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Given the critical role of the prion protein (PrP) in the transmission and pathogenesis of experimental
scrapie, we investigated the PrP gene and its protein products in three hamster species, Chinese (CHa),
Armenian (AHa), and Syrian (SHa), each of which were found to have distinctive scrapie incubation times.
Passaging studies demonstrated that the host species, and not the source of scrapie prions, determined the
incubation time for each species, and histochemical studies of hamsters with clinical signs of scrapie revealed
characteristic patterns of neuropathology. Northern (RNA) analysis showed the size of PrP mRNA from CHa,
AHa, and SHa hamsters to be 2.5, 2.4, and 2.1 kilobases, respectively. Immunoblotting demonstrated that the
PrP isoforms were of similar size (33 to 35 kilodaltons); however, the monoclonal antibody 13A5 raised against
SHa PrP did not react with the CHa or AHa PrP molecules. Comparison of the three predicted amino acid
sequences revealed that each is distinct. Furthermore, differences within the PrP open reading frame that
uniquely distinguish the three hamster species are within a hydrophilic segment of 11 amino acids that includes
polymorphisms linked to scrapie incubation times in inbred mice and an inherited prion disease of humans.
Single polymorphisms in this region correlate with the presence or absence of amyloid plaques for a given
hamster species or mouse inbred strain. Our findings demonstrate distinctive molecular, pathological, and
clinical characteristics of scrapie in three related species and are consistent with the hypothesis that molecular
properties of the host PrP play a pivotal role in determining the incubation time and neuropathological features
of scrapie.

A cardinal feature of prion diseases is a prolonged incu-
bation period during which the host shows no sign of
dysfunction (29, 59). Early studies of different breeds of
sheep exposed to experimental scrapie demonstrated that
the genetic background of the host influences the incubation
time (31). This was followed by transmission genetic studies
of inbred mice, which yielded a number of candidate incu-
bation time genes, including Sinc (24), Pid-l (43), and Prn-i
(13).
Enrichment of Syrian golden hamster (SHa) br frac-

tions for scrapie infectivity led to the discovery the prion
protein (PrP) (8, 60). Determination of the -terminal se-
quence of PrP (62) permitted idengin of a cognate
cDNA clone (55). The isolat of a PrP cDNA made
possible a new approach to the genetics of scrapie and other
prion diseases. The Prn-i gene was found to be tightly linked,
if not identical, to the PrP gene (13) (Prn-p) located on
chromosome 2 of the mouse (70). Prn-p encodes both a
normal cellular protein (PrPC) and a molecule, PrPSC, iden-
tified as a major and necessary component of the etiological
infectious particle or prion. Molecular genetic analysis has
provided compelling support for the concept that the gene
encoding PrP exerts control on the incubation time of prion
diseases. First, Westaway et al. (76) have shown that the
Prn-p allele of short-incubation mice (designated Prn-pa)
encodes a PrP that differs by two amino acids from that of
long-incubation mice (Prn_pb). Second, Hsiao et al. (38) have
identified a single amino acid substitution within the human
PrP open reading frame (ORF) which is tightly linked to an
ataxic form of Gerstmann-Straussler syndrome (GSS), an
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inherited and experimentally transmissible encephalopathy.
Third, mice expressing SHa PrP transgenes exhibit incuba-
tion times, scrapie infectivity, and amyloid plaques charac-
teristic of Syrian hamsters (66a).
Given the importance of the PrP gene in the pathogenesis

of prion diseases, we decided to investigate further the
characteristics of the PrP gene and scrapie infection in
various species of hamsters. Hamsters have been used
extensively in prion research because of their susceptibility
to experimental passage of various prion diseases including
scrapie, transmissible mink encephalopathy, Creutzfeldt-
Jakob disease, and GSS as well as the replication of scrapie
prions to high titers in their brains. The first transmission of
scrapie to hamsters was described by Zlotnik and Rennie
(80), who found that SHa inoculated originally with the ME7
isolate of mouse-passaged scrapie agent (10) exhibited an
incubation time of about 4 months after three SHa passages.
Marsh and Kimberlin (49) and Kimberlin and Walker (42)
later discovered that successive passages of the Chandler
mouse scrapie isolate (16) in SHa resulted in an incubation
time of approximately 60 days, about one-half of the mini-
mum incubation time observed in mice. Furthermore, the
titers of scrapie infectivity in the SHa brain were signifi-
cantly higher than those found in mouse. These observations
were exploited to develop an efficient incubation time assay
with the SHa (61) and to obtain large quantities of SHa-
derived scrapie prions for biochemical studies (60, 64). In
contrast to the SHa, the Chinese hamster (CHa), which was
first shown to be susceptible to rat-derived scrapie by
Chandler and Turfrey (17), has a significantly longer scrapie
incubation time. As reported here, we confirmed this rela-
tively prolonged scrapie incubation time in the CHa and
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found that the Armenian hamster (AHa) has an incubation
time that lies between those of the SHa and CHa.
On the basis of the recent discoveries that polymorphisms

within the PrP gene may account for differences in scrapie
incubation times in mice or the presence of a prion disease in
humans and of the pleiotropic effects of SHa PrP transgenes,
we reasoned that the disparate incubation times and other
features of scrapie observed in these hamster species may be
due to sequence differences in the hamster PrP gene. To
investigate further the molecular basis of these wide varia-
tions in incubation times between related species, we char-
acterized the PrP gene, mRNA, and prion proteins of the
CHa and AHa and carried out passaging experiments and
neuropathological studies of scrapie-sick animals. Our re-
sults showed that the three hamster species have distinct
differences in their PrP genes and protein products and in the
neuropathology seen late in the course of scrapie. Most
importantly, the polymorphisms within the PrP ORF that
distinguish the three hamster species are all within a hydro-
philic domain of 11 amino acids that includes one of the
polymorphisms linked to the incubation time gene in mice
(76) and the amino acid substitution linked to GSS in humans
(38). This observation provides further evidence that molec-
ular properties of PrP play an integral role in modulating the
pathogenesis of scrapie.

