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Accumulation of Proteinase K-Resistant Prion Protein (PrP) Is
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Creutzfeldt-Jakob disease (CJD) is a transmissible neurodegenerative disease of humans caused by an
unidentified infectious agent, the prion. To determine whether there was an involvement of the host-encoded
prion protein (PrP¢) in CJD development and prion propagation, mice heterozygous (PrP*'~) or homozygous
(PrP~'7) for a disrupted PrP gene were established and inoculated with the mouse-adapted CJD agent. In
keeping with findings of previous studies using other lines of PrP-less mice inoculated with scrapie agents, no
PrP~'~ mice showed any sign of the disease for 460 days after inoculation, while all of the PrP*'~ and control
PrP*'* mice developed CJD-like symptoms and died. The incubation period for PrP*'~ mice, 259 + 27 days,
was much longer than that for PrP™/* mice, 138 = 12 days. Propagation of the prion was barely detectable in
the brains of PrP~/~ mice and was estimated to be at a level at least 4 orders of magnitude lower than that in
PrP*'* mice. These findings indicate that PrP° is necessary for both the development of the disease and
propagation of the prion in the inoculated mice. The proteinase-resistant PrP (PrP™°) was undetectable in the
brain tissues of the inoculated PrP~'~ mice, while it accumulated in the affected brains of PrP*'* and PrP*/~
mice. Interestingly, the maximum level of PrP™* in the brains of PrP*/~ mice was about half of the level in the

similarly affected brains of PrP*'*

mice, indicating that PrP™° accumulation is restricted by the level of PrP¢.

Creutzfeldt-Jakob disease (CJD), a neurodegenerative
spongiform encephalopathy of humans, is transmissible iatro-
genically (3, 13) and experimentally (21, 32) to rodent animals.
Scrapie is a closely related transmissible disease of sheep and
goats (10). The infectious agents, prions, of both CJD and
scrapie have yet to be identified, but they share unique bio-
chemical characteristics (2). They are highly resistant to vari-
ous physical and chemical treatments which inactivate conven-
tional infectious agents such as viruses, bacteria, and fungi. In
the infectivity-enriched fractions of CJD- or scrapie-affected
brain, the proteinase K-resistant prion protein (PrP), desig-
nated PrP™®, is detected as a major macromolecule (4, 23, 27).
PrP™*® is thought to be converted from a host-encoded and
proteinase-sensitive PrP, PrP¢, which is constitutively ex-
pressed in the normal brain tissue. The agents seem to be
devoid of a nucleic acid genome because of their resistance to
UV irradiation or nuclease treatment (1, 5), and previous
intensive studies failed to detect any disease-specific nucleic
acid. The prion theory (25) has proposed that PrP™* is the
agent itself and that the conversion of PrP¢ into the protease-
resistant isoforms through direct interaction between them is
the nature of prion replication. Although accumulating evi-
dence has supported this hypothesis, there is still controversy.
For instance, different prion strains distinguishable by the in-
cubation period and the pattern of the brain lesions in inocu-
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lated mice can be transmitted serially without changing their
properties in the same mouse strain with a single PrP genotype
(6, 16), suggesting the presence of a strain-specific replicating
component in the prion (34). Moreover, a dissociation between
infectivity and PrP accumulation has been observed in the
brains of scrapie agent-inoculated mice treated with ampho-
tericin B (37) and in the salivary glands of CJD agent-inocu-
lated mice (30).

Biieler et al. have recently generated mice devoid of the
functional PrP gene by gene targeting (8). They and another
group showed that mice homozygous for the disrupted PrP
gene were completely resistant to the prion derived from the
Chandler scrapie isolate, and heterozygous loss resulted in a
prolonged incubation time of scrape in the prion-inoculated
mice (7,9, 26, 29). Manson et al., using another line of PrP-less
mice inoculated with the ME7 scrapie strain, later reported a
similar finding (19, 20). These studies clearly indicated that
PrP¢ is necessary for both the disease development and the
prion propagation in mice inoculated with the scrapie prions.
In the present study, we have independently developed a line
of mice with the PrP gene disrupted and examined the suscep-
tibility of these mice to a distinct strain of the prion, the
mouse-adapted Fukuoka-1 strain of CJD agent (32). In keep-
ing with the previous findings, homozygous loss of the gene
resulted in resistance to the infectious agent. Mice heterozy-
gous for the disrupted gene (PrP™/~) ultimately developed
CJD-like symptoms with pathologic changes similar to those in
the wild-type mice (PrP*'"), despite the prolonged incubation
period. However, the maximum level of PrP™* in the brains of
PrP*'~ mice was about half of the level in the similarly affected
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FIG. 1. Maps of the genomic PrP locus containing the PrP-coding region,
targeting construct (pPrPneo-tk), and the mutated PrP locus after complete
homologous recombination. (a) The cloned 15.5-kb genomic PrP DNA derived
from 129/Sv mice containing exon 3, encoding PrP, and introns 2 and 3. Loca-
tions of the PrP open reading frame (ORF) and the probes used in Southern
blotting are indicated. (b) Targeting construct which was made by substituting
the Xbal-EcoRI fragment containing the entire PrP open reading frame for
PGK-neo and adding PGK-tk upstream. (c) The mutated PrP locus when the
homologous recombination occurred in ES cells. B, BamHI; Bg, BglII; E, EcoRI;
S, Sall; Sc, Scal; Sm, Smal; X, Xbal; S*, Sall site of A DASH phage; Xh*, Xhol
site of pBS.

