu, Japan) accord-
ing to the manufacturer’s instructions.

Relative quantity Real-Time PCR was conducted using a Thermal
Cycler Dice Real Time System and SYBR premix EX Taq Il (Takara Bio,
Ohtsu, Japan) according to the manufacturer’s instructions. For bo-
vine PRNP, two sets of primers were used: an exon-based set for
detecting spliced (mature) mRNA, and an intron based set for detect-
ing unspliced mRNA (location illustrated in Fig. 1A). The following
exon-based primers were used: exon 1 Forward (5'-GCCAGTCGCTG
ACAGCCGCA-3")/Multiple Cloning Site (MCS) Reverse (5-GGCCG
CCGAGGCCAGATCTG-3'). The intron-based primers used for bovine
PRNP were as follows: intron 1 Forward (5'-GTCAAAGTAAGATTACT
CAG-3')/Intron 1 Reverse (5'-CGTGACACTGAACTCTCCTC-3') accord-
ing to GenBank accession number: D26150. Glyceraldhyde-3-phos-
phate dehydrogenase (GAPDH) gene was used as internal control to
normalize values of the tested clones. The primers used for GAPDH
[12] were as follows: GAPDH Forward (5'-GGCGTGAACCACGAGAA
GTATAA-3')/GAPDH Reverse (5'-CCCTCCACGATGCCAAAGT-3). The
reaction mixture used for relative quantity RT-PCR was as follows:
12.5 pl SYBR premix EX Taq II (2X), 1 ul PCR Forward primer
(10 pM), 1 ul PCR Reverse primer (10 uM), 2 pl template cDNA
(<100 ng), and addition of dH,0 to a final volume of 25 pl. Thermal
cycling conditions were 95 °C for 10 s for one cycle, followed by 40
cycles of 95 °C for 5 s, 55 °C for 10's, and 72 °C for 20 s.

The cycle threshold (Ct) value was estimated for the different
clones. A ACt value was then calculated for each clone by subtract-
ing the Ct value for the target sample from that of internal control
sample (GAPDH). Expression of mRNA was evaluated by the
Z(AACt): Z(ACt of clone 5 — ACt of tested clone) method [13] At least three
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Fig. 1. Bovine PRNP mutation constructs used in the luciferase reporter assay. (A) Schematic diagram showing the mutant bovine PRNP constructs. The structure of clones
Sluc and 13luc are described elsewhere [5]. Seven new deletion constructs (52luc-58luc) and five insertion constructs (27luc, 35luc, 36luc, 37luc, and 38luc) were prepared in
this study. Black line: original sequence of bovine PRNP. Interrupted line: deleted sequence. Gray line: sequence inserted at Ndel site in intron 1. Inverted open triangle:
insertion site at bp +1088 of intron 1. Hatched box: exon 1. Open box: alternative splicing region to bp +168 site. Black box: exon 2. White box: luciferase 2 reporter gene.
White arrows: exon-based primers (Exon 1 Forward/Multiple Cloning Site Reverse; MCS) for real-time PCR. Black arrows: intron-based primers (Intron 1 Forward/Intron 1
Reverse) for real-time PCR. Double gray arrows: regions with putative suppressor functions. Hatched arrow: region with putative enhancer function. (B) Mean (+SD) percent
luciferase activity of mutant constructs relative to original clone 5luc from three separate experiments. V: PGL4.10 basic vector. **Significantly higher than original clone 5luc
(P<0.05). *No significant difference compared to basal vector pGL4.10 (negative control).

separate experiments were performed for each clone. The relative
quantity of PRNP mRNA for each clone was divided by that of GAP-
DH for normalization.

2.7. Statistical analysis

Basic statistical calculations were performed using Microsoft
Excel, while AcaStat statistical v.6.2.1 software was used to per-
form T-test (two sample) and Pearson’s correlation calculations.

3. Results and discussion
3.1. Defining regulatory domains within intron 1

Previously, we highlighted the importance of the bp +123 to
+891 region within intron 1 for activity of the bovine PRNP pro-
moter [5]. In order to assess the importance of this region to bovine
PRNP expression, we constructed various reporter plasmids and
compared their activity using two reporter vector-based systems:
luciferase activity and GFP expression.