MATERIALS AND METHODS

Source and passage of scrapie prions. A hamster-adapted
isolate of the scrapie agent was provided by R. Marsh (49).
LVG/LAK random-bred SHa (Charles River Breeding Lab-
oratories, Inc., Wilmington, Mass.) were used for passaging
the isolate, subsequently designated SHa Sc237, prior to
these studies and in the passages in this study. Inbred CHa
and AHa (Cytogen, West Roxbury, Mass.) were inoculated
with brain homogenates from clinically ill SHa as previously
described (61, 63). Weanling CHa and AHa hamsters re-
ceived 107 50% infective dose units in 50 ,ul through a
27-gauge needle inserted into the parietal region of the left
cerebral hemisphere to a depth of approximately 2 mm.
Clinically ill CHa and AHa were sacrificed, and brain inocula
were repassaged into CHa, AHa, and SHa weanlings as
shown in Table 1.

Histochemistry and immunocytochemistry. Upon sacrifice
of animals, brains were immersion fixed in 10% Formalin.
Thick sections (10 ,um) were cut from paraffin-embedded
blocks of tissue and were stained with hematoxylin and
eosin, the periodic acid-Schiff histochemical stain, or immu-
noperoxidase stain for PrP (23).

Preparation of DNA and RNA. High-molecular-weight
brain DNA from uninfected hamsters was prepared with
proteinase K (32) as described previously (55, 58). Total
RNA was isolated from the brains of uninfected hamsters by
either the guanidinium-hot-phenol method (28) or the guani-
dinium-LiCl method (15). Poly(A)+ RNA was recovered by
one cycle of oligo(dT) chromatography (1).

Molecular cloning of CHa PrP gene. High-molecular-
weight DNA from CHa brain was partially digested with
Sau3A by the methods described by Kaiser and Murray (40).
A 16- to 24-kilobase (kb) size fraction was electroeluted after
preparative agarose gel electrophoresis with an Elu-Trap
(Schleicher & Schuell, Inc., Keene, N.H.), extracted with
phenol, and precipitated with ethanol. Various amounts of
these fractions were then ligated to BamHI-cleaved
XEMBL3 arms (Stratagene, San Diego, Calif.) in a total
volume of 5 ,ul at 14°C in a reaction buffer containing 100 mM

Tris hydrochloride (pH 7.8 at 25°C), 10 mM MgCl2, 20 mM
3-mercaptoethanol, 1 mM ATP, and a final activity of T4
DNA ligase (International Biotechnologies, Inc., New Ha-
ven, Conn.) of 200 U/ml. The ligation products were pack-
aged in vitro directly (33, 37) (Gigapack Plus; Stratagene).
The packaging reactions were quenched by the addition of
500 ,u1 of bacteriophage dilution buffer (1% NaKPO4 [pH
7.0], 0.05% NaCl, 1 mM MgSO4, 0.1 mM CaCI2, 0.001%
gelatin), titered, and plated on Escherichia coli K802 (78) at
a density of 25,000 phage per 150-mm petri dish. Hybridiza-
tion to plaques in situ was based on the method of Benton
and Davis (7). A total of three positive clones were isolated.
Two of these (CHO7 and CH18) were restriction mapped by
Southern analysis of digests with and without Sall together
with HindlIl, EcoRI, BgIII, BamHI, or BstYII. Based on
these results, an EcoRI digestion of CH18 yielded a 4.3-kb
insert containing the putative exon 2, which was then
subcloned into pUC18 (79).

Amplification and cloning of AHa PrP gene. The methods
for gene amplification from genomic DNA by using the
polymerase chain reaction (PCR) were adapted from Saiki et
al. (66). One 28-nucleotide and one 27-nucleotide primer
were used for the PCRs (5'-CGGGATCCTTGTTCTTCAT
TTTGCAGA-3' 5'-CCAAGCTTGTACAAGCAGGGAGGC
TTCC-3'). These were designed to allow polymerization into
the PrP ORF from either the immediate 5'- or 3'-flanking
regions, based on the known flanking region sequences of
the CHa (see Fig. 4A), SHa (3), and mouse (76) PrP gene.
Adjacent to a 20-nucleotide annealing segment, the oligonu-
cleotides encoded a restriction site (HindIII or BamHI) that
was later used to facilitate subcloning. PCR reactions of 100
,ul contained the following: 600 ng of AHa brain DNA, 50
mM KCI, 10 mM Tris hydrochloride (pH 8.4 at 25°C), 2.5
mM MgCl2, 1 p.M each primer, 200 p.M each dATP, dCTP,
dTTP, and dGTP, gelatin at 200 ,ug/ml, and 2 U of Taq DNA
polymerase (Cetus Corp, Emeryville, Calif.). The samples
were overlaid with 100 p.1 of mineral oil and amplified for 35
cycles with a programmable heat block (Perkin-Elmer-Cetus
Instruments). Reaction conditions for the first five cycles
were 94°C for 1 min, 50°C for 1 min, and 72°C for 2.5 min and
were the same for the next 30 cycles except the annealing
temperature was raised from 50 to 55°C. The reaction
product was electrophoresed on a preparative agarose gel,
and a band corresponding to the putative amplified ORF
(calculated size, 818 base pairs) was excised and isolated
with Gene-Clean (Bio 101 Inc., La Jolla, Calif.). This was
then digested with Hindlll and BamHI and directly cloned
into a Bluescribe vector (Stratagene) (48). The presence of
the AHa PrP ORF in the clones was confirmed by Southern
blot analysis.
DNA sequencing. Supercoiled plasmid DNA was prepared

