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Development of mice expressing either ovine (Tg338) or cervid (TgElk) prion protein (PrP) have

aided in characterization of scrapie and chronic wasting disease (CWD), respectively. Experimental

inoculation of sheepwith CWDprions has demonstrated the potential for interspecies transmission

but, infection with CWD versus classical scrapie prionsmay be difficult to differentiate using

validated diagnostic platforms. In this study, mouse bioassay in Tg338 and TgElk was utilized to

evaluate transmission of CWD versus scrapie prions from small ruminants. Mice (�5 per

homogenate) were inoculated with brain homogenates from clinically affected sheep or goats with

naturally acquired classical scrapie, white-tailed deer with naturally acquiredCWD (WTD-CWD) or

sheepwith experimentally acquiredCWDderived from elk (sheep-passaged-CWD). Survival time

(time to clinical disease) and attack rates (brain accumulation of protease resistant PrP, PrPres) were

determined. Inoculation with classical scrapie prions resulted in clinical disease and 100%attack

rates in Tg338, but no clinical disease at endpoint (>300 days post-inoculation, p.i.) and low attack

rates (6.8%) in TgElk. Inoculation withWTD-CWDprions yielded no clinical disease or brain PrPres

accumulation in Tg338 at endpoint (>500 days p.i.), but rapid onset of clinical disease (~121 days

p.i.) and 100%attack rate in TgElk. Sheep-passaged-CWD resulted in transmission to bothmouse

lines with 100%attack rates at endpoint in Tg338 and an attack rate of ~73% in TgElk with some

culled due to clinical disease. These primary transmission observations demonstrate the potential of

bioassay in Tg338 and TgElk to help differentiate possible infection with CWD versus classical

scrapie prions in sheep and goats.

INTRODUCTION

Classical scrapie is a naturally occurring transmissible

spongiform encephalopathy (TSE) of sheep and goats.

Though it has been recognized in some regions of the world

for over 250 years (reviewed by Schneider et al., 2008), classi-

cal scrapie (herein just ‘scrapie’) was first diagnosed in the

USA in 1947 following the import of an infected sheep. In

contrast, chronic wasting disease (CWD) is a naturally

occurring TSE of cervids (elk, deer and moose) which was

first observed in the 1960s in deer held captive in several

wildlife facilities in the USA (Williams & Young, 1980;

reviewed by Haley & Hoover, 2015). Both scrapie and CWD

are transmissible, infectious, neurodegenerative diseases for

which there are no treatments. Prions, the novel proteina-

ceous infectious particles that are believed to be the causative

agent of TSEs, induce misfolding of normal cellular prion

protein (PrPC) to a form that is relatively resistant to protease

cleavage (PrPres) (Prusiner, 1982; review by Ryou, 2007).
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Misfolded PrP associated with scrapie disease is often abbre-
viated PrPSc, whereas in CWD, the misfolded protein may be
abbreviated PrPCWD. A hallmark of prion diseases is the
slow, progressive development of central neuropathology
that is accompanied by accumulation of misfolded PrP. After
a variably long incubation period, clinical disease often man-
ifests as pruritus, ataxia, weight loss, tremors and changes in
behaviour (review by Haley & Hoover, 2015; Konold &
Phelan, 2014), but ultimately leads to the demise of the
animal.

Animal bioassay is a gold standard technique for the recogni-
tion and characterization of different prion types (Beck et al.,
2012b; Bruce et al., 2002; Thackray et al., 2012). The use of
wild-type inbred strains of mice (e.g. RIII, C57BL and VM)
has aided in differentiating types of scrapie prions as mea-
sured by incubation and survival times, histopathologic
lesion profiles, brain accumulation profiles of PrPSc and bio-
chemical characterization of PrPres (Beck et al., 2010, 2012a,
b; Bruce et al., 2002, 2003; Vulin et al., 2012). In contrast,
there have been few observations of CWD transmission to
wild-type mice (Lee et al., 2013). To reduce incubation times
and number of subpassages for studies of scrapie prions and
improve transmission efficiency of CWD prions, transgenic
mice were developed to express the ovine or cervid prion
protein gene (PRNP), respectively (Browning et al., 2004;
Cordier et al., 2006; Crozet et al., 2001; LaFauci et al., 2006;
Tamgüney et al., 2006; Vilotte et al., 2001). Using transgenic
mice expressing ovine PRNP (ovinized mice), scrapie incu-
bation times were substantially reduced compared with
incubation times in wild-type mice (Crozet et al., 2001;
Vilotte et al., 2001) while histopathologic profiles and PrPres

biochemical features characteristic of scrapie prion types
were maintained (Baron et al., 2004; Chong et al., 2015; Cor-
dier et al., 2006). In addition, ovinizedmice have been shown
to be permissive to scrapie prions derived from goats with
naturally acquired disease (O’Rourke et al., 2012). Several
transgenic mouse lines expressing cervid PRNP (cervidized
mice) have been generated for studies of CWD prions. Cervi-
dized mice have shown reduced incubation times with
increased attack rates compared with wild-type mice (Lee
et al., 2013) and have proven useful in the discrimination of
CWD prion types isolated from different species [mule deer
versus white-tailed deer (WTD) versus elk] (Browning et al.,
2004; LaFauci et al., 2006; Tamgüney et al., 2006). Thus, ovi-
nized and cervidized mice have been established as appropri-
ate mouse bioassay models for the study of scrapie and CWD
prions, respectively.

As countries work diligently to eradicate scrapie in sheep and
goats, it is important to develop tools that differentiate dis-
ease resulting from novel versus known sources of prions in
an effort to identify TSE reservoirs that could lead to disease
re-emergence, especially in regions where other TSEs natu-
rally exist. A potentially novel source to small ruminants
would be from natural exposure to CWD prions. CWD con-
tinues to increase in both prevalence and geographic distri-
bution in North America (reviewed by Haley & Hoover,
2015); the longest known presence in the USA is in the states

of CO andWY (Williams & Young, 1980). Sheep are suscep-
tible to CWD prions when inoculated intracerebrally with
brain homogenate frommule deer with CWD, but the attack
rate is low and PRNP genotype of the recipient sheep may
contribute to susceptibility (Hamir et al., 2006). It is cur-
rently unknown if sheep naturally exposed to CWD prions
will readily become infected or if the resulting TSE would
appear different (clinically and/or diagnostically) from clas-
sical scrapie in sheep and goats. Transgenic mice have been
used to examine the potential for TSEs to cross the species
barrier (Beck et al., 2012a; Tamgüney et al., 2006). This study
evaluates primary transmission of scrapie prions from goats
or sheep and CWD prions fromWTD to both cervidized and
ovinized transgenic mice (TgElk and Tg338, respectively).
Furthermore, mouse bioassay is used to assess transmission
of CWD prions to these mice following primary experimen-
tal passage through sheep.

