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We generated mice expressing cervid prion protein to produce a transgenic system simulating chronic
wasting disease (CWD) in deer and elk. While normal mice were resistant to CWD, these transgenic mice
uniformly developed signs of neurological dysfunction ~230 days following intracerebral inoculation with four
CWD isolates. Inoculated transgenic mice homozygous for the transgene array developed disease after ~160
days. The brains of sick transgenic mice exhibited widespread spongiform degeneration and contained abnor-
mal prion protein and abundant amyloid plaques, many of which were florid plaques. Transmission studies
indicated that the same prion strain caused CWD in the analyzed mule deer and elk. These mice provide a new

and reliable tool for detecting CWD prions.

The transmissible spongiform encephalopathies (TSEs), are
fatal neurodegenerative conditions which include human
Creutzfeldt-Jakob disease (CJD), scrapie of sheep and goats,
and bovine spongiform encephalopathy (BSE). Because of
their extraordinary biology and the unique properties of the
infectious agent, these diseases attracted interest well before
the advent and epizootic spread of BSE (40) and the subse-
quent appearance of a variant of CJD (vCID) (41). The time
between infection and disease is extremely long, and for this
reason, these diseases were originally thought to be caused by
“slow viruses.” However, while the molecular structure of the
agent still eludes definitive identification, it is widely accepted
that these diseases are caused by prions, which are defined as
proteinaceous infectious particles that lack informational nu-
cleic acid (25). Considerable evidence suggests that prions
consist largely, if not exclusively, of a disease-associated ver-
sion of the prion protein (PrP). This isoform, referred to as
PrP®¢, is an abnormally folded, protease-resistant, B-sheet-rich
version of a normally benign cellular protein referred to as
PrP<, which is protease sensitive and rich in a-helix. According
to the prion hypothesis, the central event in the propagation of
prion infectivity is the coercion of cellular prion protein by
PrP>¢ to adopt the disease-associated conformation.

The various prion diseases share a number of characteristic
features, the most consistent being the neuropathologic
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changes that accompany disease in the central nervous system
(CNS). These include neuronal vacuolation and degeneration,
which confer a spongiform appearance upon the cerebral grey
matter, and a reactive proliferation of astroglial cells. The lack
of an inflammatory response is also an important trait. While
by no means a constant feature, some examples of prion dis-
ease are characterized by the deposition of amyloid plaques
composed of insoluble aggregates of PrP.

Another important aspect of prion diseases is their trans-
missibility. Inoculation of diseased brain material into individ-
uals of the same species will typically reproduce the disease. In
contrast, the passage of prions from one species to another is
generally inefficient and is referred to as the species barrier.
Expression of foreign and chimeric prion protein genes in
transgenic (Tg) mice has been an effective way to probe the
molecular basis of the species barrier (30, 31, 33, 37, 38).
Experiments in Tg mice demonstrated that the degree of ho-
mology between PrP molecules in the host and inoculum was
an important determinant of the species barrier (26).

An equally important component affecting prion transmis-
sion barriers is the strain of prion. Mammalian prion strains
are classically defined in terms of their incubation times in
susceptible animals and the profile of lesions they produce in
the CNS. Differences in the neuroanatomic distribution of
PrP5¢ are a parameter that has also been used to define prion
strains (11, 15, 18, 19). More recently attempts have been made
to use biochemical and/or immunological properties of PrPS¢
as markers of prion strain differences (6, 24, 28, 36). Seminal
studies suggesting that PrPS¢ conformation was the basis of
prion strain diversity arose from investigations of transmissible
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mink encephalopathy, which, upon transmission, produced dif-
ferent clinical symptoms and produced PrPS¢ with different
resistances to proteinase K digestion and altered amino-termi-
nal proteinase K cleavage sites (3). Evidence supporting the
concept that strain diversity is encoded in the tertiary structure
of PrP5¢ emerged from transmission studies of inherited and
sporadic human prion diseases in Tg mice (15, 17, 36). Banding
patterns of PrPS° forms with different glycosylation patterns
and sizes of PrP®° fragments following proteinase K treatment
have also been used to classify CJD strains (6, 12, 23).