brains of PrP*’* mice, indicating that PrP™* accumulation is
restricted by the level of PrP°.

MATERIALS AND METHODS

Construction of a targeting vector. A genomic DNA clone, 15.5 kb in length,
corresponding to the murine PrP locus was isolated from a \ library constructed
from 129/Sv mouse DNA (28) by screening with a hamster PrP cDNA probe (24).
The clone consisted of the PrP-encoding exon 3 (2 kb) and the flanking introns
2 and 3, 5.5 and 8 kb, respectively, in length (Fig. 1a). The BamHI-Xbal fragment
(2 kb) of intron 2 was subcloned into pBluescript IT SK+ (pBS). The herpes
simplex virus thymidine kinase gene (tk) and the neomycin resistance gene (neo),
both joined to the mouse phosphoglycerate kinase 1 gene (PGKI) promoter,
were subsequently inserted at the 5’ and 3’ ends, respectively, of the PrP frag-
ment in pBS, yielding pPrP5neo-tk (28). In PGK-neo, a BglII site was created just
downstream of the 5'-end Xbal site by linker ligation. The EcoRI-Sall fragment
(3 kb) containing the 3’ untranslated region of exon 3 plus intron 3 and the
Sall-Sall fragment (6 kb) of intron 3 were isolated from the cloned PrP genomic
DNA and subcloned in order into pBS. The resulting 9-kb insert was cut out at
the Notl and Xhol sites of pBS and was transferred downstream of PGK-neo in
pPrP5neo-tk to yield a targeting vector, pPrPneo-tk (Fig. 1b), in which the
Xbal-EcoRI 2.0-kb region of the PrP genome including the whole PrP°-coding
sequence was replaced by PGK-neo.

Generation of PrP-deficient mice. Approximately 2 X 107 J1 embryonic stem
(ES) cells (18) were electroporated with 20 pg of the targeting vector linearized
with Xhol at 400 V and 25 pF in one cuvette (Gene Pulser; Bio-Rad). In total,
8 X 107 ES cells were electroporated. Drug selection was started 36 h after
electroporation. The cells were selected by both G418 (200 pg/ml) and FIAU
(200 nM) for the first 4 days and by G418 alone thereafter. Drug-resistant
colonies were transferred to 96-well dishes with feeder cells (18). Half of the cells
grown in the microwell culture were transferred to a 24-well dish, and the
remaining cells were stored at —80°C. The expanded cells were subjected to
Southern hybridization to screen the cell clone with a disrupted PrP allele. The
targeted ES cell clone was then thawed, expanded, and injected into blastocysts
of C57BL/6J mice, which were then implanted into the uteruses of pseudopreg-
nant ICR female mice. The resulting chimeric mice were mated with C57BL/6J
mice, and the germ line transmission of the ES cell genotype in these mice was
determined. Resulting F; heterozygous (PrP™/™) breeding pairs were mated to
yield homozygous mice lacking PrP (PrP~/7).