RESULTS

PrPres characteristics in donor inocula

Brain homogenates from goats (G3538, G3558, G3953 and
G30-75), sheep (S3178) and WTD (WTD804) with
naturally acquired TSEs (scrapie in goats and sheep; CWD
in deer) were assessed for variation in PrPres molecular mass
and glycoform ratios by Western blotting. As expected,
some animal-to-animal variation was observed. Molecular
mass of unglycosylated PrPres (lowest band, Fig. 1a) from
WTD804 was ~0.5 kDa larger (P<0.05) than PrPres from
G3538 and G3558, but not PrPres from G3953, G30-75 or
S3178. Unglycosylated PrPres from brains of sheep
(CFIA113 and CFIA122) experimentally inoculated with a
pooled homogenate of brain and lymph node from elk with
CWD was ~1 kDa smaller (P<0.05) compared with PrPres

from all animals with naturally acquired scrapie or CWD.
Molecular mass of unglycosylated PrPres was also compared
between the experimentally inoculated sheep and the pooled
elk homogenate (CFIA Elk) the sheep were inoculated with.
Unglycosylated PrPres from CFIA113 and CFIA122 was
~1.75 kDa smaller (P<0.05) than PrPres from CFIA Elk. The
molecular mass of unglycosylated PrPres from CFIA Elk was
also ~0.75 kDa larger (P<0.05) than PrPres from goats with
naturally acquired scrapie, but not significantly different
from PrPres in the sheep or WTD homogenates tested.
Using a three-axis plot to visualize glycoform ratios, digly-
cosylated PrPres appeared to be the most abundant, and
unglycosylated PrPres the least abundant in all homogenates
(Fig. 1b).

The relative level of misfolded PrP in each donor brain
homogenate used for mouse inoculations was assessed by
enzyme immunoassay (EIA) and expressed as the equivalent
starting wet tissue weight of the endpoint serial dilution.
Levels of misfolded PrP were similar for inocula prepared
from donor animals G3953, WTD804 and CFIA113 with
each at ~6 µg starting wet tissue weight. The last serial dilu-
tion that yielded a detectable EIA signal was equivalent to
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approximately 94 µg for CFIA122. The relative levels of mis-
folded PrP in the inocula from other donors were similarly
determined and previously reported as follows (O’Rourke
et al., 2012): ~23 µg starting wet tissue weight for G3558,
46 µg for G3538, 93 µg for G30-75 and 186 µg for S3178.

Transmission of classical scrapie to Tg338 and
TgElk mice

Transgenic mice expressing ovine PRNP (Tg338) or cervid
PRNP (TgElk) underwent intracerebral inoculation with
brain homogenate from goats or a sheep with

naturally acquired scrapie (G3538, G3558, G3953, G30-75 or
S3178) and were monitored for the development of clinical
signs associated with TSE disease (Bruce et al., 2004). Mice
were culled at clinical disease, for intercurrent disease, or
within an endpoint period chosen to limit the occurrence of
common age-related health issues (e.g. penile prolapse and
chronic conjunctivitis). The endpoint period for Tg338 mice
was 500–600 days post-inoculation (p.i.). In comparison to
Tg338 mice, TgElk mice are short-lived and required an end-
point cull period of 300–375 days p.i. TgElk mice also dem-
onstrate hyperexcitability at baseline; thus, this behaviour
was not considered a clinical sign of TSE disease in this line
of mice.

Tg338 mice inoculated with scrapie prions were culled with
clinical signs such as ataxia, extreme lethargy, weight loss,
hunched stance or gait, tremors, clenched paws or
hyperexcitability. The onset of clinical disease and attack
rates for Tg338 mice are shown in Fig. 2(a), and outcomes
are summarized in Table 1. Most mice were culled between
143 and 300 days p.i. with additional mice culled at 331, 373
(both in G3538 group) and 421 days p.i. (S3178 group). The
accumulation of PrPres in the brain was assessed in Tg338 by
Western blot (WB) analysis to determine attack rates
(Table 1). All Tg338 mice culled due to clinical disease were
positive for PrPres in the brain (see representative WBs in
Fig. 3) as was a mouse culled due to intercurrent health issues
at an earlier time point (69 days p.i.). The molecular mass of
PrPres from Tg338 inoculated with classical scrapie prions
showed a small reduction (1–2 kDa) compared with the orig-
inal inoculum. This reduction was previously demonstrated
with mouse bioassay of brain homogenate from S3178,
G3538, G3558 and G30-75 (O’Rourke et al., 2012), and was
found to be due to an altered proteinase K (PK) cleavage site
in PrPres that accumulates in the brain of inoculated Tg338
as compared to that present in the original sheep inoculum.

The onset of clinical disease and attack rates in TgElk mice
inoculated with brain homogenate from goats or sheep with
naturally acquired classical scrapie are shown in Fig. 2(b)
and outcomes summarized in Table 1. Clinical signs associ-
ated with the onset of TSE disease were not observed before
the assay endpoint. All TgElk mice were assessed for brain
PrPres accumulation to determine attack rates in the absence
of clinical signs (see representative WBs in Fig. 3). Brain
PrPres was detected in 3 of 44 mice; the positive mouse
culled at 315 days p.i. was inoculated with brain homoge-
nate from G30-75, whereas two mice culled at 339 days p.i.
were inoculated with brain homogenate from G3953. Thus,
classical scrapie prions transmitted efficiently to Tg338 with
near 100% onset of clinical disease and 100% attack rates.
However, transmission was inefficient in TgElk with no
onset of clinical disease prior to the endpoint period and
low (~6.8%) attack rates.

Transmission of CWD to Tg338 and TgElk mice

Concurrent with inoculation of scrapie prions, Tg338 and
TgElk mice underwent intracerebral inoculation with a
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Fig. 1. Characterization of PrPres in scrapie and CWD brain
homogenate inocula. Shown are the (a) molecular masses and (b)

relative densities of di-, mono- and unglycosylated PrPres. Data
were derived from three or four independent Western blots per-
formed using mAb F99/97.6.1. Least squares means and 95%
confidence intervals are plotted in (a). Symbol representations for

TSEs and donor animals: open circle, scrapie from sheep S3178;
open square, scrapie from goats G3538, G3558, G3953 and
G30-75; closed triangle, CWD from white-tailed deer WTD804;

closed circle, primary passage of CWD from CFIA Elk in sheep
CFIA113 and CFIA122; closed diamond, CWD from pooled elk
homogenate ‘CFIA Elk’.
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pooled brain homogenate from WTD with naturally
acquired CWD (WTD804). The onset of clinical disease and
attack rates in mice are shown in Fig. 4 and outcomes sum-
marized in Table 2. Tg338 mice inoculated with WTD804
did not demonstrate clinical signs associated with TSE dis-
ease. Mice were culled either in the endpoint period or due
to intercurrent health issues; brain PrPres accumulation was
not detected (see representative WB in Fig. 3). Inoculation
of TgElk with WTD804 resulted in the onset of clinical

disease. Mice displayed clinical signs such as ataxia, extreme
lethargy, weight loss, hunched stance or gait, circling, tail or
hind-end mutilation of self or others and extreme obesity to
the point of inhibiting movement. All TgElk inoculated with
WTD804 were culled by 128 days p.i. and were positive for
PrPres in the brain (see representative WB in Fig. 3). Thus,
CWD prions were transmitted efficiently to TgElk mice with
no evidence of transmission to Tg338.