Of all the prion diseases, chronic wasting disease (CWD) is
perhaps the least understood. CWD was first recognized as a
spongiform encephalopathy in captive mule deer (Odocoileus
hemionus hemionus) in north central Colorado in 1978 (42)
and subsequently was diagnosed in free-ranging deer and
Rocky Mountain elk (Cervus elaphus nelsoni) in southeastern
Wyoming and northeastern Colorado. The origins of the dis-
ease are obscure, and, like scrapie in sheep, the natural route
of CWD transmission remains unknown. CWD was recently
detected in free-ranging white-tailed deer (Odocoileus virgin-
ianus) in Wisconsin (14) and Illinois. Whether CWD in mule
deer, white-tailed deer, and elk is caused by the same or dif-
ferent prion strains is unknown; whether different CWD prion
strains cause disease in captive and free-ranging mule deer and
elk in the original areas of endemicity in northern Colorado as
well as other areas of North America is also unknown.

While CWD is transmissible after intracerebral inoculation
of mule deer with incubation periods of up to 2 years (44),
experimental transmission of CWD to other species has had
mixed results. The inefficient primary transmission of CWD
prions to mice (M. Bruce, Neuropathogenesis Unit, Edin-
burgh, personal communication) and to ferrets (2) is an exam-
ple of the species barrier. Based on previous studies demon-
strating that expression of foreign PrP in Tg mice is an
extremely efficient means of abrogating prion species barriers
(4, 5, 7, 30, 31, 37-39), we hypothesized that expression of
cervid PrP (CerPrP) in Tg mice would eliminate the barrier to
CWD prion transmission, resulting in CWD susceptibility sim-
ulating that in cervids. To produce Tg(CerPrP) mice, the open
reading frame (ORF) cassette of the CerPrP S2 allele (Gen-
Bank accession no.AF009180) was released from plasmid se-
quences following digestion with Sall and Xhol and purified
ORF fragments were ligated to the Sall-cut cosSHa.Tet cos-
mid expression vector. The cosSHa.Tet cosmid expression vec-
tor contains a 49-kb DNA fragment encompassing the Syrian
hamster PrP gene (32) and has been used to produce numer-
ous Tg models of prion diseases (35), including mice in which
the species barriers to Syrian hamster, human, and bovine
prions are eliminated (1, 26, 30, 33, 37, 38). To increase CerPrP
expression in Tg mice, we modified the CerPrP S2 allele plas-
mid nucleotide sequence by site-directed mutagenesis imme-
diately upstream of the initiating ATG to produce a consensus
Kozak translation initiation sequence. The isolation of recom-
binant cosmid clones and production of Tg mice were achieved
by previously described methods (32). Two founders were gen-
erated by microinjection of fertilized embryos from Prnp®°
knockout mice on an FVB/N background (FVB/Prnp®®). Brain
PrP expression was estimated by comparing serially diluted
brain extracts of F, Tg mice and wild-type mice followed by
immuno-dot blotting or Western blotting with the monoclonal
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TABLE 1. Transmission of CWD prions to Tg(CerPrP) mice

Mean * SE incubation

Inoculum Species Recipient time in days®
CWD pool  Mule deer Tg(CerPrP)1536™/~ 264 =3 (7/7)
Db99 Mule deer Tg(CerPrP)1536™/~ 259 * 4 (7/7)
D10 Mule deer Tg(CerPrP)1536™/~ 225 = 1(8/8)
7378 Elk Tg(CerPrP)1536%/~ 235 = 2(8/8)
RML Mouse-adapted Tg(CerPrP)1536%/~ >385 (0/8)

scrapie
PBS Tg(CerPrP)1536™/~ >360 (0/8)
D10 Mule deer Tg(CerPrP)1536%/* 160 = 3 (7/7)
CWD pool  Mule deer Tg(CerPrP)1534*/~ 268 * 2 (10/10)
PBS Tg(CerPrP)1534+/~ >300 (0/6)
CWD pool  Mule deer Wild-type mice >596 (0/7)