as described by Hattori and Sakaki (35). For sequencing the
CHa ORF, a single clone (CH18) was used, whereas for the
AHa ORF, 30 individual clones derived from the PCR
product were pooled (see Results). The plasmid DNA was
alkali denatured by the protocol of Chen and Seeburg (18)
and supercoil sequenced by using Sequenase, [35S]dATP,
dideoxynucleotides (with dITP instead of dGTP), and the
protocol suggested by the supplier (United States Biochem-
ical Corp., Cleveland, Ohio). Reaction products were elec-
trophoresed on standard sequencing gels. Oligonucleotides
originally used for sequencing the hamster PrP cDNA were

used; some of these had single-base-pair mismatches with
the AHa and CHa clones, but this had no adverse effects.
Other new oligonucleotides were prepared to complete the
sequencing strategies (see Fig. 3).

MOL. CELL. BIOL.



PRION PROTEINS IN THREE HAMSTER SPECIES 1155

TABLE 1. Scrapie incubation times in three hamster species

Passagea b Incubation time'
(donor-* recipient) Clinical symptoms Death

SHa SHa 13 69 2 79 5
SHa -AHa 4 174 2 194 4
SHa -CHa 4 344 13 358 31

AHa AHa 16 125 ± 9 148 ± 12
AHa -SHa 14 113 2 129 4
AHa CHa 11 314 23 351 36

CHa -CHa 15 272 12 307 23
CHa -SHa 16 121 ± 8 133 ± 6
CHa -AHa 5 181 9 187 9

a The initial passage from SHa into AHa or CHa used the scrapie isolate
SHa Sc237. Brain inocula from clinically ill AHa were then passaged into CHa
and SHa, and brain inocula from clinically ill CHa were passaged into AHa
and SHa. For homologous passages, the incubation times after at least two
subsequent passages are shown.

b Number of hamsters for given passage.
c Incubation times are given as mean days ± SE from inoculation of

weanlings to clinical symptoms or death.

Preparation of oligonucleotides. A total of 10 oligonucleo-
tides were synthesized on an Applied Biosystems 380B DNA
synthesizer by C. Mirenda. The oligonucleotides for DNA
sequencing of the coding strand were as follows (5' to 3'):
TGATGTTGGCCTCTGCA, TGGTGGCTACATGCTGG,
GAGAACTTCACGGAGAC, GTAAAACGACGGCCAGT,
and GTGGCACCCACAATCAGTGG. The anticoding strand
oligonucleotides (5' to 3') were as follows: GCTTCTTG
CAGAGGCCAACATCA, GGCCCCTGCCGCAGCAGCGC,
TCCACTGGCCGGTAATACAC, AACAGCTATGACCA
TG, and ACATCTGCTCCACCACGCGC.

Oligonucleotides were purified by preparative electropho-
resis on 15% (30:1 acrylamide-bisacrylamide) gels. The
oligonucleotides were visualized by UV shadowing (50) and
eluted by soaking the excised gel slices overnight in double-
distilled water. For DNA sequencing, the recovered oligo-
nucleotides were used directly. For use in PCR reactions,
oligonucleotides were further purified by reverse-phase
chromatography on Sep-Pak columns (Waters Associates,
Inc., Boston, Mass.).

Southern blot analyses. DNA (5 or 10 [.g) was digested
with restriction endonucleases under conditions recom-
mended by the suppliers, and samples were electrophoresed
on agarose gels and transferred to nitrocellulose (0.45-jim
pore size) (69). Two methods were subsequently used to
identify restriction products complementary to probes. For
analyses of exon 2, restriction fragments were labeled to a
specific activity exceeding 109 cpm/,lg by using [32P]dCTP
(3,000 Ci/mmol) (Amersham Corp., Arlington Heights, Ill.)
and the random priming method of Taylor et al. (71) as
modified by Feinberg and Vogelstein (27). Hybridization and

posthybridization conditions were as described by Basler et
al. (3) (method A), using heparin in a formamide hybridiza-
tion buffer (68), except that posthybridization washes were

performed at 55°C rather than 65°C. For analysis of exon 1,
a BamHI-HindIII restriction fragment encompassing the
SHa exon 1 (3) was biotinylated with Photoprobe Biotin
(Vector Laboratories, Burlingame, Calif.). The labeling and
recovery of the restriction fragment, posthybridization con-
ditions, and reactions to visualize signals were as described
by the supplier. Prehybridization and hybridization condi-
tions were as above.

Northern (RNA) blot analyses. RNA samples (10 ,ug) were
ethanol precipitated, washed once with absolute ethanol,
and dissolved in 50% formamide-2.2 M formaldehyde. After
the addition of 0.2 volume of 10% Ficoll and 1% (wt/vol)
bromophenol blue, the samples were electrophoresed
through a 1% agarose gel. The running buffer was 20 mM
[3-(N-morpholino)]-propane sulfonic acid (MOPS) (pH 7.0)-
1 mM EDTA-2.2 M formaldehyde. After electrophoresis,
the gel was soaked in 20x saline sodium citrate (SSC) (lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate), the RNA
was transferred to nitrocellulose (72), and the filters were