Transmission of CWD to Tg338 and TgElk
following primary passage in sheep

To evaluate if transmission of CWD prions was altered fol-
lowing primary passage through sheep, brain homogenates
from sheep experimentally inoculated with CWD
(CFIA113 and CFIA122) were used to inoculate Tg338
and TgElk mice. The onset of clinical disease and attack
rates are shown in Fig. 5 and outcomes are summarized in
Table 2. Although Tg338 inoculated with CFIA113 or
CFIA122 were non-clinical when culled in the endpoint
period, all mice were positive for PrPres in the brain
(100% attack rate; see representative WBs in Fig. 3). Clini-
cal disease was observed near the endpoint period in some
TgElk inoculated with CFIA113 or CFIA122. The accumu-
lation of PrPres in the brain was detected in all TgElk that
were culled with clinical signs or due to intercurrent health
issues in addition to suspected clinical disease. One addi-
tional, non-clinical TgElk in each inoculation group was
positive for brain PrPres, but only when the mouse brain
homogenate was first enriched using phosphotungstic acid
precipitation (PTA-WB), see Methods for details. Thus,
CWD prions following primary passage in sheep transmit-
ted efficiently to both Tg338 and TgElk with 100 and
72.7% attack rates, respectively.

DISCUSSION

There are currently no known cases of interspecies trans-
mission of CWD prions to sheep or goats through natural
exposure, and transmission resulting from direct inocula-
tion has been relatively inefficient. Nevertheless, the poten-
tial for natural exposure of sheep and goats to CWD prions
is presumably rising in parallel with the increasing inci-
dence and geographic range of CWD occurring in both
free-ranging and farmed cervids in North America (review
by Haley & Hoover, 2015). Should interspecies transmis-
sion of CWD occur naturally, the ability to differentiate
CWD versus scrapie infection in sheep and goats may
enhance epidemiological investigations and surveillance
efforts attempting to identify novel sources of prion expo-
sure. This study assessed transmission of classical scrapie
and CWD prions from their native hosts to transgenic
mouse lines expressing the ovine or cervid PrP. Inoculation
of transgenic mice with scrapie prions from goats or sheep
or CWD prions from WTD resulted in distinct transmission
patterns. Scrapie prions transmitted efficiently to Tg338 but
not TgElk, whereas CWD prions from a natural host effi-
ciently transmitted to TgElk but not Tg338. Unlike these
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Fig. 2. Transgenic mouse bioassay of scrapie. Shown are the
outcomes following intracerebral inoculation of Tg338 (a) or TgElk

(b) mice with scrapie prions derived from sheep S3178 and goats
G3538, G3558, G3953 and G30-75. Closed circles, mice culled
at the onset of clinical disease and PrPres detected in the brain;

open circles, preclinical mice (culled due to intercurrent health
issues or during the endpoint period with no clinical signs but
PrPres detected in the brain); open squares, mice with no detect-

able PrPres in the brain at the time of cull. Censored data are
included. Though variable in survival time, nearly all Tg338 mice
inoculated with sheep brain homogenate harbouring classical

scrapie prions developed clinical disease, whereas none of the
TgElk mice similarly inoculated developed clinical disease.
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distinct transmission patterns, efficient transmission of
CWD prions following primary passage in sheep was
observed in both Tg338 and TgElk mice.

Experimentally transmitted CWD in small ruminants has
been difficult to distinguish from natural cases of classical
scrapie. In sheep, intracerebral inoculation of CWD prions
from mule deer resulted in immunohistochemistry-

detected brain and tonsil accumulation patterns and PrPres

molecular profiles that were very similar to those observed
in classical scrapie (Hamir et al., 2006). In the current study,
small variations in molecular mass of brain homogenate
PrPres were detected among species (Fig. 1), but the varia-
tion observed in those tested did not segregate infection
with scrapie versus CWD prions. This agrees with previous
reports of variation in PrPres molecular mass (Stack et al.,
2004) and no significant variation in glycoform ratios (Race
et al., 2002). Further, PrPres from sheep inoculated with elk
CWD prions (sheep-passaged-CWD) was significantly dif-
ferent from both scrapie- and CWD-associated PrPres from
their native hosts. While these shifts in PrPres molecular
mass occur upon primary interspecies transmission, they
are likely too small as compared to natural variation of scra-
pie PrPres to allow robust differentiation of prion type.
Thus, consistent with the conclusion of Hamir et al. (2006),
standard methods will detect, but are not likely to differen-
tiate, primary infections of sheep or goats with CWD prions
versus scrapie prions.

The use of Tg338 and TgElk mouse lines is well estab-
lished in the respective study of scrapie and CWD (Beck
et al., 2013; Jeon et al., 2013; LaFauci et al., 2006; Langevin
et al., 2011; O’Rourke et al., 2012; Thackray et al., 2011a,
b; Tixador et al., 2010; Vilotte et al., 2001). Such studies
include the use of Tg338 mice to differentiate strains of
classical scrapie prions within sheep (Thackray et al.,
2008), to detect mixed infection of sheep with classical
and atypical scrapie prions (Chong et al., 2015) and to
show the similar transmission phenotypes of classical scra-
pie prion isolates from sheep and goats (O’Rourke et al.,
2012). Similar studies have used cervidized mice, including
TgElk, to examine the phenotypes of CWD prions isolated
from cervid species (Browning et al., 2004; Duque Velas-
quez et al., 2015; LaFauci et al., 2006). Few studies have
used ovinized and cervidized mice to model interspecies
infection of CWD and scrapie. Tg338 intracerebrally inoc-
ulated with elk CWD prions resulted in low transmission
rates observed in the brain but high transmission rates
observed in the spleen suggesting that cross-species trans-
mission could preferentially accumulate in peripheral lym-
phoid tissues (B�eringue et al., 2012). Tamgüney and
colleagues found no evidence of CWD transmission to
Tg338 mice using inocula derived from WTD, elk or mule
deer (Tamgüney et al., 2006) or to a different ovinized
mouse using inoculum from WTD (Tamgüney et al.,
2009). A similar lack of detectable transmission was
observed in brains of Tg338 inoculated with WTD804 in
the current study (Fig. 4, Table 2). Studies evaluating sus-
ceptibility of cervidized mice to scrapie are also limited.
Browning et al. (2004) did not observe transmission of
mouse-adapted scrapie (RML strain) into one cervidized
mouse line. Using a different cervidized mouse line, Tam-
güney and colleagues observed transmission of RML scra-
pie and a European strain of scrapie serially passaged in
sheep (SSBP/1), but not a natural scrapie isolate from a
North American sheep (Tamgüney et al., 2009). In the
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Fig. 3. PrPres in inocula, Tg338 and TgElk brain homogenate.
Representative Western blots with mAb F99/97.6.1 of brain

homogenates from original inocula (I) and two recipients per
mouse line (Tg338 or TgElk) for each inocula following PK treat-
ment and precipitation with sodium phosphotungstic acid