Southern hybridization. High-molecular-weight DNA of the mouse tail was
isolated as described previously (28). The DNA digested with an appropriate
restriction enzyme was separated in a 0.8% agarose gel, denatured in 0.5 N
NaOH-1.5 M Na(l, and transferred to a nitrocellulose membrane (Schleicher &
Schuell, Dassel, Germany) in 1 M ammonium acetate. The membrane was baked
at 80°C for 2 h, and prehybridization was performed for 5 h at 42°C in 50%
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FIG. 2. Southern blotting of ES cell clones. (a) DNAs of eight drug-resistant
ES cell clones were digested with Bg/II and hybridized with probe A. (b) DNAs
of three drug-resistant ES cell clones were digested with Scal and analyzed by
Southern blotting using probe A.

formamide-5X SSPE (1X SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM
EDTA [pH 7.7])-0.2% sodium dodecyl sulfate (SDS)-5% dextran sulfate—5X
Denhardt’s solution. Hybridization was performed for 15 h at 42°C in the same
buffer with a probe labeled with 3?P (10° cpm/ml) by the multiprime labeling
system (Amersham Japan, Tokyo, Japan) and heat-denatured salmon sperm
DNA (0.1 mg/ml). The hybridized membrane was washed four times in 2X SSC
(1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS for 5 min at
room temperature and three times in 0.1X SSC-0.1% SDS for 30 min at 65°C
and then exposed to X-ray film with an intensifying screen at —80°C.

In situ hybridization. Fresh mouse brains were fixed with 4% paraformalde-
hyde and then postfixed in 4% paraformaldehyde with 30% sucrose overnight at
4°C. Frozen 10-pm-thick brain sections were thaw-mounted onto a poly-L-lysine-
coated glass slide. After deproteination with 5 g of proteinase K per ml for 10
min and an acetylation step for 20 min in 0.1 M triethanolamine (pH 8.0)-0.25%
acetic anhydride, the slides were incubated with a cRNA probe (2.5 pg/ml)
labeled with digoxigenin-UTP (Boehringer Mannheim Biochemicals, Indianap-
olis, Ind.) by using T7 or T3 RNA polymerase, corresponding to the Smal-EcoRI
fragment of PrP exon 3, in a solution (2X SSC, 10 mM Tris-HCI [pH 7.5], 50%
deionized formamide, 5% skim milk, 500 ug of yeast tRNA per ml, 2X Den-
hardt’s solution) at 60°C for 16 h. Subsequently, hybridized sections were treated
with 20 pg of RNase A per ml at 37°C for 30 min and washed finally in 0.1X SSC
for 30 min at 60°C. Immunological detection of hybridized digoxigenin-labeled
probes was performed with Genius detection kits (Boehringer).

Mice. All mice used in the experiments were fed under specific-pathogen-free
conditions. Experiments of prion infection were conducted in the biohazard
prevention area (P3) of the Laboratory Animal Center for Biomedical Research
of the authors’ institution. The PrP*/* PrP*/~ and PrP~/~ mice were obtained
by intercross between F; PrP*/~ breeding pairs and identified by Southern
blotting. C57BL/6J, ICR, and ddY mice were purchased from CLEA Japan, Inc.,
Tokyo, Japan.

Transmission of prion. The Fukuoka-1 strain of CJD agent (32) (kindly
provided by J. Tateishi) was passaged twice in the brains of ddY mice and used
for experiments. PrP*/*, PrP™/~, PrP~/~, and C57BL/6J mice, about 4 weeks old,
were inoculated intracerebrally with an amount of the agent equivalent to 10°~
50% lethal dose (LDs) units and observed 4 days a week for up to 460 days after
inoculation. The onset of the disease was determined as previously described
(30), and the diagnosis was confirmed by pathological changes in the brain tissues
of all mice.

Infectivity titration of brain tissues of prion-inoculated mice. PrP*'*, PrP*/~,
and PrP~'~ mice (35 of each) were inoculated with the agent as described above.
Five of each group were sacrificed, and their brain tissues were removed at seven
time points after inoculation: 0, 3, 6, 12, 14, 16, and 20 weeks for PrP™/* mice and
0,3, 6, 12, 20, 25, and 29 weeks for PrP*/~ and PrP~'~ mice. Week 0 was actually
5 h after inoculation. The infectivity of tissues at each time point was determined
by inoculating 0.02 ml of 20% (wt/vol) homogenate in phosphate-buffered saline
(PBS) of the pooled replicate tissues into three to six 4-week-old male ddY mice.
The same homogenates but heated at 80°C for 20 min were inoculated in the
same way. The inoculated mice were observed for up to 260 days, and incubation
periods were determined. The titer of infectivity was calculated from the mean
value of incubation periods on the basis of a standard curve between titer and
incubation period, obtained by inoculating serial 10-fold dilutions of the agent
into ddY mice, as described previously (30).
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FIG. 3. Southern blotting of the tail DNA of the offspring resulting from the
intercross between F; PrP™/~ mice. (a) DNAs were digested with Bg/Il and
hybridized with probe A. (b) DNAs were digested with BamHI and hybridized
with probe B. Lanes: 1 and 5, PrP*/~ mice; 2 and 4, PrP*/* mice; 3, PrP~/~ mice.
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FIG. 4. Expression of PrP mRNA in the brains of PrP*/* and PrP~/~ mice and histology of brain tissues from mice inoculated with mouse-adapted CJD agent or
brain homogenates. PrP mRNA expression in sections of the hippocampal area from 8-week-old male uninoculated PrP~/~ (a) and PrP*'* (b) mice was analyzed by
in situ hybridization. PrP mRNA expression is detected in neuronal cells of PrP*'* mice but not of PrP~/~ mice. Vacuolization and gliosis were observed in sections
of the cortex from C57BL/6J (c), PrP*/* (d), and PrP*/~ (e) mice inoculated with the agent and sacrificed when they showed CJD-like symptoms. The cortex of a PrP ™/~
mouse at 400 days after inoculation shows no pathological change (f). The cortex from a morbid ddY mouse inoculated with the pooled brain homogenate of PrP~/~
mice sacrificed 29 weeks after inoculation with the agent reveals vacuolization and gliosis (g). Magnifications: (a and b) X64; (c to g) x320.