“ The number of mice developing clinical signs of prion disease divided by the
original number of inoculated mice is shown in parentheses.

antibody 6H4 (Prionics AG, Schlieren). By this approach, the
levels of CerPrP expression in brain extracts of Tg(CerPrP)
1536*/~ and Tg(CerPrP)1534"/~ mice, both hemizygous for
the transgene array, were estimated to be five- and threefold
higher, respectively, than the level of wild-type PrP expression
in FVB mice. Analysis of PrP expression in Tg mice by West-
ern blotting of extracts from brain, lung, spleen, muscle, liver,
kidney, and heart using monoclonal antibody 6H4 showed that
the cosSHa.Tet cosmid expression vector directed expression
exclusively to the CNS (data not shown).

Groups of Tg(CerPrP)1536™/~ mice were intracerebrally in-
oculated with 30 wl of 1% homogenate prepared in phosphate-
buffered saline (PBS) of a pooled collection of infected brains
from CWD-affected mule deer held captive at the Colorado
Division of Wildlife, Wildlife Rescarch Center. We also com-
pared the transmission of CWD isolates from individual cap-
tive mule deer and elk in Tg(CerPrP)1536™~ mice. Samples
D10 and Db99 refer to captive mule deer does that developed
CWD at the Colorado Division of Wildlife, Wildlife Research
Center, and sample 7378 refers to an adult female captive elk
with natural clinical CWD from the Wyoming Game and Fish
Department’s Sybille Wildlife Research Unit, Wheatland,
Wyo. Inoculated Tg(CerPrP)1536™~ mice developed signs of
prion disease between 220 and 270 days after inoculation, and
the average incubation periods produced by all three CWD
isolates and the CWD pool were similar (Table 1). By mating
Tg(CerPrP)1536™~ mice to each other, we produced off-
spring, designated Tg(CerPrP)1536 /", that were homozygous
for the CerPrP transgene array, which resulted in a doubling of
the level of expression of CerPrP<. Tg(CerPrP)1536™/* mice
developed signs of prion disease between 153 and 169 days
after inoculation with CWD isolate D10 (Table 1). The pooled
CWD inoculum produced disease in the inoculated Tg(CerPrP)
1534™/~ mice between 261 and 273 days (Table 1). The neu-
rologic signs that accompanied prion disease in sick Tg mice
included truncal ataxia and slowed movement, increased tone
of the tail, dorsal kyphosis, head bobbing or tilting and rough-
ened coat. At the time of writing, Tg(CerPrP)1536™/~ mice
inoculated with PBS or the Rocky Mountain Laboratory
(RML) strain of mouse-adapted scrapie prions have not shown
signs of neurological dysfunction ~360 and 380 days postin-
oculation, respectively. Wild-type mice inoculated with the
CWD pool also failed to develop signs of neurological dysfunc-
tion ~600 days postinoculation.
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FIG. 1. Neuropathology of Tg(CerPrP)1536™'~ mice inoculated with CWD prions. Brains of sick animals from each study group were dissected
rapidly after sacrifice and immersion fixed in 10% buffered paraformaldehyde. Tissue was embedded in paraffin, and sections were prepared and
stained with hematoxylin and eosin for evaluation of spongiform degeneration. (A and B) Hematoxylin-and-eosin staining of sections through the
hippocampus of Tg(CerPrP)1536*/~ mice inoculated with brain tissue from CWD-affected mule deer D10 showing spongiform degeneration.
Panel B is a higher magnification of an area in panel A. Note shrunken, scalloped neuronal nuclei adjacent to foci of spongiform change. (C and
D) Immunohistochemistry of an adjacent section from the same inoculated Tg(CerPrP)1536™/~ mouse showing amyloid plaque deposits. Panel D
is a magnification of the area indicated in panel C. Note large immunoreactive plaques bordered by vacuoles. Slides were deparaffinized and
hydrated followed by immersion in 88% formic acid solution, treatment with 25-mg/ml proteinase-K solution at 26°C for 10 min, followed by
autoclaving for 20 min at 121°C in Tris-buffered solution. Tissue preparations were stained with anti-PrP polyclonal antibody R505 (8), followed
by anti-rabbit immunoglobulin G-biotinylated secondary antibody streptavidin conjugated to alkaline phosphatase, and then developed with Fast
Red A, naphthol, and Fast Red B chromogen. Hematoxylin was used as counterstain. Bar = 100 wm in all cases.