(NaPTA). All samples were prepared as 10% homogenates (w/v)
in PBS. (a) Brain homogenates from goats with naturally acquired
scrapie (G3538 and G30-75) and recipient Tg338 and TgElk

mice. (b) Brain homogenate from a white-tailed deer with
naturally acquired CWD (WTD804) and recipient Tg338 and
TgElk mice; brain homogenate from goat (G3558) with
naturally acquired scrapie and recipient Tg338 and TgElk mice.

(c) Brain homogenate from sheep (S3178) with naturally acquired
scrapie and recipient Tg338 and TgElk mice; brain homogenate
from CFIA113 (sheep-passaged-CWD) and recipient Tg338 and

TgElk mice. (d) Brain homogenate from goat (G3953) with
naturally acquired scrapie and recipient Tg338 and TgElk; brain
homogenate from CFIA122 (sheep-passaged-CWD) and recipi-

ent Tg338 and TgElk mice.

http://jgv.microbiologyresearch.org 2455

CWD versus scrapie in transgenic mice



current study, a low overall attack rate (~6.8%) was

observed in TgElk inoculated with scrapie prions derived

from clinical cases in North America. The evidence of

transmission to TgElk, albeit low, could be due to the use

of a different cervidized mouse than what was used in pre-

vious studies by others. Another possible contributing fac-

tor to the low attack rates could be that the homogenates

resulting in TgElk brain PrPres accumulation were from

goats. Future studies with additional goats and sheep with

scrapie will be necessary to evaluate whether prion trans-
mission from cervids to goats, although limited, may be
more efficient than cervids to sheep.

Transmission of CWD from mule deer or elk to sheep has
been achieved following intracerebral inoculation (Hamir
et al., 2006; Mitchell et al., 2015). Yet, inoculation with
brain homogenate from WTD with CWD did not result in
brain accumulation of PrPres during primary passage in ovi-
nized mice (Tg338). One factor that may have contributed
to the lack of transmission could be varying levels of PrPSc

and PrPCWD between brain homogenates from animals
with scrapie and CWD, respectively. Laboratory
biochemical assays such as WB or EIA do not correlate with
infectious titres, but it has been shown that brain homoge-
nates with higher prion levels as detected by EIA tend to
also have higher infectious titres in mouse bioassay (Gonza-
lez et al., 2012). All homogenates used in this study were
prepared from cases with clinical disease at the time of cull.
While a complete titration for infectivity by mouse bioassay
was not performed with these samples, varying levels of
PrPSc and PrPCWD were detected by EIA of an endpoint
dilution series for each homogenate. Several homogenates
(G3953, WTD804 and CFIA113) demonstrated high PrPSc
or CWD levels relative to the others by EIA, yet infectivity was
primarily observed with G3953 in Tg338 (100% attack rate
at 143–146 days p.i.) and with WTD804 in TgElk (100%
attack rate at 113–128 days p.i.). Interestingly, CWD prions
after primary passage through sheep (CFIA113) that
appeared to have high PrPCWD levels by EIA transmitted to
both Tg338 and TgElk with near 100% attack rates but cull
was near or in the endpoint period. Although EIA suggests
there are similar levels of PrPSc and PrPCWD in these three

Table 1. Transmission of classical scrapie from sheep and goats with naturally acquired clinical disease to ovinized (Tg338) and
cervidized (TgElk) mice

Mouse Inoculum* Mice culled at onset of clinical disease

/total inoculated

Median survival time (95% CL†) Attack rate in mice‡

Tg338 S3178 11/12 262 (169, 286) 12 (1)/12

G3538 7/7 253 (199, 331) 7/7

G3558 5/5 230 (199, 280) 5/5

G3953 8/8 146 (143, 146) 8/8

G30-75 5/5 166 (166, 198) 5/5

TgElk S3178 0/11 >210 (NE) 0/11

G3538 0/5 >302 (NE) 0/5

G3558 0/9 >310 (NE) 0/9

G3953 0/9 >117 (NE) 2 (1)/9

G30-75 0/10 >220 (NE) 1/10

*S, Sheep; G, goat.
†95% lower and upper confidence limits (LCL, UCL): In the case of right censored survival analysis, lower confidence limits are left bounded,
whereas upper confidence limits are unbounded. NE, Non-estimable due to insufficient group sample size for which survival time could be
measured.
‡Number of mice with detectable protease resistant prion protein (PrPres) in the brain at the time of cull/number of mice tested. All mouse brains
were tested by standard (direct lysis) Western blot (WB); brain tissue negative by standard WB was tested using phosphotungstic acid (PTA-WB).
The number in parenthesis indicates the number of brains PrPres positive by PTA-WB which is included in the total number positive.

Tg338

TgELK

0 100 200 300
Time p.i. (days)

400 500 600

Fig. 4. Transgenic mouse bioassay of CWD in Tg338 and TgElk.
Shown are the outcomes for the first intracerebral inoculation of
mice with CWD derived from white-tailed deer (WTD804). Closed

circles, mice culled at the onset of clinical disease and PrPres

detected in the brain; open circles, preclinical mice (culled due to
intercurrent health issues, PrPres detected in the brain); open

squares, mice with no detectable PrPres in the brain at the time of
cull. Censored data are included. Tg338 inoculated with white-
tailed deer brain homogenate harbouring CWD prions did not

develop clinical disease and had no detectable PrPres in the brain,
whereas nearly all TgElk mice similarly inoculated were culled at
onset of clinical disease and all had detectable PrPres in the brain.
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homogenates, infectious titre or other donor or recipient

mouse factors may have contributed to the variation in

transmission that was observed. One factor known to con-

tribute to scrapie transmission is PRNP genotype. All sheep

used in the current study were of a scrapie-susceptible

genotype (alanine at codon 136 and glutamine at codon

171), whereas the goats represented several different PRNP

genotypes (previously described in O’Rourke et al., 2011,

2012). There was no clear association between donor PRNP

genotype and transmission to Tg338 or TgElk mice. It is

unknown if genotype plays a role in susceptibility of sheep

and goats to CWD prions, but observations by Hamir and

colleagues suggest that it may (Hamir et al., 2006). Addi-

tional studies will be needed to fully determine the role of

PRNP genotype in the transmission of CWD to small

ruminants.