The pBPrPCAT-5 and pBPrPCAT-13 clones promoter segments
were cloned into the pGL4.10 basic vector for luciferase activity
analysis, and the resulting expression plasmid was designated
5luc and 13luc, respectively. Several expression plasmids were
constructed by either insertion or deletion mutagenesis (Fig. 1A),
and the relative luciferase activity (tstandard deviation) for each
was calculated (Suppl. Table 3) and shown in Fig. 1B.

The results for clones 53luc and 57luc suggest the presence of
enhancer factors in the region between bp +313 and +892, because
deletion of this region resulted in about a 50% reduction in

promoter activity. This finding was consistent with results ob-
served for insertion plasmid clones 27luc, 35luc, and 38luc, and
implies the presence of enhancer factors in this region. The direct
relationship between increased sequence length and higher pro-
moter activity (clones 27luc, 35luc, and 38luc) indicated that the
enhancer properties associated with the region after bp +313 de-
pend upon a summation of the enhancer elements within that re-
gion. The absence of significant enhancement of expression by the
sequence spanning bp +129 to +313 (clones 36luc and 37luc) may
be attributed to a complete or partial lack of enhancer elements
necessary for significantly influencing promoter activity. These
findings may explain the lower expression of bovine PRNP that
has been reported in cattle that have multiple single nucleotide
polymorphisms (SNPs) in the region of intron 1 between bp +400
and +900 [9]. These multiple polymorphisms may alter the binding
sites of enhancer elements necessary for gene expression [9]. For
example, the PRNP enhancer sequence spanning bp +313 to +892
contains multiple binding sites for AP2, LBP-1, TCF-1, and other
transcription factors that are known to activate other genes [14-
16].

On the other hand, the significant over-expression (P < 0.0001)
of clone 58luc (lacking alternative exon 1 of intron 1 which spans
bp +65 to +155) compared to clone 5luc indicated the presence of
suppression properties. The lack of complete recovery of promoter
activity in clone 27luc agreed with these findings. The sequence in
this region contains binding sites for C/EBPa, NFY, and GATA-2,
each of which has been shown to suppress promoter activity in
other genes [17-19]. Suppression of promoter activity by exon 1
has been reported [7], but in the previous study intron 1 was
removed in order to demonstrate its suppressor activity. Our study,
however, demonstrated that alternative exon 1 retained
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suppressor activity even in the presence of the entire intron 1 and
promoter sequence. The potential enhancer or suppressor regions
in intron 1 are shown in Fig. 1A.

Another domain with suppressor properties was located in the
12 bp deleted segment of clone 54luc (site of the 12-bp indel poly-
morphism; bp +291 to +303, with putative binding site for Sp1 at
bp +297). The luciferase activity in the clone 54luc lacking 12-bp
indel polymorphism site is higher than that of 5luc as shown in
Fig. 1B (P < 0.001). The suppressor activity of the 12-bp indel poly-
morphism site provides a biological explanation for the strong
association between 12-bp deletion polymorphisms (deleting an
Sp1 binding site) and higher susceptibility to BSE infection [6,9].
Deletion of a suppressor sequence will result in higher expression
of cellular PrP, which in turn is associated with a shortened incuba-
tion time and a more rapid progression of TSE [4].

The luciferase activity of clone 55luc was almost the same as
clone 5luc in spite of losing the suppressor sequence of 12-bp indel
polymorphism site. This may be attributed to the loss of putative
enhancer elements in sequence spans bp +313 to +400 (as shown
by clones 53luc and 57luc data) which compromised the suppres-
sor effect of 12-bp indel polymorphism site.

Some of the constructed luciferase plasmids were transfected
into two more cell lines (L929 and GT 1-7). The mean  SD of lucif-
erase activity compared to clone 5luc from at least three separate
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experiments are shown in Suppl. Table 3. The luciferase activity
of the mutant clones were almost the same in the three cell lines
(CKT-1, L929 and GT 1-7) as shown in Fig. 2. The changes in pro-
moter activity of bovine PRNP mutant constructs were consistent
among different cell lines.