Histopathologic findings were similar for all four inocula
and included multiple to coalescing foci of spongiform degen-
eration of the perikaryon and neuropil. Foci of degeneration
were often severe, with a central focus of pale eosinophilic
reticulated material surrounded by vacuoles. Neurons adjacent
to foci of spongiform change often had shrunken scalloped
hyperchromatic nuclei. While spongiform change was wide-
spread in the brain, there was striking and severe vacuolation
of the hippocampus (Fig. 1A and B), piriform cortex, and
parenchyma adjacent to the ventricular and aqueduct system

throughout the brain. In all brains, spongiform degeneration
was present in many nuclei in the subcerebellar white matter
and brain stem. Patchy foci of degeneration were often
present in the middle lamina of the neocortex, within the
granular layer of the cerebellar cortex and within the olfac-
tory bulb. Amyloid plaque pathology, long recognized as a
pathognomonic feature in cervids with CWD (9, 10, 43), was
dramatically reproduced in Tg mice (Fig. 1C and D). All foci
of spongiform change had strong positive immunostaining
(Fig. 1C and D), often with large central stained plaques
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FIG. 2. Western blots of PrP in brains from Tg(CerPrP)1536™'~ mice inoculated with prions from mule deer and elk with CWD. (A) The brains
of Tg(CerPrP)1536""" mice inoculated with D10, 7378, Db99, and the CWD pool were analyzed for the presence of protease-resistant PrPS°. Brain
extracts of three individual brains from each inoculated group were treated (+) or not treated (—) with 40-p.g/ml proteinase K (PK) in the presence
of 2% Sarkosyl for 1 h at 37°C. Uninoc., uninoculated. In panel B, PrP%¢ in brain homogenates of Tg(CerPrP)1536™/~ mice was directly compared
with the corresponding CWD inocula from deer and elk. Immunoblots were probed with recombinant Fab Hum-P, which recognizes an epitope
on PrP between amino acid residues 96 and 105 (29). The positions of protein molecular mass markers at 28.7 and 21.3 kDa (from top to bottom)

are shown to the left of the immunoblots.

partly bordered or surrounded by nonstaining vacuoles.
Such florid PrP plaque pathology has also been recognized
as a neuropathologic feature of CWD in mule deer (16).
Sham-inoculated mice analyzed in parallel had no histologic
lesions or positive immunostaining; neither was immuno-
staining identified in CWD-positive deer brain or CWD-
inoculated Tg mice when an irrelevant primary antibody was
used and when no primary antibody was applied (data not
shown). Brain tissue from a CWD-positive deer had excel-
lent positive immunostaining with the protocol used (data
not shown).

Biochemical analysis of prion proteins in brain extracts from
clinically sick Tg mice showed that protease-resistant PrPS° was
present in all inoculated groups. The diglycosylated form of
PrP5¢ predominated in the brains of sick Tg(CerPrP)1536™"/~
mice (Fig. 2A). A similar PrP5° glycosylation pattern has been
observed in previous analyses of CWD-affected deer and elk
(27). Comparison of PrP5¢ profiles in brain extracts of sick
Tg(CerPrP)1536™~ mice showed that the molecular weight
and glycosylation pattern of PrPS® were consistent among all
inoculated groups. However, while the amounts of diglycosy-
lated and unglycosylated PrPS¢ in CWD-affected cervids and
CWD-affected Tg(CerPrP)1536™/~ mice remained constant,
the amount of monoglycosylated PrPS° was consistently lower
following transmission of Db99, D10, and 7378 brain extracts
to Tg(CerPrP)1536"/~ mice (Fig. 2B). Similar differences in
glycoform ratios of the same prion strain propagated in mice
and human brain have been observed previously (12).