In closing, primary passage bioassay into Tg338 (ovine

PRNP) and TgElk (elk PRNP) mice produced unique trans-

mission profiles for the isolates of CWD and scrapie prions

used in this study. These transmission observations also

mimicked previous research experiences of limited interspe-

cies transmission in the natural host species. The data sug-

gest that these two transgenic mouse models may prove to

be generally robust for detecting instances of interspecies

transmission of CWD to small ruminants. Additional test-

ing of other prion isolates and characterized strains may

help further establish a discriminatory mouse model using

Tg338 and TgElk. Furthermore, future studies on the sub-

passage of the homogenates described here may help deter-

mine the potential for phenotype adaptation of CWD

prions in small ruminants and aid in further strain

characterization.

METHODS

Animals

Transgenic mice and goats or sheep with naturally acquired scrapie

described in this study were maintained and procedures performed in

accordance with use approved by Washington State University and Uni-

versity of Washington Institutional Animal Care and Use Committees.

Breeding pairs of ovinized mice (strain Tg338; PrPC with the 136V,

154R, 171Q allele) (Laude et al., 2002; Vilotte et al., 2001) were kindly

provided by Dr Hubert Laude (Institut National de la Recherche Agron-

omique, France) and held initially in a breeding colony at the University

of Washington and subsequently in a breeding colony at Washington

State University. Breeding pairs of cervidized mice (strain TgElk; PrPC

with the 132M allele) (LaFauci et al., 2006) were kindly provided by Dr

Robert Rowher (Research Foundation for Mental Hygiene, Inc.;

Menands, NY, USA) and held in a breeding colony at Washington State

University. Both lines are homozygous for the transgene with Tg338

expressing PrPCVRQ at 8–12-fold that of sheep brain (Douet et al., 2014;

Laude et al., 2002), whereas TgElk express PrPC132M at 2.5-fold relative

to conventional mouse (LaFauci et al., 2006). Presence of the transgene

was confirmed by DNA sequence analysis of tail snips and/or ear

punches.

Sheep (S3178) and goats (G3538, G3558, G3953 and G30-75) with

naturally acquired scrapie were referred by USDA Animal and Plant

Health Inspection Service (APHIS) and are described in detail elsewhere

(O’Rourke et al., 2011, 2012). WTD with naturally acquired CWD were

identified during CWD surveillance and tissues collected by the

Nebraska Game and Parks Commission as detailed in a previous study

(O’Rourke et al., 2004).

The generation of sheep-passaged-CWD was conducted at the Canadian

Food Inspection Agency, Ottawa Laboratory Fallowfield in accordance

with Canadian Council on Animal Care guidelines under a protocol

approved and monitored by the local Animal Care Committee. Under

general anaesthesia, two 8-month-old ewes (CFIA113 and CFIA122)

were intracerebrally inoculated with 1ml of a 10% (w/v in sterile nor-

mal saline) homogenate pooled from the brain and lymphoid tissues of

12 elks with CWD (CFIA Elk; all wild-type PRNP 132MM). Following a

Table 2. Transmission of CWD from white-tailed deer with naturally acquired clinical disease or experimentally inoculated sheep to
ovinized (Tg338) and cervidized (TgElk) mice

Mouse Inoculum* Mice culled at onset of clinical disease†

/total inoculated

Median survival time (95% CL‡) Attack rate in mice§

Tg338 WTD804 0/10 >389 (NE) 0/10

CFIA113 0/9 >499 (NE) 9 (6)/9

CFIA122 0/9 >499 (NE) 9 (3)/9

TgElk WTD804 9 (1)/10 121 (113, 128) 10/10

CFIA113 2 (7)/12 >290 (290, NE) 10 (1)/12

CFIA122 5/10 >261 (261, NE) 6 (1)/10

*WTD, White-tailed deer; CFIA, experimental intracranial inoculation of sheep with pooled brain and lymph node homogenate from elk with
CWD (see Methods for more detail).
†Number of mice culled at the onset of clinical disease/number of mice inoculated. The number in parenthesis indicates additional mice with sus-
pect clinical signs that also had intercurrent health issues at the time of cull. These mice were censored for survival analysis.
‡95 % lower and upper confidence limits (LCL, UCL): In the case of right censored survival analysis, lower confidence limits are left bounded,
whereas upper confidence limits are unbounded. NE, Non-estimable due to insufficient group sample size for which survival time could be
measured.
§Number of mice with detectable protease resistant prion protein (PrPres) in the brain at the time of cull/number of mice tested. All mouse brains
were tested by standard (direct lysis) Western blot (WB); brain tissue negative by standard WB was tested using PTA-WB. The number in paren-
thesis indicates brains PrPres positive by PTA-WB which is included in the total number positive.
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1 cm skin incision, a 1 mm hole was trephined through the calvarium
near the midline intersection of the parietal and frontal bones. Using a
9 cm long, 22 gauge needle the inoculum was slowly injected while with-
drawing the needle from the midbrain. Beginning around 27months
post-inoculation (p.i.), both sheep began showing subtle clinical signs
consistent with prion disease including ataxia, teeth grinding and pro-
gressive recumbency. At 28months p.i. within 10 days of each other,
both sheep were euthanized by barbiturate overdose and brain material
was confirmed positive for pathological PrP by commercial ELISA (Bio-
Rad TeSeE ELISA), WB and immunohistochemistry using methods pre-
viously described (Balachandran et al., 2010; Mitchell et al., 2015).

Mouse bioassay

All inocula for mouse bioassay were prepared as previously described
(O’Rourke et al., 2012). Briefly, brain tissues were prepared as 10% (w/
v) homogenates in normal saline and assessed for bacterial contamina-
tion prior to the addition of gentamycin at a final concentration of
100 µg ml�1. Homogenates that remained positive for bacterial growth
after gentamycin treatment were heat treated (80

�
C for 15min, 37

�
C

for 60min and 80
�
C for 15min) and reassessed for bacterial contamina-

tion. Inoculations were only performed with homogenates cleared of
bacterial contamination. PrPSc and PrPCWD levels were assessed in all
homogenates by EIA (HerdChek® CWD Ag Test; IDEXX Laboratories).
Intracerebral inoculations were performed as described by O’Rourke

et al. (2012). Mice were monitored and assessed for the appearance of
clinical signs consistent with TSE disease (e.g. weight loss, lethargy and
kyphosis). Mice were culled at clinical disease (clinical signs observed in
two consecutive weeks or two out of three consecutive weeks) or within
a predetermined endpoint period to limit losses due to intercurrent
health issues (Bruce et al., 2004). Brain was collected at euthanasia and
frozen at�20

�
C.