Immunoblotting. The frozen brain tissues were homogenized in PBS. Homo-
genate obtained from 5.6 mg (wet weight) of tissue was incubated with 150 w.g of
DNase I per ml at 37°C for 60 min and then treated with 1% Sarkosyl and 200
ng of proteinase K per ml at 37°C for 1 h. After boiling for 5 min in 0.1%
SDS-0.5 M dithiothreitol, the sample was subjected to immunoblotting with
antibodies to synthetic peptides of PrP?’*° (31) and then labeled with '*°1-
protein A as described previously (30).

RESULTS
Establishment of an ES clone with a disrupted PrP locus. J1

ES cells were electroporated with a linearized targeting vector,
and the resulting drug-resistant colonies were screened for the

presence of a disrupted PrP allele by Southern hybridization.
In the targeting vector, the whole PrP-coding sequence was
replaced by the PGK-neo gene. The vector also contained the
PGK-tk gene to allow counterselection against random inte-
gration (Fig. 1b). A single targeted ES clone (clone 611) was
obtained from among 321 drug-resistant colonies screened. As
shown in Fig. 2a, Bgl/ll-digested DNA of clone 611 ES cells
gave a 3-kb band derived from a mutated allele in addition to
a 5-kb band of a wild-type allele by hybridization with probe A,
a Bglll-BamHI 1-kb fragment of the PrP intron 2 (Fig. 1a).
Homologous recombination in clone 611 was further con-
firmed on Scal-digested DNA. Probe A hybridized with a mu-

TABLE 1. Infectivity in brains from PrP*/*, PrP*/~, and PrP~/~ mice inoculated with the agent®

0 wk p.i. 3 wk p.i. 6 wk p.i. 12 wk p.i.
Sample Incubation Survival No. Incubation Survival No. Incubation Survival No. Incubation Survival No.
time time dead/ time time dead/ time time dead/ time time dead/
(days)® (days)“ total (days) (days) total (days) (days) total (days) (days) total
PrP*'*
Not heated 144 =15 147 =17 5/5 14413 147+ 14 6/6 145 £25 149 =23 5/5 12516 129 * 14 6/6
Heated? 161 £18 165+ 19 5/6 159 =23 163 =21 6/6 148 £ 8 153 + 8 6/6 137 +3 140 = 4 5/5
PrP*/~
Not heated 153+19 156 =19 5/5 150 £22 156 =22 4/4 149 = 4 154+ 4 4/4 13911 14210 5/5
Heated 168 =22 174 =21 5/6 159 =16 163 =17 6/6 150 =9 154 =9 6/6 152 =24 159 =22 6/6
PrP~ "~
Not heated 159 =9 164 = 8 5/5 164 6 167 =5 5/6 169 =11 172 =11 5/6 160 178 1/4
Heated 169 =19 176 =20 6/6 213 217 1/6 198 £18 201 =18 3/6 >260 >260 0/6

¢ Infectivity was examined by intracerebral inoculation of the homogenates into ddY mice. p.i., postinfection; ND, not done.

> Time to onset of disease. Values are means *+ standard deviations.
¢ Time to death. Values are means * standard deviations.
4 The homogenates were heated at 80°C for 20 min before inoculation.
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FIG. 5. Percentage of symptom-free mice after inoculation with the
Fukuoka-1 strain of CJD agent. Fourteen C57BL/6J, 18 PrP™/*, 13 PrP*/~, and
11 PrP~'~ mice were inoculated with 103> LDs,, units of the agent and observed
for 460 days.

tated allele-derived 5.8-kb fragment as well as a 6.4-kb frag-
ment from the normal allele, as expected (Fig. 2b).