An alternative reporter system using the GFP expression vector,
driven by the deleted modified promoter segments of PRNP, was
also employed to evaluate the same clones. Analysis of the mutant
clones using GFP expression confirmed results obtained with the
luciferase reporter assay for the same clones (Suppl. Table 4 and
Suppl. Fig. 1).

3.2. Influence of splicing site and mechanism on the activity of the
PRNP promoter

The lack of promoter activity in clone 56luc suggests that the
two splicing sites (at bp +54 and bp +168) in the donor of intron
1, along with the mechanism of splicing, might be critical for pro-
moter activity. We conducted real-time PCR experiments to inves-
tigate the possible role of the splicing mechanism on promoter
activity, as well as to evaluate the stability of mRNA as a marker
of promoter activity. The fold change in bovine PRNP mRNA expres-
sion by the 2(42¢) method [13] was used to compare individual
clones to the 5luc clone to assess promoter activity (Fig. 3). The
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average spliced and unspliced mRNA 2(22 yalues (+SD) were
listed in Suppl. Table 5.

The highest level of spliced mRNA was produced by clone 5luc,
followed by clones 52luc and 53luc. Clones 13luc and 56luc pro-
duced significantly lower amounts of spliced mRNA compared to
original clone 5luc. On the other hand, the results for clones
13luc, 56luc, and 52luc produced a significantly higher amount
of unspliced mRNA compared to clone 5luc (Fig. 3). These results
suggest that a deficiency of one or both splicing sites (at bp +54
and bp +168) at the donor site of intron 1 may directly affect the
splicing mechanism and consequently impact PRNP promoter
activity. Moreover, deletion of the alternative splicing site at bp
+168 overwhelmed the partial deletion of the suppresser elements
in clone 52luc (bp +114 to +313), resulting in the loss of approxi-
mately 30% of PRNP promoter activity as measured by luciferase
assay. This was due to the significantly higher amount of unspliced
mRNA produced as compared to the amount produced from origi-
nal clone 5luc. These findings indicate that both splicing sites are
critical for efficient expression of bovine PRNP.

Clone 53luc has higher amounts of unspliced mRNA than
spliced one, even though it has intact splicing sites. The exact rea-
son of the higher amount of unspliced mRNA in clone 53luc is not
clear, but it may be attributed to the involvement of other factors
that control the splicing machinery. Culler et al. [20] identified over
100 splicing elements and motifs within the introns of several
genes that regulate splicing and consequently the outcome expres-
sion of these genes [20]. Therefore, the loss of partial promoter
activity of bovine PRNP with deletion of sequence bp +313 to 700
in 53luc clone may be attributed in part to the loss of putative
similar splicing elements, which influences efficiency of splicing
mechanism even in presence of intact splicing sites.

There was a high positive correlation between the quantity of
spliced mRNA produced by the different clones and the luciferase
activity of the same clones (Pearson's correlation, r=0.99); the
level of spliced mRNA produced by real-time PCR was directly pro-
portional to the level of promoter activity. Impaired splicing has
been shown to suppress expression of other genes in addition to
bovine PRNP [21].

Although Lemaire-Vieille et al. [22] found that both mRNA tran-
scripts of exon 1 from the +53- and +168-bp sites were expressed
to various degrees in almost all bovine tissues tested, their results
did not clarify the role of alternative splicing in regulating bovine
PRNP expression [20]. We found that deletion of the alternative
splice site at bp +168 (clones 13luc and 52luc) resulted in an excess
of unspliced mRNA which directly affected promoter activity.
Alternative splicing has been shown to affect the stability of mRNA
in a number of other genes [23], and we believe our results are con-
sistent with this, in that alternative splicing of exon 1 may also im-
pact the stability of PRNP mRNA.