Survival analysis

Survival time following intracerebral inoculation was defined as the
number of days p.i. to the time of sacrifice due to clinical signs consis-
tent with TSE disease in transgenic mice (Bruce et al., 2004; Di Bari
et al., 2012). Recipient mice terminated for reasons other than clinical
disease (intercurrent health issues or predetermined endpoint) were
considered censored data. Mice removed from the study due to unfore-
seen circumstances (death within 1week of inoculation, cannibalization
by cage mate, cannibalization of a cage mate more than 30days prior to
cull or a facility issue) were not included in the calculation of survival
times or shown in the graphs. The survival function of each inoculum
was determined using the Kaplan–Meier product limit estimation
method (LIFETEST procedure, SAS for Windows version 9.3; SAS Insti-
tute Inc.). Median survival times with 95% confidence limits were
determined by the log (�log) method.

Western blot analysis

Standard Western blot (direct lysis WB). Detection of PrPres by
WB was performed as previously described (O’Rourke et al., 2011,

2012). Briefly, 10% brain homogenates in PBS were diluted by adding

an equal volume of 2� lysis buffer (20mM Tris-HCl pH 7.5; 1% NP-

40, 1% sodium deoxycholate) and incubated with proteinase K (PK).

Goat, sheep, WTD and TgElk brain homogenates were incubated with

50µg ml�1 PK, whereas Tg338 brain homogenates were incubated with

100 µg ml�1 PK for 60min at 37
�
C. Sample loading buffer (2�

NuPAGE LDS Sample Buffer, Invitrogen) was added prior to electro-

phoresis through 12% Bis-Tris protein gels (Invitrogen) followed by

transfer of proteins to PVDF membranes. Membranes were blocked

with Blocker Casein (Pierce/Thermo Scientific) prior to incubation with

the anti-prion antibody F99/97.6.1 (3.5 µg ml�1) (O’Rourke et al., 2000)

and HRP-conjugated goat anti-mouse IgG1 (1 : 5000; Southern Biotech-

nology). Chemiluminescent signal of bound antibody (Amersham ECL;

GE Healthcare) was captured on film (Carestream Health BioMaxÔ

Light Film; Fisher Scientific).

Sodium-phosphotungstic acid Western blot (PTA-WB). Mouse
brain homogenates negative by direct lysis WB were further tested by
PTA-enriched WB analysis (Spraker et al., 2004; Wadsworth et al.,
2001). Briefly, brain homogenate was mixed 1 : 1 with 4% (w/v) Sarko-
syl and incubated at 37

�
C for 15min followed by treatment with 100

µg ml�1 DNase at 37
�
C for 45min. Samples were centrifuged at ~1300 g

for 5min prior to treatment of supernatants with 100 µg ml�1 PK at
37

�
C for 60min. Sodium-PTA (4% w/v Na-PTA in 170mM MgCl2,

pH 7.4) was added to yield a final concentration of 0.3% Na-PTA. Fol-
lowing incubation at 37

�
C for 60min, precipitated PrPres was pelleted

by centrifugation (~20 500 g for 30min) and the final pellet dissolved in
ultrapure water prior to the addition of sample loading buffer, electro-
phoresis, protein transfer to PVDF membrane and detection as
described above.

Molecular mass and glycoform analyses

For molecular mass and glycoform analyses of PrPres in homogenate
samples, WB films were scanned and saved in tiff file format with an
image analyser (Alpha Innotech). Relative molecular mass of di-, mono-

CFIA113

(a)

(b)

CFIA122

CFIA113

CFIA122

0 100 200

TgElk

Tg338

300
Time p.i. (days)

400 500 600

0 100 200 300
Time p.i. (days)

400 500 600

Fig. 5. Transgenic mouse bioassay of CWD derived from experi-
mentally infected sheep. Shown are the outcomes of intracerebral
inoculation of Tg338 (a) or TgElk (b) mice with CWD prions

derived for experimental infections of sheep CFIA113 and
CFIA122. Closed circles, mice culled at the onset of clinical
disease and PrPres detected in the brain; open circles, preclinical

mice (culled due to intercurrent health issues or during the end-
point period with no clinical signs, but PrPres detected in the
brain); open squares, mice with no detectable PrPres in the brain

at the time of cull. Censored data are included. All Tg338 mice
inoculated with sheep brain homogenate harbouring CWD prions
had detectable PrPres in the brain when culled in the endpoint
period. Some of the similarly inoculated TgElk mice were culled

due to the onset of clinical disease just prior to the endpoint
period.
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and unglycosylated PrPres was estimated based on migration of a protein
standard (MagicMarkÔ XP Western Protein Standard; Invitrogen)
included on each blot. Statistical analyses were performed on the
molecular mass of unglycosylated PrPres of three or four replicate meas-
urements for goat, sheep, deer and elk homogenate samples. The fixed
effect of prion disease type was analysed using a general linear mixed
model (PROC GLIMMIX; SAS 9.3; SAS Institute Inc.). Prion disease
types that were considered included WTD with naturally acquired
CWD, elk with naturally acquired CWD, sheep with naturally acquired
scrapie, goats with naturally acquired scrapie, and sheep with experi-
mental CWD derived from elk (sheep-passaged-CWD). The model
included a random effects term for WB as each blot did not include all
homogenates. Post-hoc comparison of fixed effect levels was by least
squares means using stepdown Bonferroni adjustments; these options
correspond to the methods of Holm (1979) for conducting sequentially
rejective multiple comparisons. In addition, the Kenward and Roger
option (kr) was selected for computing denominator degrees of freedom
for tests of the fixed main effect and post-hoc comparisons. Holm-
adjusted P values (P) were considered significant when <0.05.

Densities of di-, mono- and unglycosylated PrPres were estimated using
AlphaEaseFC software (Alpha Innotech). The proportional composition
of the three major PrPres bands is graphically presented on a three-axis
plot generated using the ternary plot feature of JMP software (version
11; SAS Institute Inc.).

ACKNOWLEDGEMENTS

This study was supported by the USDA Agricultural Research Service
under CRIS 2090-32000-030-00. We are grateful to L. Hamburg for
mouse colony management and performing all mouse inoculations
and necropsies. We are appreciative for the day-to-day care of all
mice provided by the WSU-CVM Animal Resource Unit. We are also
thankful for the assistance of L. Fuller and the USDA-ARS-ADRU
animal care staff for the care of sheep and goats; D. Lesiak for assis-
tance with PRNP genotyping in all animals and L. O’Rourke for assis-
tance in the laboratory. Mention of trade names or commercial
products in this article is solely for the purpose of providing specific
information and does not imply recommendation or endorsement by
the US Department of Agriculture.

REFERENCES

Balachandran, A., Harrington, N. P., Algire, J., Soutyrine, A.,

Spraker, T. R., Jeffrey, M., Gonz�alez, L. & O’Rourke, K. I. (2010). Experi-

mental oral transmission of chronic wasting disease to red deer (Cervus ela-

phus elaphus): early detection and late stage distribution of protease-

resistant prion protein. Can Vet J 51, 169–178.