Generation of mice with homozygously disrupted PrP alleles
(PrP~'7). Four male and five female chimeric mice were gen-
erated following injection of clone 611 ES cells into C57BL/6J
mouse-derived blastocysts. All of the male chimeras transmit-
ted the genotype of the ES clone to their offspring by breeding
with C57BL/6J mice. Of the resulting 172 F, offspring with
agouti coat color, 80 (47%) had the PrP™/~ genotype. All of
the F, PrP™/~ mice developed and grew normally. Subse-
quently, F, PrP*'~ breeding pairs were mated to generate
PrP~’~ mice. Tail DNA of the F, offspring was digested with
BglII and hybridized with probe A. A representative result is
shown in Fig. 3a. A PrP~'~ mouse (lane 3) gave a 3-kb band of
two mutated alleles, while PrP™/~ (lanes 1 and 5) and PrP*'*
(lanes 2 and 4) mice gave bands corresponding to a single copy
each of the mutated and normal alleles and two copies of the
normal allele, respectively. As shown in Fig. 3b, the loss of the
entire PrP-coding sequence in the PrP~/~ mice was confirmed
by Southern hybridization using a corresponding sequence
probe, a Smal-EcoRI 1.5-kb fragment of the PrP exon 3 which
included almost all the PrP-coding region (probe B in Fig. 1a).
The 202 F, offspring, obtained by the double heterozygous
breeding, consisted of 41 (21%) with the PrP*/" genotype, 112
(55%) with the PrP™’~ genotype, and 49 (24%) with the
PrP~'" genotype. This segregation agreed with Mendelian law,
indicating that homozygous disruption of the PrP alleles did
not cause embryonal death.

To confirm the lack of PrP expression in the PrP~'~ mice,
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Northern (RNA) blotting and in situ hybridization were per-
formed on total cellular RNA and formalin-fixed sections of
brain tissue, respectively. Sequences of the probes used corre-
sponded with that of probe B shown in Fig. la. Northern
hybridization did not detect any PrP mRNA in the brain tissues
of PrP~/~ mice and revealed that PrP mRNA expression in the
tissues of PrP*/~ mice was about half of the level in PrP™/*
mice (data not shown). By in situ hybridization, no signal was
detected in the brain sections of PrP~'~ mice (Fig. 4a), while
those of PrP*'* mice gave signals of PrP mRNA expression
which were especially high in the hippocampus (Fig. 4b).

The PrP~'~ mice developed and grew normally. In addition
to the normal macroscopic appearance, histological examina-
tion of brain, salivary gland, lung, heart, liver, spleen, pancreas,
kidney, ovary, and skeletal muscle of these mice sacrificed at 10
weeks after birth revealed no abnormalities.

PrP¢ is required for development of CJD-like disease in
mice. PrP*'* (n = 18), PrP*'~ (n = 13), and PrP~'~ (n = 11)
mice as well as control C57BL/6J mice (n = 14) were inocu-
lated with the mouse-adapted CJD agent and were observed
for up to 460 days. All PrP*/*, PrP*/~, and PrP~/~ mice were
derived from the same crosses between F, PrP™/~ breeding
pairs. All of the C57BL/6J, PrP*/*, and PrP*'~ mice revealed
symptoms resembling CJD and subsequently died (Fig. 5). The
incubation period in C57BL/6J mice was 151 * 12 (mean =
standard deviation) days, and they died 161 * 5 days after
inoculation. The incubation and survival periods of PrP*'*
mice were 138 = 12 and 143 * 14 days, respectively. The onset
of the disease in PrP*'~ mice was considerably retarded, with
disease developing at 259 = 27 days and death developing at
269 + 27 days. In contrast, none of the PrP~/~ mice has shown
any CJD-like symptoms, and all were alive 460 days after
inoculation (Fig. 5). We confirmed the characteristic neuro-
pathological changes, including spongiform neurodegenera-
tion and astrogliosis, in all affected brain tissues of C57BL/6J,
PrP*'*, and PrP™~ mice (Fig. 4c to e), but no pathological
change was observed in brain sections of two PrP~/~ mice
sacrificed 400 days after inoculation (Fig. 4f).