prehybridized and hybridized essentially as described by
Shank et al. (67). The Saul to TaqI fragment representing
primarily the ORF of the pHaPrPcDNA-1 insert (55, 77) was
radiolabeled as described above for Southern blot analyses.
Hybridizations were performed at 42°C in 3x SSC-50%
formamide-0.05 M HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid) (pH 7.4)-0.2 mg of salmon sperm
DNA per ml-0.15 mg of yeast RNA per ml-0.02% polyvinyl
pyrrolidone. Filters were washed in 0.lx SSC-0.1% sodium
dodecyl sulfate at 60°C and autoradiographed at -70°C with
Cronex intensifying screens and Kodak XAR-5 film.
Immunoblot (Western) analyses. Protein from normal and

scrapie-sick CHa, AHa, and SHa brains was obtained by
preparing a 10% brain homogenate of brain samples stored at
-70°C. Samples (20 pul) of these homogenates added to 20 p.l
of electrophoresis sample buffer (100 mM Tris chloride [pH
8.9 at 25°C], 2% sodium dodecyl sulfate, 5% 2-mercaptoeth-
anol, 10% glycerol, and 0.002% bromophenol blue) were
heated at 100°C for 1 to 2 min. For proteinase K treatment,
50 p.l of the brain homogenate was first incubated with 50 ,ug
of proteinase K (Beckman Instruments, Inc., Palo Alto,
Calif.) per ml for 30 min at 37°C. The reaction was quenched
with 5 mM phenylmethylsulfonyl fluoride, and a 20-,ul sam-

ple of this product was then prepared as described above.
The proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (10% monomer) by the
method of Laemmli (45). Transfer of proteins from poly-
acrylamide gels to nitrocellulose was performed overnight at
5 V/cm with 0.1% sodium dodecyl sulfate added to the
transfer buffer (74).

Rabbit PrP antisera and monoclonal antibody 13A5 were

TABLE 2. Neuropathological findings in scrapie-infected hamsters'

Thalamus Hippocampus White matter Caudate
Species Amyloid plaques

Vacuoles Gliosis Vacuoles Cell loss Gliosis Vacuoles Gliosis Vacuoles Gliosis

CHa +++ (coarse) ++ + (fine) 0 ++ 0 + + (coarse) + + (mature)
AHa ++ (coarse) ++ ++ (fine) 0 ++ ++ (coarse) ++ ++ (coarse [w.m.]) + -

SHa ++ ++ ++ + ++ 0 0 0 0 +++ (primitive)
SHa neonate ++ (fine) +++ ++ (fine) +++ +++ 0 + + (fine) + -

" Coarse, 20 to 40 pm; fine, 5 to 20 ,um; w.m.; white matter. 0, none; +, mild; ++, moderate; +++, severe.
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FIG. 1. Neuropathological findings in scrapie-sick AHa and CHa. White matter vacuohization is charactenistic of the AHa but not the CHa.
(A) CHa cerebellar white matter. (B) AHa cerebellar white matter. Gray matter vacuolization is also distinctive. There are far fewer vacuoles
in the hippocampus of the CHa (C) versus AHa (D). In contrast, vacuoles are larger and more numerous in the thalamus of the CHa (E) versus
AHa (F). The bar represents 100 p.m and applies to all panels. Hematoxylin and eosin.

produced as described previously (2, 6). PrP monoclonal
antibody 3F4 was provided by R. Kascsak (41).
Lanes containing molecular weight markers were excised

from the nitrocellulose blots and stained with amido black.
The blots were then blocked for 30 min in 5% (wt/vol) nonfat
dry milk in 10 mM Tris hydrochloride (pH 8.2 at 25C)-200
mM NaCI-0.05% Tween 20. Immunoreactive proteins were
detected by incubation with diluted rabbit primary antiserum
or monoclonal antibody (1 to 3 ,ug/ml) in the same buffer for
8 to 12 h and then with alkaline phosphatase-conjugated
secondary antibody for 1 to 2 h and developed with Nitro
Blue Tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate
as suggested by the supplier (Promega Biotec, Madison,
Wis.).

RESULTS

Heterologous and homologous passage of scrapie prions in
hamsters. Table 1 shows the results of homologous and
heterologous passages of the scrapie isolate SHa Sc237
through the three hamster species. When the passage was
performed from a donor to a recipient of the same species
(i.e., homologous passage), the incubation times, i.e., from

inoculation to the onset of clinical symptoms, averaged 69
days (standard error [SE] of 2 days) for the SHa, 125 days
(SE of 9 days) for the AHa, and 272 days (SE of 12 days) for
the CHa. Each hamster species has a distinct incubation
time which remained unchanged upon subsequent passage in
the homologous host. The only exception to this was an
initial passage through SHa, which had a relatively pro-
longed incubation time of 111 days (SE of 5 days). However,
the next passage from these animals into SHa gave an
incubation time of 73 days (SE of 14 days). Whether this was
a result of a technical error or a biologic phenomenon
remains unexplained.
Also shown in Table 1 are the incubation times when

passages were made between different hamster species (het-
erologous passages). In all cases, the incubation time for the
recipient species was substantially longer after these heter-
ologous passages than the homologous passages described
above. For example, when brain homogenates from SHa
(SHa Sc237) were passaged into AHa, the incubation time
was 174 days (SE of 2 days), or approximately 40% longer
than the incubation time for homologous passages between
AHa. Likewise, passage of prions from CHa to AHa resulted
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FIG. 2. Amyloid plaques found in CHa. (A) Periodic acid-Schiff

histochemical stain. (B) Immunoperoxidase stain for the prion
protein. Plaques in panels A and B are from different animals. The
bar is 25 pm for both panels.

in substantial prolongation of the incubation time to 181 days
(SE of 9 days).
Comparative neuropathology. The neuropathology of two

scrapie-sick CHa and two AHa from both the first and
second passages of the above-described passaging experi-
ments was studied. The degree of vacuolization was as-
sessed in hematoxylin- and eosin-stained sections, and reac-
tive astrocytic gliosis was assessed by immunohistochem-
istry with giial fibrillary acidic protein antibodies. PrP immu-
nohistochemistry and periodic acid-Schiff histochemistry
were used to identify amyloid plaques.