Baron, T., Crozet, C., Biacabe, A. G., Philippe, S., Verchere, J.,

Bencsik, A., Madec, J. Y., Calavas, D. & Samarut, J. (2004). Molecular

analysis of the protease-resistant prion protein in scrapie and bovine

spongiform encephalopathy transmitted to ovine transgenic and wild-type

mice. J Virol 78, 6243–6251.

Beck, K. E., Sallis, R. E., Lockey, R., Simmons, M. M. & Spiropoulos, J.

(2010). Ovine PrP genotype is linked with lesion profile and

immunohistochemistry patterns after primary transmission of classical

scrapie to wild-type mice. J Neuropathol Exp Neurol 69, 483–497.

Beck, K. E., Sallis, R. E., Lockey, R., Vickery, C. M., B�eringue, V.,

Laude, H., Holder, T. M., Thorne, L., Terry, L. A. & other authors

(2012a). Use of murine bioassay to resolve ovine transmissible spongiform

encephalopathy cases showing a bovine spongiform encephalopathy molec-

ular profile. Brain Pathol 22, 265–279.

Beck, K. E., Vickery, C. M., Lockey, R., Holder, T., Thorne, L.,

Terry, L. A., Denyer, M., Webb, P., Simmons, M. M. & Spiropoulos, J.

(2012b). The interpretation of disease phenotypes to identify TSE strains

following murine bioassay: characterisation of classical scrapie. Vet Res 43,

77.

Beck, K. E., Thorne, L., Lockey, R., Vickery, C. M., Terry, L. A.,

Bujdoso, R. & Spiropoulos, J. (2013). Strain typing of classical scrapie by

transgenic mouse bioassay using protein misfolding cyclic amplification to

replace primary passage. PLoS One 8, e57851.

B�eringue, V., Herzog, L., Jaumain, E., Reine, F., Sibille, P., Le Dur, A.,

Vilotte, J. L. & Laude, H. (2012). Facilitated cross-species transmission of

prions in extraneural tissue. Science 335, 472–475.

Browning, S. R., Mason, G. L., Seward, T., Green, M., Eliason, G. A.,

Mathiason, C., Miller, M. W., Williams, E. S., Hoover, E. & Telling, G. C.

(2004). Transmission of prions from mule deer and elk with chronic wast-

ing disease to transgenic mice expressing cervid PrP. J Virol 78, 13345–

13350.

Bruce, M. E. (2003). TSE strain variation. Br Med Bull 66, 99–108.

Bruce, M. E., Boyle, A. & McConnell, I. (2004). TSE strain typing in mice.

In Techniques in Prion Research, pp. 132–146. Edited by S. Lehmann &

J. Grassi. Basel, Switzerland: Birkhauser Verlag.

Bruce, M. E., Boyle, A., Cousens, S., McConnell, I., Foster, J.,

Goldmann, W. & Fraser, H. (2002). Strain characterization of natural

sheep scrapie and comparison with BSE. J Gen Virol 83, 695–704.

Chong, A., Kennedy, I., Goldmann, W., Green, A., Gonz�alez, L.,

Jeffrey, M. & Hunter, N. (2015). Archival search for historical atypical scra-

pie in sheep reveals evidence for mixed infections. J Gen Virol 96, 3165–

3178.

Cordier, C., Bencsik, A., Philippe, S., B�etemps, D., Ronzon, F., Calavas, D.,

Crozet, C. & Baron, T. (2006). Transmission and characterization of bovine

spongiform encephalopathy sources in two ovine transgenic mouse lines

(TgOvPrP4 and TgOvPrP59). J Gen Virol 87, 3763–3771.

Crozet, C., Flamant, F., Bencsik, A., Aubert, D., Samarut, J. & Baron, T.

(2001). Efficient transmission of two different sheep scrapie isolates in

transgenic mice expressing the ovine PrP gene. J Virol 75, 5328–5334.

Di Bari, M. A., Nonno, R. & Agrimi, U. (2012). The mouse model for scra-

pie: inoculation, clinical scoring, and histopathological techniques.Methods

Mol Biol 849, 453–471.

Douet, J. Y., Lacroux, C., Corbi�ere, F., Litaise, C., Simmons, H.,

Lugan, S., Costes, P., Cassard, H., Weisbecker, J. L. & other authors

(2014). PrP expression level and sensitivity to prion infection. J Virol 88,

5870–5872.

Duque Vel�asquez, C., Kim, C., Herbst, A., Daude, N., Garza, M. C.,

Wille, H., Aiken, J. & McKenzie, D. (2015). Deer prion proteins modulate

the emergence and adaptation of chronic wasting disease strains. J Virol 89,

12362–12373.

Gonz�alez, L., Thorne, L., Jeffrey, M., Martin, S., Spiropoulos, J.,

Beck, K. E., Lockey, R. W., Vickery, C. M., Holder, T. & Terry, L. (2012).

Infectious titres of sheep scrapie and bovine spongiform encephalopathy

agents cannot be accurately predicted from quantitative laboratory test

results. J Gen Virol 93, 2518–2527.

Haley, N. J. & Hoover, E. A. (2015). Chronic wasting disease of cervids:

current knowledge and future perspectives. Annu Rev Anim Biosci 3, 305–

325.

Hamir, A. N., Kunkle, R. A., Cutlip, R. C., Miller, J. M., Williams, E. S. &

Richt, J. A. (2006). Transmission of chronic wasting disease of mule deer

to Suffolk sheep following intracerebral inoculation. J Vet Diagn Invest 18,

558–565.

Holm, S. (1979). A simple sequentially rejective multiple test procedure.

Scand J Statist 6, 65–70.

Jeon, Y. C., Choi, J. K., Choi, E. K., Carp, R. I. & Kim, Y. S. (2013). Patho-

logical characterization of TgElk mice injected with brain homogenate from

elk with chronic wasting disease. J Vet Sci 14, 21–26.

http://jgv.microbiologyresearch.org 2459

CWD versus scrapie in transgenic mice



Konold, T. & Phelan, L. (2014). Clinical examination protocol to detect

atypical and classical scrapie in sheep. J Vis Exp e51101.

LaFauci, G., Carp, R. I., Meeker, H. C., Ye, X., Kim, J. I., Natelli, M.,

Cedeno, M., Petersen, R. B., Kascsak, R. & Rubenstein, R. (2006). Pas-

sage of chronic wasting disease prion into transgenic mice expressing Rocky

Mountain elk (Cervus elaphus nelsoni) PrPC. J Gen Virol 87, 3773–3780.

Langevin, C., Andr�eoletti, O., Le Dur, A., Laude, H. & B�eringue, V.