PrP° is required for propagation of the prion. To confirm
the requirement of PrP° for replication of the agent, the brain
tissues of PrP*/*, PrP™/~, and PrP~/~ mice were resected at
various times after inoculation of the agent, the homogenate of
three pooled replicate tissues was inoculated into three to six
male ddY mice, and the incubation period was determined
(Table 1). Another aliquot of the homogenate was heated to
80°C and similarly inoculated into ddY mice (Table 1). Infec-
tivity titers of the pooled tissues were calculated from the mean
values of incubation periods (Table 2). Infectivity was detect-
able 5 h (week 0 in Table 2) after inoculation in the nonheated

TABLE 1—Continued

14 wk p.i. 16 wk p.i. 20 wk p.i. 25 wk p.i. 29 wk p.i.
Sample Incubation Survival No. Incubation Survival No. Incubation Survival No. Incubation Survival No. Incubation Survival No.
time time  dead/ time time  dead/ time time  dead/ time time  dead/ time time  dead/
(days) (days) total (days) (days) total (days) (days) total (days) (days) total (days) (days) total
PPt
Not heated 110 =14 11712 5/5 1188 1208 5/5 112=*=16 11515 5/5
Heated? 13519 139+19 5/6 12612 13111 6/6 115*+12 12011 3/3
PrP*/~
Not heated ND ND ND ND ND ND 1211512712 5/5 1207 1247 6/6 1157 1186 6/6
Heated ND ND ND ND ND ND 13313 14117 6/6 124*x15128*+14 5/5 13713 140+=13 6/6
PrP~/~
Not heated ND ND ND ND ND ND 225+16 230 =17 6/6 >260 >260 0/5 19414 197 =15 5/5
Heated ND ND ND ND ND ND 222 £25227+20 2/6 >260 >260 0/6 >260 >260  0/6
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homogenates of all PrP*/*, PrP™/~, and PrP~’~ mice. Titers
(5.2, 4.8, and 4.5 log LDs, units/g, respectively) of the tissues
appeared to correlate with the expression levels of PrP¢. In the
PrP*'* mice, an increase in the titer was observed at 12 weeks,
and the plateau level, 6.8 log LDs, units/g, was reached at 14
weeks. Replication was delayed in the PrP*/~ mice, and the
maximal level, 6.6 log LD, units/g, was reached at 29 weeks.
The infectivity titer in the PrP~/~ mice detected soon after
inoculation declined gradually and reached a level below the
lowest calculable limit, 2.9 log LD, units/g, at 20 weeks. In-
fectivity was barely detectable thereafter, but at week 29,
PrP~’~ mice revealed obviously higher infectivity than the
mice sacrificed between 12 and 25 weeks. For instance, the
29-week homogenate caused the disease in all of five inocu-
lated mice, with an average incubation period of 194 days,
while five mice inoculated with the 25-week homogenate did
not show any symptoms of disease for up to 260 days (Table 1).
CJD-like pathologic changes in the brains of ddY mice inoc-
ulated with the 29-week homogenate prepared from PrP /™~
mice were confirmed by histological examination (Fig. 4g).
Heat treatment (80°C for 20 min) resulted in a reduction in the
infectivity of the homogenates. For instance, 5-h (0-week) ho-
mogenates prepared from PrP™/", PrP*'~, and PrP~’~ mice
gave 4.4, 4.1, and 4.0 log LD5, units/g, respectively, which again
correlated with the PrP¢ expression. Heat-treated homoge-
nates from the PrP~/~ mice, including that obtained at 29
weeks, barely showed any infectivity thereafter. Titer increases
in mice receiving the heat-treated homogenate from PrP*'*
and PrP*'~ mice were delayed in comparison with those of
mice receiving the untreated homogenate, but the titers even-
tually reached similar levels.

Accumulation of PrP™ is restricted by the level of PrP¢
expression in the brain. We examined the accumulation of
PrP™*® in the homogenates used for the infectivity titration.
Homogenates obtained from 5.6 mg of the pooled brain tissue
were treated with proteinase K and subjected to immunoblot-
ting (Fig. 6a). PrP™* was not detectable in the brains of PrP~'~
mice up to 29 weeks after inoculation, while PrP*'* mice
showed a detectable level at 12 weeks, followed by rapid ac-
cumulation which reached a plateau at 14 weeks. The accumu-
lation of PrP™ in the brains of PrP*/~ mice was delayed but
became detectable at 20 weeks and reached a plateau at 25
weeks. Interestingly, the maximal level of PrP™* reached in the
PrP*'~ mice was roughly half of that in the PrP*'* mice. To
confirm this finding, brain tissues of three PrP*/* and three
PrP™'~ mice, all of which exhibited clinical symptoms of CJD
and showed similar pathological changes, were analyzed indi-
vidually by immunoblotting. The levels of PrP™* in all of the

J. VIROL.

morbid PrP™/~ mice were roughly half of those of the similarly
affected PrP™/* mice (Fig. 6b), with the intensity of signals
from 5.6 mg of tissue of the former roughly equivalent to that
from 2.8 mg of tissue of the latter (data not shown).