Several generalities can be made regarding the degree and
distribution of spongiform degeneration, reactive astrocytic
gliosis, and PrP amyloid plaque formation in AHa and CHa
compared with that observed for SHa as previously de-
scribed (23). The histopathology was distinct for each spe-
cies (Table 2). In AHa, vacuolization and reactive astrocytic
gliosis were seen throughout the white matter (Fig. 1); this
pattern was not seen in CHa or SHa, but it is a characteristic
of scrapie in NZW and I/Ln mice (13). The vacuolization
found in CHa and AHa was more coarse (20- to 40-,um-
diameter vacuoles) than in SHa (5 to 20 ,m). Furthermore,
the intensity and regional distribution of lesions were dif-
ferent for each strain. Within the hippocampus, there was
little or no nerve cell loss in the CHa and fine vacuolization
in both the AHa and SHa, while in the thalamus, the most

0 200 400 600 800 bp

FIG. 3. Restriction map of the CHa PrP-CH18 clone insert and
sequencing strategy for the CHa and AHa PrP ORF. (A) The 22-kb
insert recovered from a CHa genomic library is shown. The approx-
imate locations of exons 1 and 2 are shown by the hatched boxes;
the size of exon 1 is by inference only to what is known of the SHa
PrP gene structure. Restriction sites: Sal, Sall; B, BamHI; H,
HindIII; E, EcoRI; Bg, BglII. The 4.3-kb EcoRI subclone containing
the ORF is depicted (not to scale), with the extent of exon 2 denoted
by the solid black line. Oligonucleotide primers used for sequencing
are indicated by filled circles; the extent and direction of sequencing
from each site are indicated by an arrow. (B) The sequencing
strategy for the PCR-amplified AHa ORF is depicted in a similar
fashion. bp, Base pairs.

intense vacuolization was found in the CHa followed by the
AHa and then the SHa (Fig. 1). Finally, an occasional
mature kuru-type PrP immunopositive plaque was present in
the region of the hippocampal stratum oriens in the CHa
(Fig. 2), while no amyloid plaques were observed in the
AHa. This is in contrast to the numerous primitive PrP
amyloid plaques found in scrapie-infected SHa brains when
the hamsters were inoculated as weanlings (23).

Isolation and sequencing of CHa genomic clone. The CHa
PrP gene was cloned from a CHa genomic library as de-
scribed in the Materials and Methods. A restriction map of
one of the positive isolates is depicted in Fig. 3 and shows
that the Cha PrP gene has an organization similar to that
previously described for the SHa PrP gene; i.e., there are
regions homologous to both exon 1 and exon 2 of the SHa
and an intron of approximately 11 kb. A 4.3-kb EcoRI
fragment containing the putative exon 2 was subcloned into
a pUC plasmid vector and subsequently sequenced by the
supercoil method with oligonucleotide primers as shown in
Fig. 3 (18).

Amplification and sequencing of AHa PrP ORF. The PCR
was used to amplify the AHa ORF from genomic DNA as
described in Materials and Methods. To avoid potential
artifacts introduced by the PCR (26, 54, 73), we pooled and
sequenced 30 clones using the strategy depicted in Fig. 3 and
found no obvious ambiguity in the sequencing data.

Nucleotide sequence of PrP gene from CHa and AHa. The
exon 2 nucleotide sequences obtained from the CHa clone
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A CHo
A

1 10 20 30

Met Ala Asn Lou Sor Tyr Trp Leu Lou Ala Leu Phe Vol Ala Thr Trp Thr Asp Vol Giy Lou Cys Lys Lys Arg Pro Lys Pro Gly Gly
CHa ATG GCA AAC CIT AGC TAC TGG CTG CTG GCA CTC TTT GTG GCT ACG TGG ACT GAT GTT GGC CTC TGC AAG AAG CGG CCA AAG CCT GGA GGG
AHo .G ...........................................A ..............

4.0 50 60

Trp Asn Thr Gly Giy Sor Arg Tyr Pro Gly Gin Giy Sor Pro Giy Giy Asn Arg Tyr Pro Pro Gin Gly Gly Giy Thr Trp Gly Gin Pro
CHa TGG AAC ACT GGT GGA AGC CGA TAC CCT GGG CAG GGC AGC CCT GGA GGC AAC CGT TAC CCA CCT CAG GGT GGT GGC ACC TGG GGG CAA CCC
AHa........R.e... ......................A........

70 80 90

His Gly Gly Gly Trp Gly Gin Pro His Gly Gly Gly Trp Giy Gin Pro His Giy Gly Gly Trp Gly Gin Pro His Gly Gly Gly Trp Giy
CHa CAT GGT GGT GGA TGG GGA CAG CCC CAT GGT GGT GGC TGG GGA CAM CCT CAT GGT GGT GGT TGG GGT CAG CCC CAT GGT GGT GGC TGG GGT
ARe . C........................................................