In conclusion, we revealed two sequence regions with potential
suppressor properties (the alternative exon 1 between bp +65 and
+155, and the Sp1 binding site at bp +297), and one region span-
ning bp +313 to +892 with some enhancer influence on the expres-
sion of bovine PRNP. Conserved splicing sites at the intron 1 donor
and the presence of an efficient splicing mechanism are necessary
for optimal promoter activity.
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The causative agent of prion diseases is the pathological isoform (PrP*¢) of the host-encoded cellular prion
protein (PrP€). PrP has an identical amino acid sequence to PrPS; thus, it has been assumed that an
immune response against PrP*¢ could not be found in prion-affected animals. In this study, we found
the anti-prion protein (PrP) antibody at the terminal stage of mouse scrapie. Several sera from mice in
the terminal stage of scrapie reacted to the recombinant mouse PrP (rMPrP) molecules and brain homog-
enates of mouse prion diseases. These results indicate that mouse could recognize PrP€ or PrP*¢ as antigens
by the host immune system. Furthermore, immunization with rMPrP generates high titers of anti-PrP anti-

Prion bodies in wild-type mice. Some anti-PrP antibodies immunized with rMPrP prevent PrP*° replication
in vitro. The mouse sera from terminal prion disease have several wide epitopes, although mouse sera
immunized with rMPrP possess narrow epitopes.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Prion diseases, also known as transmissible spongiform enceph-
alopathies (TSE), are fatal neurodegenerative disorders, including
scrapie in sheep and goats, bovine spongiform encephalopathy
(BSE) in cattle, chronic wasting disease in deer and elk, and Creutz-
feldt-Jakob disease (CJD) in humans. All of these diseases are char-
acterized by the accumulation of a pathogenic, abnormal isoform
of prion protein, designated PrP¢, in the central nervous system
(CNS) [1]. PrP*“ is formed from host-encoded cellular prion protein,
PrPS, by a post-translational process involving a profound confor-
mational change [2].

The adaptive immune system appears unresponsive to prion
infection, because the production of anti-PrP antibodies has not
been recognized during the course of TSE infection, scrapie in
sheep [3,4], CJD in humans [5], transmissible mink encephalopathy
(TME) in mink [6], and mouse-adapted scrapie in mice [7]. The ab-
sence of a detectable immune response during TSE is likely due to
the fact that the essential component of infectious agents, the
prion protein (PrP), is a self-antigen expressed ubiquitously in
the host. However, PrP* may possess many unique epitopes since
PrP5¢ has a distinct structure compared with PrPC. Indeed, some
monoclonal antibodies that can distinguish PrP*¢ from PrP€ [8],
subtle changes in the immunoglobulin G concentrations in natural
scrapie sheep [9], and T cell infiltration into the CNS in scrapie-in-
fected mice [10] have been reported. Moreover, recent studies have
reported that the humoral response against PrP can be induced not

* Corresponding author. Fax: +81 58 293 2864.
E-mail address: ishiguna@gifu-u.ac.jp (N. Ishiguro).

0008-8749/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.cellimm.2010.03.018

only in PrP knockout mice [11] or in xenogenic systems [12], but
also in wild-type mice when tolerance to PrP was overcome by
strong immunization procedures [13]. Protective immunity against
scrapie agent propagation was obtained with anti-PrP antibodies
when induced by active immunization [14,15] or injected passively
[16]. Thus, the host immune system may produce antibodies
against PrP*° and interfere with the progression of prion diseases;
however, little is known about the immune response to PrP*¢ in
prion-infected animals.

We recently found several antibody titers against the recombi-
nant mouse PrP (rMPrP) at the terminal stage of scrapie infection in
mouse. In this study, we investigated the characteristics of the
antibody titers at the terminal stage and their protective effect
against scrapie infection in the mouse model.

2. Materials and methods
2.1. Animals

Four- to six-week-old female C57BL/6], BALB/c, ICR, NOD and A/
] mice supplied by CLEA (Tokyo, Japan) were kept in a specific path-
ogen-free animal facility. The animal experiments were performed
according to the Regulations for Animal Experiments of Gifu Uni-
versity and were approved by the committee for Animal Research
and Welfare at Gifu University.