DISCUSSION

Biieler et al. previously demonstrated the normal phenotype
of mice devoid of the functional PrP gene (8). The possibility
remains, however, that the new mRNA expressed by the dis-
rupted PrP gene, which retains the initial 3 codons and final 67
codons of the original gene, may allow the retention of some
aspects of normal PrP function (11). In the present study, we
developed a line of PrP~’~ mice by homologous recombination
using a construct in which the whole PrP-coding sequence was
replaced by a drug-resistant gene. Homozygous loss of the
whole PrP-coding region produced no deleterious effects on
the development and morphological appearance of organs of
the 10-week-old mice. This finding would appear to suggest
that PrP° is of little use and argues against the loss-of-function
theory that the pathological changes in the scrapie- or CID-
affected brain are due to depletion of PrP¢. However, Collinge
et al. recently demonstrated by electrophysiological studies
that hippocampal slices of another line of PrP~’~ mice had
weakened +y-aminobutyric acid type A receptor-mediated fast
inhibition and impaired long-term potentiation (12), which
were rescued by a transgene encoding human PrP° (36).
Longer observation and more detailed evaluation of the neu-
rological features of PrP~'~ mice would provide an insight into
the function of PrP¢. Indeed, we have observed neurological
signs in the uninoculated PrP~/~ mice, presumably caused by
impaired motor coordination, at some 70 weeks after birth
(unpublished observation). Detailed analysis of this interesting
phenotype is in progress in our laboratory.

None of the PrP~'~ mice inoculated with the mouse-adapted
CJD agent developed the disease, and all survived for more
than 460 days after inoculation, while all of the PrP*'* and
PrP*'~ mice developed the disease and died. The survival of
the inoculated PrP~'~ mice indicates that PrP¢ is essential for
the agent to exert pathogenicity. PrP¢ was also necessary for
propagation of the inoculated prion. Even if propagation could
occur in the absence of PrP¢, our results estimated its level in
the PrP~/~ mice to be about 4 orders of magnitude lower than
that in the PrP*’* mice. These findings are consistent with
those obtained in experiments by others (7, 20, 26) using other
lines of PrP~'~ mice inoculated with the prions derived from
scrapie, indicating that the prion strains share a biological
property with respect to the requirement of PrP¢ for pathoge-

TABLE 2. Infectivity titers in brains from PrP™'*, PrP*/~, and PrP~/~ mice

Mean infectivity titer (log LDs/g) + SD*

Time (wk) after

. ) PrP** PrP*/~ PP/~
inoculation
Not heated Heated Not heated Heated Not heated Heated

0 52+0.7 44 +0.9 4.8 0.9 41x1.1 45+04 4.0x09
3 52*0.6 45+ 1.1 49+ 1.2 45+0.8 43+0.3 <29
6 52+1.2 5.0=x05 5.0x0.2 49 +04 4.0=*05 <29
12 6.1 = 0.8 5.6 £0.1 55*0.5 48 £ 1.1 4.5 <29
14 6.8 £ 0.7 5.6 =09 ND ND ND ND
16 6.5*+04 6.1 = 0.6 ND ND ND ND
20 6.7 £ 0.8 6.6 = 0.6 6.3 0.7 5.7*0.6 <29 <29
25 6.4 +0.3 6.2 +0.7 <29 <29
29 6.6 = 0.3 5.6 £0.6 <2.9 <29

¢ Calculated from the equation log LDsy/g = 12.067 — 0.0476 y, 108.5 <y < 192.5, where y is incubation time (days) (30). ND, not done.
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FIG. 6. Accumulation of PrP™ in brain homogenates of PrP*/*, PrP*/~, and
PrP~/~ mice inoculated with the mouse-adapted CJD agent. (a) PrP™ was
detected by immunoblotting in proteinase K-treated brain homogenates pre-
pared from PrP*'*, PrP™/~, and PrP~/~ mice sacrificed after inoculation at the
indicated time points. (b) PrP™* in brain homogenates independently prepared
from three PrP*™/* and three PrP*/~ mice showing CJD-like symptoms. All
samples were adjusted to 5.6 mg (wet weight) of brain tissue.

