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Abstract 

Background: Chronic wasting disease (CWD) is a prion disease of cervids first reported in North America in the 
1960s. In Europe, CWD was first diagnosed in 2016 in a wild reindeer in Norway. Detection of two more cases in the 
same mountain area led to the complete culling of this partially confined reindeer population of about 2400 animals. 
A total of 19 CWD positive animals were identified. The affected area is extensively used for the grazing of sheep dur-
ing summers. There are many mineral licks intended for sheep in the area, but these have also been used by reindeer. 
This overlap in area use raised concerns for cross-species prion transmission between reindeer and sheep. In this 
study, we have used global positioning system (GPS) data from sheep and reindeer, including tracking one of the 
CWD positive reindeer, to investigate spatial and time-relevant overlaps between these two species. Since prions can 
accumulate in lymphoid follicles following oral uptake, samples of gut-associated lymphoid tissue (GALT) from 425 
lambs and 78 adult sheep, which had grazed in the region during the relevant timeframe, were analyzed for the pres-
ence of prions. The recto-anal mucosa associated lymphoid tissue (RAMALT) from all the animals were examined by 
histology, immunohistochemistry (IHC) and enzyme-linked immunosorbent assay (ELISA), and the ileal Peyer’s patch 
(IPP) from a subsample of 37 lambs were examined by histology and IHC, for the detection of prions.

Results: GPS data showed an overlap in area use between the infected reindeer herd and the sheep. In addition, 
the GPS positions of an infected reindeer and some of the sampled sheep showed temporospatial overlap. No prions 
were detected in the GALT of the investigated sheep even though the mean lymphoid follicle number in RAMALT and 
IPP samples were high.

Conclusion: The absence of prions in the GALT of sheep that have shared pasture with CWD-infected reindeer, may 
suggest that transmission of this novel CWD strain to sheep does not easily occur under the conditions found in these 
mountains. We document that the lymphoid follicle rich RAMALT could be a useful tool to screen for prions in sheep.
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Background
Chronic wasting disease (CWD) is a fatal neurodegen-
erative, contagious prion disease affecting members of 
the Cervidae family [1]. Like classical scrapie in sheep 
and goats, CWD spreads horizontally between individu-
als by direct contact or indirectly in the contaminated 
environment [2]. The causative agent for all prion dis-
eases is a misfolded form  (PrPSc, or prions) of the host’s 
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normal cellular prion protein  (PrPC).  PrPSc accumulates 
in the central nervous system (CNS), and in some cases 
in peripheral organs and is the pathognomonic marker 
for prion disease [3, 4].

CWD was first described in mule deer (Odocoileus 
hemionus) in Colorado in the 1960s [5]. Since then, the 
disease has been discovered among free-ranging and 
farmed deer in at least 26 states in the USA and in three 
Canadian provinces, affecting white-tailed deer (Odoc-
oileus virginianus), elk (Cervus elaphus nelsoni) [6], and 
occasionally moose (Alces alces) [7], in addition to mule 

deer. The disease has also been detected in South Korea, 
traced back to the importation of elk from Canada [8]. In 
2016, CWD was diagnosed in a wild reindeer in the Nor-
dfjella mountain region in Norway [9]. This was the first 
time the disease was found in Europe and was also the 
first natural case observed in reindeer.

Nordfjella is a mountainous area in South Norway 
(Fig. 1A), which was defined by the authorities as “man-
agement area” following the CWD outbreak. Within this 
area there are two important subareas: zone 1, the area 
of the CWD outbreak, and zone 2, in which a smaller 

Fig. 1 Nordfjella CWD management area, sheep and reindeer density and movements A. Location of Nordfjella CWD management area in 
Norway. Zone 1 is marked in red and zone 2 is marked in green. B Density of sheep released within the sheep grazing districts of Nordfjella in 
the spring of 2017. The zone 1 reindeer management area is outlined in blue. The sheep grazing districts Fødalen and Lærdal where the sampled 
sheep were grazing are marked with dotted black lines (Data source: Organisert beitebruk/NIBIO, https:// kilden. nibio. no). C Estimated reindeer 
area use in Nordfjella zone 1 based on GPS locations from marked reindeer (26 females and 5 males) during 2007–2018. The more intense the red 
color, the more intense the area use. Sheep grazing districts Lærdal and Fødalen are marked with solid black lines. D GPS locations of adult female 
sheep (n = 5, corresponding to 10 individual grazing seasons) from the Lærdal grazing district included in the study (black dots and lines) and a 
CWD-positive reindeer that was marked on the 29th of March and culled the 21st of June 2017 (red dots and lines) showing overlapping area use. 
The dots in this figure represent individual positions of the animals, while the lines show the borders of the total area that was used by an individual 
animal per season

https://kilden.nibio.no
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reindeer herd is still present (Fig. 1A). Since the affected 
population in zone 1 was partly confined, the population 
was removed from the area by combined hunting and 
culling during autumn 2017 and winter 2018 to prevent 
the spread of the disease to zone 2 and further spread 
to, not only the adjacent wild reindeer population on the 
Hardanger mountain plateau, but also to semi-domesti-
cated reindeer in the north, and other cervid species in 
the surrounding valleys. All reindeer from zone 1 were 
tested for CWD and 19 of the 2424 animals tested were 
positive (0.8%). The mean age of the affected reindeer 
was 3.8 years [10].