2.2. Purification of PrP*

PrP% was purified from the brains of scrapie-affected mice
without proteinase K treatment as described by Bolton et al. [17].
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The brains of C57BL/6], BALB/c and ICR mice inoculated intracere-
brally with mouse-adapted scrapie Obihiro strain [18] were used
as the source of PrP>c,

2.3. Sera from mice inoculated with prion for screening

Inoculation of mice with prion was performed according to Ta-
ble 1. Mice sera were collected at the terminal stage of the disease
under anesthesia. The obtained sera were stored at —30 °C.

2.4. Synthesis of rMPrP

The rMPrP corresponding to amino acid (aa) 23-231 was syn-
thesized in Escherichia coli BL21 (DE3), purified by Ni®* immobi-
lized metal affinity chromatography as described by Kim et al.
[19]. The purified rMPrP was dissolved in distilled deionized water
(DDW) at 1 mg/ml and stored at —80 °C.

2.5. Immunizations and bioassay of mice

Twenty mice were immunized intraperitoneally with 50 ul of
rMPrP (1 mg/ml in DDW) emulsified with complete Freund's adju-
vant (CFA) in a 1:1 (v/v) ratio. Two weeks after the first immuniza-
tion, animals were boosted with an equivalent rMPrP emulsion
prepared with incomplete Freund's adjuvant (IFA). Nine weeks
after immunization, 100 pl of 0.01% mouse scrapie brain homoge-
nate was injected intraperitoneally, and survival periods were ob-
served. Animals immunized with phosphate-buffered saline (PBS)
instead of rMPrP were used as a negative control (n = 4). Immu-
nized mice were bled from retro-orbital plexus at the time of
pre-immunization (n=20), at 8 weeks (n=20), at 16 weeks
(n=8) and at 43 weeks (n=16) after immunization. Individuals
who showed higher antibody titers at 8 weeks were selected for
bleeding at 16 weeks and at the terminal stage of the disease
(n=14: Serum Nos. a-h). The obtained sera were stored at —30 °C.

2.6. Enzyme-linked immunoabsorbent assay (ELISA)

Ninety-six-well plates (MaxiSorp, Nunc, Roskild, Denmark)
were coated overnight at 4 °C with 0.2 pg/well, rMPrP or purified
PrP5¢ in 20 mM phosphate buffer (pH 7.0) or 1% brain homogenate.
Brain homogenates of BALB/c mice infected with mouse scrapie
Obihiro strain or those of ICR mice infected with mouse-adapted
BSE strain were denatured with 3 M guanidine hydrochloride
(Gdn-HCl). The wells were blocked with 5% skim milk in PBS con-
taining 0.1% Tween 20 (PBST) for 1 h at 37 °C, and then incubated
with sera diluted to 1:100 in 1% skim milk/PBST for 1 h at 37 °C.
After washing with PBST, wells were incubated with anti-mouse
1gG horse radish peroxides (HRP)-conjugated antibody for 1 h.
Antigen-antibody complexes were detected by adding a substrate
solution [100 pg/ml of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sul-
fonic acid), 0.04% H,0, in 50 mM citrate-phosphate buffer (pH
4.0)] and an absorbance at 405 nm was assessed with a microplate
reader (Multiscan MS-UV, Labsystems, Uppsala, Sweden).

2.7. Cell culture

The mouse neuroblastoma cell line Neuro2a-3 (N2a-3) cells, a
highly PrP*° susceptible clone of N2a cells for mouse-adapted scra-
pie, was cultured in Dulbecco's modified Eagle’s medium (DMEM)
with 10% fetal bovine serum, 100 U/ml of penicillin, 100 mg/ml of
streptomycin and non-essential amino acids. ScN2a-3 cells were
established from N2a-3 cells exposed to 0.5% Chandler-affected
mouse brain homogenate diluted in growth medium for 4 h at
37°C in 5% CO,. Cells were washed with PBS and cultured with
fresh growth medium. ScN2a-3 cells were used for assay from 5

to 10 passages that showed high level of scrapie infectivity titers
(data not shown). These cells were maintained at 37 °C in 5% CO,
and passed at 1:10 every 3 days.