The neuroanatomic distribution of PrP5¢ was assessed by
histoblotting as described previously (34). The most notable
feature of histoblotted Tg(CerPrP)1536"/~ mouse brains in-

oculated with CWD prions from D10, Db99 mule deer, and
7378 elk was the widespread punctate deposition of PrPS¢ (Fig.
3), which likely corresponds to the PrPS¢-containing plaques
detected by immunohistochemistry (Fig. 1). The concordant
patterns of PrP5¢ deposition in coronal sections of Tg(CerPrP)
1536/~ mice inoculated with prions from the D10 CWD-
positive mule deer and the 7478 CWD-positive elk, along with
the similar incubation times, histopathologic findings, and bio-
chemical properties of PrP%¢, indicate that the same CWD
prion strain caused disease in these analyzed mule deer and
elk. Although the incubation time in Tg(CerPrP)1536™/~ mice
of the Db99 CWD mule deer isolate was similar to that of the
D10/7378 strain, the difference in the neuroanatomic distribu-
tion of PrP5¢ in Db99-inoculated Tg(CerPrP)1536"/~ mice
(Fig. 3) suggests that a different prion strain caused CWD in
the Db99-infected mule deer. Additional passaging studies are
required to further characterize the strain properties of these
CWD isolates.

The simulation of CWD in deer and elk following transmis-
sion to Tg(CerPrP) mice represents a breakthrough in CWD
research. Tg(CerPrP) mice should find broad use in the future
to study the biology of CWD prions and CWD pathogenesis.
There is currently no quantitative information available re-
garding the infectivity of any CWD prion preparations, and
Tg(CerPrP) mice promise to be a reliable experimental host in
which to bioassay CWD prions. Using Tg(CerPrP) mice, it will
be possible to expand these preliminary investigations of CWD
prion strain prevalence in captive and wild populations of mule
deer, white-tailed deer, and Rocky Mountain elk and to assess
the effect of cervid PrP polymorphisms on CWD susceptibility
(13, 22). In the long term, it should also be possible to gain



VoL. 78, 2004

NOTES 13349

Db99

Hip/
Thal b

Mid

Brain
Brain £ 5 3
Stem

FIG. 3. Regional distribution of PrP¢ in the brains of Tg(CerPrP) 1536™~ mice inoculated with CWD prions. Histoblots of 10-um-thick
cryostat sections were generated as previously described (34).To eliminate PrP from the section, the membranes were air dried, rehydrated for
30 min, and exposed for 1 h at 37°C to 400-mg/ml proteinase K. To enhance immunostaining of PrP%, the histoblots were exposed to 3 M
guanidinium isothiocyanate before immunostaining with PrP recombinant Fab Hum-P followed by alkaline phosphatase-conjugated goat anti-Hu
secondary antibody. Histoblotted coronal sections through the hippocampus and thalamus (Hip/Thal), midbrain, and brain stem of Tg(CerPrP)
1536™'~ mice inoculated with CWD mule deer isolates D10 and Db99 and CWD elk isolate 7378 are shown.

insights into the origins and mode of transmission of CWD
using Tg(CerPrP) mice. Efficient horizontal rather than ma-
ternal transmission has been shown to be important in sustain-
ing CWD epidemics (21). The most plausible natural routes of
CWD transmission are via ingestion of forage or water con-
taminated by secretions, excretions, or other sources of
agent—for example, carcasses (20). Using CWD-susceptible
Tg(CerPrP) mice, it will be possible to bioassay CWD prions in
blood and other tissues, body fluids, and secretions of deer and
elk that may provide insights into the mode of transmission of
CWD and ultimately lead to better disease control in wild
cervids.
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