(2011). Marked influence of the route of infection on prion strain

apparent phenotype in a scrapie transgenic mouse model. Neurobiol Dis

41, 219–225.

Laude, H., Vilette, D., Le Dur, A., Archer, F., Soulier, S., Besnard, N.,

Essalmani, R. & Vilotte, J. L. (2002). New in vivo and ex vivo models for

the experimental study of sheep scrapie: development and perspectives. C R

Biol 325, 49–57.

Lee, Y. H., Sohn, H. J., Kim, M. J., Kim, H. J., Park, K. J., Lee, W. Y.,

Yun, E. I., Tark, D. S., Choi, Y. P. & other authors (2013). Experimental

chronic wasting disease in wild type VMmice. J Vet Med Sci 75, 1107–1110.

Mitchell, G., Yogasingam, N., Walther, I. & Balachandran, A. (2015).

Experimental transmission of chronic wasting disease to sheep and goats.

Prion 9, S48.

O’Rourke, K. I., Baszler, T. V., Besser, T. E., Miller, J. M., Cutlip, R. C.,

Wells, G. A., Ryder, S. J., Parish, S. M., Hamir, A. N. & other authors

(2000). Preclinical diagnosis of scrapie by immunohistochemistry of third

eyelid lymphoid tissue. J Clin Microbiol 38, 3254–3259.

O’Rourke, K. I., Spraker, T. R., Hamburg, L. K., Besser, T. E.,

Brayton, K. A. & Knowles, D. P. (2004). Polymorphisms in the prion pre-

cursor functional gene but not the pseudogene are associated with suscepti-

bility to chronic wasting disease in white-tailed deer. J Gen Virol 85, 1339–

1346.

O’Rourke, K. I., Zhuang, D., Truscott, T. C., Yan, H. & Schneider, D. A.

(2011). Sparse PrP(Sc) accumulation in the placentas of goats with

naturally acquired scrapie. BMC Vet Res 7, 7.

O’Rourke, K. I., Schneider, D. A., Spraker, T. R., Dassanayake, R. P.,

Highland, M. A., Zhuang, D. & Truscott, T. C. (2012). Transmissibility of

caprine scrapie in ovine transgenic mice. BMC Vet Res 8, 42.

Prusiner, S. B. (1982).Novel proteinaceous infectious particles cause scra-

pie. Science 216, 136–144.

Race, R. E., Raines, A., Baron, T. G., Miller, M. W., Jenny, A. &

Williams, E. S. (2002). Comparison of abnormal prion protein glycoform

patterns from transmissible spongiform encephalopathy agent-infected

deer, elk, sheep, and cattle. J Virol 76, 12365–12368.

Ryou, C. (2007). Prions and prion diseases: fundamentals and mechanistic

details. J Microbiol Biotechnol 17, 1059–1070.

Schneider, K., Fangerau, H., Michaelsen, B. & Raab, W. H. (2008). The

early history of the transmissible spongiform encephalopathies exemplified

by scrapie. Brain Res Bull 77, 343–355.

Spraker, T. R., Balachandran, A., Zhuang, D. & O’Rourke, K. I. (2004).

Variable patterns of distribution of PrP(CWD) in the obex and cranial

lymphoid tissues of Rocky Mountain elk (Cervus elaphus nelsoni) with sub-

clinical chronic wasting disease. Vet Rec 155, 295–302.

Stack, M. J., Balachandran, A., Chaplin, M., Davis, L., Czub, S. &

Miller, B. (2004). The first Canadian indigenous case of bovine spongiform

encephalopathy (BSE) has molecular characteristics for prion protein that

are similar to those of BSE in the United Kingdom but differ from those of

chronic wasting disease in captive elk and deer. Can Vet J 45, 825–830.

Tamgüney, G., Giles, K., Bouzamondo-Bernstein, E., Bosque, P. J.,

Miller, M. W., Safar, J., DeArmond, S. J. & Prusiner, S. B. (2006). Trans-

mission of elk and deer prions to transgenic mice. J Virol 80, 9104–9114.

Tamgüney, G., Miller, M. W., Giles, K., Lemus, A., Glidden, D. V.,

DeArmond, S. J. & Prusiner, S. B. (2009). Transmission of scrapie and

sheep-passaged bovine spongiform encephalopathy prions to transgenic

mice expressing elk prion protein. J Gen Virol 90, 1035–1047.

Thackray, A. M., Hopkins, L., Spiropoulos, J. & Bujdoso, R. (2008).

Molecular and transmission characteristics of primary-passaged ovine scra-

pie isolates in conventional and ovine PrP transgenic mice. J Virol 82,

11197–11207.

Thackray, A. M., Hopkins, L., Lockey, R., Spiropoulos, J. & Bujdoso, R.

(2011a). Emergence of multiple prion strains from single isolates of ovine

scrapie. J Gen Virol 92, 1482–1491.

Thackray, A. M., Hopkins, L., Lockey, R., Spiropoulos, J. & Bujdoso, R.

(2011b). Propagation of ovine prions from “poor” transmitter scrapie iso-

lates in ovine PrP transgenic mice. Exp Mol Pathol 92, 167–174.

Thackray, A. M., Lockey, R., Beck, K. E., Spiropoulos, J. & Bujdoso, R.

(2012). Evidence for co-infection of ovine prion strains in classical scrapie

isolates. J Comp Pathol 147, 316–329.

Tixador, P., Herzog, L., Reine, F., Jaumain, E., Chapuis, J., Le Dur, A.,

Laude, H. & B�eringue, V. (2010). The physical relationship between

infectivity and prion protein aggregates is strain-dependent. PLoS Pathog 6,

e1000859.

Vilotte, J. L., Soulier, S., Essalmani, R., Stinnakre, M. G., Vaiman, D.,

Lepourry, L., Da Silva, J. C., Besnard, N., Dawson, M. & other authors

(2001). Markedly increased susceptibility to natural sheep scrapie of trans-

genic mice expressing ovine prp. J Virol 75, 5977–5984.

Vulin, J., Beck, K. E., Bencsik, A., Lakhdar, L., Spiropoulos, J. &

Baron, T. (2012). Selection of distinct strain phenotypes in mice infected

by ovine natural scrapie isolates similar to CH1641 experimental scrapie.

J Neuropathol Exp Neurol 71, 140–147.

Wadsworth, J. D., Joiner, S., Hill, A. F., Campbell, T. A., Desbruslais, M.,

Luthert, P. J. & Collinge, J. (2001). Tissue distribution of protease

resistant prion protein in variant Creutzfeldt–Jakob disease using a highly

sensitive immunoblotting assay. Lancet 358, 171–180.

Williams, E. S. & Young, S. (1980). Chronic wasting disease of captive

mule deer: a spongiform encephalopathy. J Wildl Dis 16, 89–98.

2460 Journal of General Virology 97

S. A. Madsen-Bouterse and others