100 110 120

Gin Gly Giy Giy Thr His Asn Gin Trp Ann Lys Pro Sor Lys Pro Lys Thr Ann Mot Lys His Val Ala Giy Ala Ala Ala Ala Giy Ala
CHa CMA GGA GGT GGC ACC CAC AAT CAG TGG AAC AAG CCC AGT MAG CCA AMA ACC MAC ATG MAG CAT GIG GCA GGT GCG GCT GCG GCT GGG GCG

Asn Sor Mot

130 140 150

Vol Vol Giy Gly Lou Gly Giy Tyr Met Lou Giy Ser Ala Mot Ser Arg Pro Met Lou His Phe Gly Ann Asp Trp Giu Asp Arg Tyr Tyr
CHa GIG GIG GGG GGC CII GGG GGC TAC ATG CTG GGG AGC GCC ATG AGC AGG CCC ATG CTC CAT ITT GGC AAT GAC TGG GAG GAC CGC TAC TAC
AHa....Re.I........ .A ............................

160 170 180

Arg Glu Ann Mot Ann Arg Tyr Pro Ann Gin Vol Tyr Tyr Arg Pro Vol Asp Gin Tyr Ann Ann Gin Ann Asn The Vol His Asp Cys Vol
CHo CGT GMA MAC ATG MAC CGC TAC CCI MAC CMA GIG TAC TAC CGG CCA GIG GAC CAG TAC MAC MAC CAG MAC MAC ITT GIG CAC GAC TGI GTC
ARe ...C................................................

190 200 210

Ann Ilie Thr Ilie Lys Gin His Thr Vol Thr Thr Thr Thr Lys Gly Giu Ann The Thr Giu Thr Asp Vol Lys Met Met Glu Arg Vol Vol
CHo MIT ATC ACG ATC MAG CAG CAT ACA GTC ACC ACC ACC ACC MAG GGG GAG MAC TIC ACG GAG ACC GAC GTC MAG ATG ATG GAG CGC GIG GIG

220 230 240

Giu Gin Mot Cys Vol Thr Gin Tyr Gin Lys Giu Ser Gin Ala Tyr Tyr Asp Gly Arg Arg Ser Ser Ala Vol Lou The Sor Ser Pro Pro
CHo GAG CAG ATG TGT GTC ACC CAG TAT CAG MAG GAG ICC CAG GCC TAC TAC GAC GGA AGA AGA ICC AGC GCG GIG CTC TIC ICC TCT CCI CCI

250 254

Vol Ile Lou Lou Ile Sor The Lou Ilie The Lou Ile Vol Giy
Cia GIG ATC CTC CTC ATT ICC TIC CTC ATC TIC CTG AlA GIG GGA TGA TGA GGG MAG CCI CCC TGC TTG TAC TIC CTC GIT CIT GIG C

1II 11 11 I I I I
B~~

332 369 484 489 520 526
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6 4 4 4 6 6
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FIG. 4 . (A) PrP ORF sequences from CHa and AHa. The nucleotide sequence spanning the PrP ORF of the CHa is shown in its entirety,
with an arrow between nucleotides -11 and -10 denoting a putative 3' splice site. The lower sequence depicts the AHa ORF; dots indicate
sequence identity with the CHa ORF. (B) Restriction map of the AHa ORF showing the 10 enzymes used to test the accuracy of the primary
nucleotide sequence data. Listed above each enzyme are the nucleotide positions 5' to the restriction site, and below are the number of
nucleotides that determine the restriction site.

and the pooled AHa clones are presented in Fig. 4A.
Sequences of the flanking regions were not available for the
AHa since only the ORF was amplified. For the CHa,
nucleotides -126 to -14 show little homology to the SHa
sequence (3), whereas nucleotides at positions -14 to -1
differ only at position -8. This segment contains an AG
consensus dinucleotide at positions -10 and -11 that rep-
resents a putative 3' splice site. Interestingly, there is more
homology of the 5'-flanking region between the CHa and
NZW or IILn mouse (76) than with the SHa, since only five
differences are seen between positions -36 and -1.
The PrP ORFs for the CHa and AHa extend from posi-

tions + 1 to +762 and show extensive homology with one
another and other known PrP exon 2 sequences. There are
15 nucleotide differences between the CHa and AHa, 35
nucleotide differences between the CHa and SHa, and 35
nucleotide differences between the AHa and SHa. Among
the three species, the most highly conserved regions are a
67-nucleotide segment spanning positions +241 to +307 and
a 68-nucleotide segment from +418 to +485. Three amino

acid substitutions distinguish the CHa from AHa: serine
(CHa) to asparagine (AHa) at codon 103, asparagine (CHa)
to serine (AHa) at codon 108, and valine (CHa) to methio-
nine (AHa) at codon 112 (Fig. 4A). Compared with the SHa,
there are seven amino acid changes between the CHa and
SHa and eight between the AHa and SHa. To assess the
accuracy of the amplification sequencing strategy used to
determine the AHa PrP sequence, we tested amplified AHa
PrP ORF derived from genomic DNA for the presence of 10
restriction sites predicted by our sequencing data. Digestion
with each of the 10 enzymes (accounting for a total of 48 base
pairs or 6.3% of the ORF) yielded restriction fragments of
the expected size (Fig. 4B).
Unique characteristics of PrP mRNA and protein. To

explore other potential species differences related to the PrP
gene, we also compared the PrP mRNAs and protein from
the CHa, AHa, and SHa. Northern analysis of brain mRNAs
showed a hybridization fragment of 2.5 kb for the CHa, 2.4
kb for the AHa, and 2.1 kb for the SHa (data not shown), and
the steady-state level, as deduced from RNA loadings nor-
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FIG. 5. Western blot analysis of PrP proteins from normal and
scrapie-infected CHa, AHa, and SHa. Both blots were loaded with
identical samples (20-,ul samples from 10% brain homogenates).
Proteins from uninfected hamsters were analyzed directly, while
samples from scrapie-infected hamsters were either treated with
proteinase K (+PK) or untreated (-PK). Blots were incubated with
immune serum from a rabbit immunized with PrP27-30 (A) or with
the monoclonal antibody 13A5 (B) (2, 6). Lanes: 1, normal SHa; 2,
scrapie SHa (-PK); 3, scrapie SHa (+PK); 4, normal CHa; 5,
scrapie CHa (-PK); 6, scrapie CHa (+PK); 7, normal AHa; 8,
scrapie AHa (-PK); 9, scrapie AHa (+PK).

malized by weight, appeared to be slightly greater in the CHa
than in the other two species. Positions of migration for
molecular size standards are given in kilodaltons on the
ordinate.