nicity and propagation in mice. The question remains as to how
PrP¢ is involved in prion propagation. We observed an inter-
esting correlation between the levels of PrP° expression and
the different infectivity titers detected in the brains of PrP*/™*,
PrP*/~, and PrP~/~ mice 5 h after inoculation. Since it is well
known that the CJD or scrapie agent spreads rapidly through-
out the body following intracerebral inoculation, the infectivity
titers in brains 5 h after inoculation were thought to represent
the residual inoculum. Furthermore, titers at 5 h in the PrP~/~
mice declined thereafter, while those in the PrP*/* or PrP™/~
mice remained unchanged by 6 weeks. These findings suggest
that PrP¢ interacts with the infectious agent and plays a role in
retaining infectivity in the tissue. This interaction may be be-
tween PrP¢ and PrP™* and subsequently result in conversion of
the former to the latter. However, it is still possible that PrP¢
functions only at an initial step of propagation, for instance as
a cell surface receptor for an unidentified agent as suggested by
others (11). An experimental system capable of manipulating
PrP° expression in mice after inoculation with the prion will be
required to definitively answer this question.

Infectivity titers in the brains of the PrP~/~ mice declined
continuously after inoculation of the nonheated agent and
reached an undetectable level by 25 weeks. However, the
pooled 29-week brains gave an obvious elevation in infectivity
despite the low titer, which was completely abrogated by the
heat treatment. Biieler et al. found a similar increase in the
infectivity titer in the PrP~/~ mice at a single time point (20
weeks) after inoculation with the scrapie prion (7). Their sub-
sequent study showed that the increase was transient: no in-
fectivity was found in the samples of 25, 33, and 48 weeks in the
same experiment, and it was not reproducible in an independ-
ent experiment (29). The most likely explanation for this result
is persistence of the inoculum in the brain or contamination in
the sample homogenate. However, an intriguing possibility
remaining to be evaluated is that an unknown heat-labile
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agent, unrelated to PrP™* and present in the inoculum as an
extremely minor component, was able to propagate in the
absence of PrP¢ after a long incubation period. This putative
agent might have the ability to convert PrP° to PrP™® in the
brain tissues of mice harboring PrP°.

Interestingly, the maximum levels of PrP™* in the brains of
PrP*'~ mice were about half of those in the brains of PrP*/*
mice. This finding indicated that PrP™* accumulation is re-
stricted by the PrP° concentration. It is possible that PrP¢ is a
rate-limiting factor in the catalytic interaction between a con-
verting factor, probably PrP™* itself, and PrP¢. Alternatively,
this may be a consequence of the exhaustion of PrP¢ in the
affected region of the brain. If the conversion of PrP¢ to PrP™*
occurs only in a limited range of cell types or in a limited area
of the organs, neuronal cell death would cause the exhaustion
of PrP¢ and subsequent discontinuation of PrP™* synthesis. It
would be of interest to know whether the infectivity titers in
the affected brains of the PrP*'* and PrP"/~ mice correlate
with the levels of PrP™*. Unfortunately, the twofold difference
in infectivity was too subtle to be distinguished in the bioassay.
A more detailed comparison between the kinetics of PrP™*®
accumulation and prion propagation in PrP*/* and PrP*/~
mice will provide new insight into the nature of the prion.

A causal relationship between the PrP™* accumulation and
pathological change in the brain tissue has been postulated.
The absence of PrP™* accumulation in the PrP~/~ mice would
appear to support the argument that PrP™* accumulates
through the conversion from PrP¢ and that this accumulation is
associated with the pathological changes (14). However, the
higher amounts of PrP™* would be expected to cause more
serious pathological changes, and our findings of different lev-
els of PrP™* accumulation in the PrP*'* and PrP*/~ mice even
at similar clinical and pathological stages are inconsistent with
this. Rather, we suspect the presence of a factor(s) other than
PrP™* involved in the pathogenesis, with or without coordina-
tion with PrP™®. This notion is more consistent with the pre-
vious findings that transgenic mice overexpressing a normal or
mutant PrP gene developed pathological changes characteris-
tic of scrapie in the brain despite undetectable or low levels of
PrP™* (15, 35). Alternatively, the accumulated PrP™* is directly
involved in the pathological changes in the brain, and progres-
sion of the disease may be rate limited by the PrP™* concen-
tration. If this is the case, the prolonged incubation period in
PrP*’~ mice is reasonably explained by the lower level of
accumulated PrP .
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