2.8. Treatment of ScN2a-3 and sample preparation

Almost-confluent ScN2a-3 cells in 25-cm? flasks were split 1:20
into 35-mm tissue culture dishes. On day 2, the medium was re-
placed with 3 ml DMEM containing 4% FBS, and each test serum
(1:100) or monoclonal antibody (mAb) 31C6 [19] (1:2000) was
added, and the cells were then cultured for 3 additional days. For
the detection of PrP¢, cells were lysed with 300 pl lysis buffer
(5mM EDTA, 0.5% Triton X-100, 0.5% sodium deoxycholate,
150 mM NaCl, and 10 mM Tris-HCI, pH 7.5) and Kkept at 4 °C for
30 min. Cell debris was removed by centrifugation for 5 min at
1300 rpm. A portion of the sample (10%) was removed for determi-
nation of protein concentration using the DC protein assay (BioRad,
Hercules, CA, USA) and the remaining portions were treated with
20 pg/ml proteinase K for 20 min at 37 °C. Proteolysis was termi-
nated by the addition of 1 mM Pefabloc (Roche, Indianapolis, IN,
USA). The samples were then incubated with 0.3% sodium phos-
photungstic acid at 37 °C for 30 min. The samples were centrifuged
at 15,500g for 30 min, and the resulting pellets were dissolved in
sample buffer (62.5 mM Tris-HCl (pH 6.8), 5% glycerol, 3 mM
EDTA, 5% SDS, 4 M urea, 4% 2-ME, 0.04% bromophenol blue).

2.9. Western blotting

Samples were separated in 12% SDS-PAGE, and electrotrans-
ferred to Immobilon-P membranes (Millipore, Bedford, MA, USA).
The membranes were blocked with 5% skim milk/PBST, and incu-
bated with mAb 44B1 [19] diluted to 1:5000 in 1% skim milk/PBST
for 1 h. After incubation with HRP-conjugated secondary antibody,
the blots were developed using ECL™ Western blotting detection
reagents (GE Healthcare, Buckinghamshire, UK), and the signals
were detected with a LAS-4000 luminoimage analyzer (Fujifilm,
Tokyo, Japan).

2.10. Pepspot analysis

Pepspot membrane, consisting of 100 peptides of 10 amino
acids in length with two amino acids overlapping to adjacent pep-
tides and encompassing full-length mature murine PrP (PrP 23-
231), was synthesized by SIGMA-Genosys. The membrane was
blocked with 5% skim milk and 5% sucrose in Tris-buffered saline
containing 0.05% Tween 20 (TBST), and incubated with sera (dilute
at 1:100). Bound antibodies were detected by using the HRP-con-
Jjugated secondary antibodies and an ECL™ Western blotting detec-
tion reagents, and the signals were detected with X-ray films
(Fujifilm).

2.11. Statistical analyses

The data were analyzed statistically by parametric correlation
analyses using the software package ystat2006 programmed by
Shinya Yamazaki, DDS, PhD (Igaku Tosho Shuppan Co., Ltd., Tokyo,
Japan).
3. Results
3.1. Detection of anti-PrP antibodies in terminal stage of scrapie

To estimate the production of antibodies to PrP, 143 sera from

prion-affected C57BL/6], BALB/c, ICR, NOD and A/] mice were
screened by ELISA using rMPrP as antigens (Table 1A). Eight of 143
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sera reacted with rMPrP (OD values; 0.108 + 0.015-0.314 £ 0.015).
However, we could not detect any signals when using the purified
PrP5¢ fraction as an ELISA antigen (Table 1A).

Furthermore, 117 sera obtained from prion-affected C57BL/6],
BALB/c and ICR mice were screened by ELISA using three antigens:
rMPrP, mouse brain homogenate of mouse scrapie Obihiro strain
and mouse brain homogenate of mouse-adapted BSE strain. Seven
sera were positive for rMPrP (OD values; 0.079 +0.005-
0.365 + 0.066), eight sera were positive for mouse brain homogenate
of Obihiro strain (OD values; 0.061 £ 0.011-0.233 + 0.013), and six
sera were positive for mouse brain homogenate of mouse-adapted
BSE strain (OD values; 0.070 + 0.004-0.213 £ 0.005) (Tables 1B and
2). Although the OD titers were low, the positive sera showed higher
absorbance than the cut-off value for at least three independent as-
says. Six sera bound to two of the three tested antigens (Table 2). Fif-