Protein derived from both normal and scrapie-infected
hamster brains was analyzed by immunoblotting with either
polyclonal antiserum or monoclonal antibodies raised
against the SHa 27- to 30-kDa PrP (Fig. 5). The polyclonal
antiserum R073 reacted with the PrP protein from all three
species and revealed equivalent sizes and intensities of the
33- to 35-kilodalton protein in the normal and scrapie-
infected brains. Additionally, proteinase K digestion of
scrapie-infected brain produced the characteristic 27- to
30-kilodalton band indicative of partially hydrolyzed PrPSc
(51). A similar immunoblot with the monoclonal antibody
13A5 reacted only with protein from the SHa (Fig. 5).
Furthermore, a different monoclonal antibody raised against
the SHa 27- to 30-kDa PrP by Kascsak et al. (41), denoted
3F4, was found to recognize SHa and AHa but not CHa PrP
(data not shown). Taken together, these findings indicate

that each of the hamster species has PrP proteins with
distinctive antigenic sites.

DISCUSSION

The determinants of incubation time in scrapie infection
have emerged as a major area of interest in prion research.
Amino acid substitutions in the PrP gene of mice (Prn-pb)
with exceptionally long incubation times (13) and in the PrP
genes of patients with GSS (38) have underscored the role of
PrP in the pathogenesis of both animal and human prion
disorders. Prolonged incubation times are one of the most
unique and intriguing characteristics of the prion diseases. In
humans, for example, the delay between exposure to prions
and the onset of symptoms of kuru may span decades (29),
and in patients with GSS, a genetic form of the human prion
diseases, the symptoms may fail to appear until the fifth
decade or longer (9). Thus, the pathophysiology of prions
includes a molecular clock that operates on a time scale quite
dissimilar to other known nervous system infections. This
clock may share features with other slowly progressive,
degenerative diseases (59). It is also possible that efforts to
prolong the incubation time will constitute a viable therapy
for the prion diseases; i.e., if the incubation time can be
altered to exceed the expected life span of the organism.

Host determinants of scrapie incubation time in hamsters.
Our passaging experiments demonstrated a wide variation in
incubation times among the three hamster species, despite
the common origin of the scrapie agent used in these studies.
The passaging studies also highlight two previous observa-
tions concerning the incubation times in experimental
scrapie. First, the passage of the scrapie isolate SHa Sc237
into the AHa or CHa and subsequent passages into heterol-
ogous species resulted in incubation times far in excess of
the relatively fixed incubation period that is observed in
these animals after successive homologous passages. This is
in keeping with the concept of a species barrier introduced
by Pattison (57). Second, the studies suggest that it is the
host species which is a major determinant of the incubation
time. Thus, despite the common origin of the scrapie agent,
successive passages in homologous hamster species resulted
in a return of the incubation time to the base line for the
given species. These results are consistent with recent
passaging studies in allogeneic and syngeneic mice that
implicate genes within the Prn complex in the passage
behavior of prion isolates (14).

Characteristic neuropathology for each hamster species.
The pathological hallmarks of experimental scrapie include
neuronal vacuolation with degeneration and astrocytic glio-
sis (5). Amyloid plaques, which are immunoreactive with
PrP antiserum and have structural similarities with kuru
plaques, are seen in certain animals (5, 6). The distributions
of these changes within the central nervous system are
variable. For example, the regions predominantly affected in
the mouse are the dorsal and medial cortex, thalamus, and
white matter, with a lesser involvement of the hippocampus
and hypothalamus (5). In the SHa, the thalamus and hippoc-
ampus are severely affected, while the white matter is
usually not involved (21, 23).
The neuropathological changes observed in the CHa and

AHa constitute yet another pattern of pathology in experi-
mental scrapie (Table 2). In comparison to the SHa, the CHa
and AHa have much larger vacuoles, less involvement of the
hippocampus, and more involvement of the caudate. The
AHa is further distinguished by significant vacuolization and
gliosis in the white matter and no PrP-immunopositive

A
97

66

42

31 *33 w

21

14 -

1 2 3 4 5 6 7 8 9

B
97 -

66 -

42 -

31 - ?

21 -

14 -

1 2 3 4 5 6 7 8 9
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FIG. 6. Highly polymorphic region of the PrP protein. Further comparisons of the region from amino acid 90 to 120. The predicted amino
acid sequences of the three hamster species are shown in rows 1 to 3 (3; this report), followed by the NZW mouse (row 4) (76) and I/Ln mouse
(row 5) (76), the rat (row 6) (47), the sheep (row 7) (30), and the normal (nml) human (row 8) (44) and GSS (row 9) (38) proteins. A mouse
polymorphism at codon 108 (76) is shown here at position 109 because of an N-terminal deletion of one residue in the mouse sequence relative
to the CHa prototype.

plaques. These new observations suggest that the neuropath-
ological changes in scrapie-sick animals are not a conse-
quence of a fixed pattern of spread of inoculated scrapie
prions that is solely governed by the incubation time. In-
deed, there is no obvious correlation between the regional
distribution of the neuropathology and the incubation time.
Unique PrP-coding sequences for each hamster species. The

PrP gene has been shown to be highly conserved in a number
of divergent species of mammals (77), and it is not surprising
to find substantial homology between the CHa and AHa PrP
genes reported here and the other PrP genes which have
been fully sequenced. The overall structure of the CHa gene
is similar to that of the SHa. There is an uninterrupted
coding exon flanked on the 5' side by a consensus splice
acceptor site and separated from a region homologous with
the SHa promoter by a putative intron of approximately 11
kb. Although we have not yet determined the overall struc-
ture of the AHa PrP gene, it is likely that the exon structure
outside the ORF varies between all three species, given the
differences in sizes of the mRNA. These differences in
structure and the potentially distinctive roles they may play
in the control of PrP expression are unexplored. An altera-
tion in PrP gene expression has not been considered a likely
mechanism for the synthesis of PrPSc, since the steady-state
levels of SHa PrP mRNA appear to be unchanged during
scrapie infection (55). However, expression of PrP mRNA is
developmentally regulated (52, 53), and recent work sug-
gests a possible relationship between PrP mRNA expression
and incubation time in neonates (51).
Host genotype and prion isolate behavior. The species

barrier (Table 1) and host-specific determination of neuropa-
thology (Fig. 1 and 2) imply a profound impact of host
genotype upon prion isolate behavior. Genetic studies in
mice detailed above reveal a PrP-linked gene or the PrP gene
itself as the critical determinant host locus. Accordingly,
transgenes derived from SHa cosmid clones remove a spe-
cies barrier for passage of SHa prions into mice (66a).
The identification of distinct prion protein sequences for

three hamster species in this study raises the possibility that
variations in PrP primary structure affect species barriers,
incubation times, and the neuropathology of scrapie infec-
tion in hamsters (75). Regarding this possibility, it is inter-
esting that only one cluster of polymorphisms, at codons
103, 108, and 112, serves to distinguish each species from the
other two. This is in the same region where unique amino
acid substitutions have been identified in studies of the PrP
gene in mice and humans (Fig. 6). For example, when the
PrP genes from NZW and I/Ln mice were cloned and
sequenced (76), the predicted amino acid sequence of the

PrP protein was found to differ at only two sites between the
two strains; one of these was a substitution of leucine (NZW)
for phenylalanine (I/Ln) at codon 108. Furthermore, in the
study of the PrP gene in two human pedigrees with GSS,
only one polymorphism was identified. This substitution of
leucine for proline at codon 102 proved to be linked with a
LOD score of 3.26 to the disease locus (38). Taken together,
these findings suggest that there is a single common region of
PrP in the vicinity of codons 102 to 112 that is a critical
determinant of incubation time in experimental scrapie.
The region of PrP bounded by or near codons 102 to 112

may control cerebral amyloid plaque formation in addition to
modulating incubation times. PrP-immunopositive plaques
have been found in the SHa (6, 21, 22), the CHa, and VM
mice (65), while they are rare or absent in the AHa and most
other mice. VM mice have the same amino acid substitutions
as I/Ln mice (12, 39, 76) and develop numerous amyloid
plaques after inoculation with the 87V isolate of the scrapie
agent (11). Comparison of the predicted PrP amino acid
sequences from these five rodents again demonstrates only
one region in the protein, codons 102 to 109, in which amino
acid substitutions might explain the presence or absence of
plaques. It is interesting that this segment of the prion
protein is relatively hydrophilic and is immediately adjacent
to a strongly hydrophobic region that is thought to span the
cell membrane and includes a stop-transfer sequence (4).
Furthermore, this region has been shown to be a critical
determinant of protein topology in cell-free translation sys-
tems (36; C. S. Yost, D. C. Lopez, S. B. Prusiner, R. M.
Myers, and V. R. Lingappa, Nature (London, in press).
Nonetheless, the possibility that other regions of the PrP
protein can influence these attributes of experimental scrapie
remains open. Recent genetic studies of GSS and familial
Creutzfeldt-Jakob disease have revealed polymorphisms at
codons 117 and 200, as well as a 45-amino-acid residue insert
at codon 52, associated with the disease (20, 25, 29a, 56).

Differences in the amino acid sequences of the three
hamster species are also likely to account for the singular
recognition of the monoclonal antibody 13A5 for PrP protein
from the SHa (2), since this same specificity is seen in
deglycosylated proteins (34) and in recombinant SHa protein
produced in E. coli (B. Oesch, unpublished data). This
antibody did not react with human and mouse PrP (2; D.
Serban, unpublished data). When the predicted amino acid
sequences from all five organisms are compared, only a
methionine at codon 138 uniquely distinguishes the SHa
sequence, suggesting that the antigenic determinant for 13A5
includes this amino acid. It also appears that the monoclonal
antibody 3F4 (41) recognizes an antigenic site present on the
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PrP protein of SHa and AHa but not CHa. Similar compar-
isons of the sequence data predict that the 3F4 antigenic
determinant encompasses codon 112.
The interpretation of the data at hand must be considered

in light of the genetic variation that exists between the three
hamster species. The CHa and AHa are classified under the
genus Cricetulus, while the SHa is in the genus Mesocricetus
(19), and there are distinct morphological characteristics of
the chromosomes from all three species (46). Furthermore,
only the CHa and AHa are inbred. These differences pre-
clude the use of classical genetic studies to localize further
the gene(s) influencing scrapie incubation time in hamsters,
as has been done in mice. Based on the findings reported
here and the success of using transgenic mice to analyze the
role of the SHa PrP gene in scrapie, transgenic mice harbor-
ing CHa or AHa PrP genes should advance our knowledge of
prion structure, scrapie incubation time control, and the
molecular mechanisms of amyloid deposition.
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