Table 1
Detection of anti-PrP antibodies in terminal-stage mouse prion disease.

teen of 117 sera showed anti-PrP antibody titers against at least one
antigen. Some sera with anti-PrP antibodies were subjected to Wes-
tern blot analyses using PK treated Obihiro brain homogenates as an
antigen, however, any sera could not detect PrP*‘. The immune re-
sponse against PrP has not been supposed to be occurred because
the host has the endogenous PrP ubiquitously. However, we showed
the anti-PrP antibodies in prion-affected mice. Therefore, to confirm
the production of anti-PrP antibody in wild-type mice, we immu-
nized mice with rMPrP using conventional immunization method.

3.2. Immunization generates high levels of antibodies to rMPrP, but
does not possess prophylactic effect against disease

To confirm a PrP-specific immune response, we intraperitone-
ally immunized BALB/c mice with rMPrP twice at 2-week intervals.

Mouse strain Inoculum?* Injection route” Mice with antibodies against PrP
rMPrP Purified PrP* Obihiro? Mouse-adapt BSE?
C57BL/6) 1% Obihiro ic 0/43 0/43 ND¢ ND
Purified PrP* ip. 0/5 0/5 ND ND
BALB/c 1% Obihiro ic. 2/40 0/40 ND ND
Purified PrP* ip. 0/5 0/5 ND ND
10% Obihiro ip. 0/5 0/5 ND ND
Purified PrP% Footpad 0/4 0/4 ND ND
ICR 1% Obihiro i.c. 6/33 0/33 ND ND
10% Obihiro s.C. 0/3 0/3 ND ND
NOD Purified PrP5 i.p. 0/2 0/2 ND ND
All Purified PrP* i.p. 0/3 0/3 ND ND
C57BL/6) 0.05% Obihiro i.p. 017 ND 0/17 0/17
BALB/c 0.01% Obihiro ip. 0/4 ND 0/4 0/4
1% Obihiro ip. 7(70 ND 3/70 0/70
ICR 1% mouse-adapt BSE ic. 0/13 ND 413 4/13
1% Chandler i.c. 0/13 ND 1/13 213

2 Purified PrP> was prepared from brains of Obihiro-affected mice. Brain homogenates are indicated for Obihiro, Mouse-adapt BSE, and Chandler.

b i.c. intracerebrally; i.p., intraperitoneally; s.c., subcutaneously.

€ ND, not done.

Table 2
Positive PrP response in ELISA.

Mouse strain Inoculum? Injection route® ID OD titers against PrP©
rMPrP Obihiro Mouse-adopt BSE
BALB/c 1% Obihiro i.p. 1 0.147 £ 0.022 - -
2 0.124 + 0.003 - &
3 0.253 £ 0.008 0.150 £ 0.024 -
4 0.365 + 0.066 0.233+£0.013 -
§ 0.081+0.018 - -
6 0.079 + 0.005 - -
7 0.097 £ 0.006 - -
8 & 0.072 £0.012 -
ICR 1% mouse-adapt BSE i.c. 9 - 0.080 +0.028 0.070 £ 0.004
10 - 0.142 £ 0.025 0.163 + 0.007
11 - - 0.077 + 0.004
12 - 0.172 £ 0.008 0.213 £0.005
13 - 0.061 £0.011 -
1% Chandler i.c. 14 - - 0.135 £ 0.005
® 15 - 0.062 £ 0.003 0.088 + 0.009
Negative control® 0.019 £ 0.001 0.015 £ 0.006 0.034  0.008
Cut-off value® 0.022 0.032 0.056
# Brain homogenates are indicated for Obihiro, mouse-adapt BSE, and Chandler.
® ic, intracerebrally; i.p., intraperitoneally.
¢ Serum were diluted 1:100, and OD titers are shown as mean +SD. “~" means that OD titers against PrP was less than cut-off value.
4 Normal mouse serum was used for negative control.
e

Cut-off values were calculated by the AVG+ 3SD of negative control.