Subsequent to the initial identification of conta-
gious CWD in reindeer, CWD has also been observed 
in moose in Norway (n = 9, all were 12  years or older), 
Finland (n = 2) and Sweden (n = 4) (for all Nordic cases 
the mean age was 14,5 years), in addition to three cases 
in red deer (Cervus elaphus) in Norway. It has not been 
possible to establish any epidemiological connections 
between the outbreak in reindeer and the cases in moose 
and red deer [11]. Further investigations, including prion 
strain characterization in bioassays, have established that 
the red deer and moose cases represent prions strains 
that are different from each other. They also differ from 
Norwegian reindeer CWD and from CWD strains in 
North America [12, 13]. They are thought to represent 
sporadic prion disease as has been described in other 
species, rather than contagious CWD [14–16]. In 2020, 
a new case of contagious CWD was discovered in a wild 
reindeer on the Hardanger mountain plateau south of 
Nordfjella [17], representing a new geographical region 
for infection. As of April 2022, no additional cases have 
been found amongst the 5547 reindeer tested from this 
region [18].

Nordfjella is a high-quality grazing area for sheep. It is 
divided into smaller grazing districts, which are used by 
both local and distant farms, with hundreds of perma-
nent mineral licks established throughout the area [19]. 
During the summer of 2017, approximately 70,000 sheep 
were released into the area and 52,000 of these grazed in 
zone 1. The density of sheep within the zone varies, with 
some grazing districts such as Fødalen having a density 
close to 100 sheep/km2, while other districts as Lærdal 
has a lower sheep density of around 20 sheep/km2 [19] 
(Fig. 1B). Data from on-going research in Nordfjella and 
other regions show that mineral licks also attract reindeer 
and other cervids, not just sheep, leading to considerable 
indirect interactions between these species (Fig. 2). After 
the detection of CWD, some of the mineral licks were 
fenced off and closed permanently, whereas the remain-
ing mineral licks were fenced, but equipped with open-
ings that were thought to allow sheep to pass, but not 
cervids. This did not work as planned, since both reindeer 

and red deer were able to crawl through the openings and 
gain access to the mineral licks [19], and the openings 
were eventually closed. It is likely that both mineral licks 
[20] and water [21] can serve as environmental reservoirs 
for CWD prions and facilitate their spread and transmis-
sion potential.

The close interaction between reindeer and sheep in 
Nordfjella has raised concerns regarding potential inter-
species transmission of CWD, an event that would have 
far-reaching social and economic implications. The pos-
sibility of propagation of CWD prions in sheep, which 
return to home farms and could spread the disease, 
would be exceedingly challenging to discover and control. 
It is therefore important to identify and characterize the 
degree of contact and overlap between sheep and rein-
deer in zone 1 in Nordfjella, and to test sheep that have 
grazed in the area for prion uptake and accumulation.

Definite diagnosis of prion disease in animals is based 
on the detection of prions in the CNS or lymphoid tis-
sue by ELISA, immunohistochemistry and/or Western 
blot tests [22]. In early subclinical cases of scrapie or BSE 
in sheep, prions in the brain are sparse or not detectable 

Fig. 2 Sheep and reindeer visiting the same mineral lick site in 
Nordfjella zone 2 in 2018. The two pictures were taken by a camera 
trap four hours apart. At the mineral lick sites, the animals lick the salt 
stone and other surfaces, as well as ingesting soil, and grazing. They 
are consequently exposed to saliva, urine, and feces from previous 
visitors. The fences were supposed to keep reindeer and other cervids 
outside the salt lick site, while allowing sheep to crawl through the 
40 cm × 53, 5 cm openings. This did not work as planned and the 
openings were subsequently closed later that same year
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[23–25], while there can be a significant accumulation of 
prions in peripheral lymphoid tissues [26, 27]. In sheep 
with scrapie [28, 29] and cervids with CWD [30, 31] oral 
exposure leads to uptake and early accumulation of pri-
ons in the gut associated lymphoid tissue (GALT), drain-
ing lymph nodes and the enteric nervous system (ENS). 
In naturally infected and highly susceptible lambs, scra-
pie prions have been detected in the ileal Peyer’s patches 
(IPP) and the mesenteric lymph nodes as early as two 
months of age [32]. Another study of natural scrapie 
infection described accumulation of prions in the IPP of 
three-month-old lambs harboring other, less susceptible 
prion protein (PrP) genotypes [25]. Thus, early detec-
tion of prions in subclinical animals is possible through 
the examination of lymphoid tissues. Lymphoid tis-
sues which are available to sample via minimally inva-
sive procedures include the 3rd eyelid [33], tonsils [34], 
and the recto-anal mucosa associated lymphoid tissue 
(RAMALT) [35, 36]. RAMALT is found just proximal 
to the mucocutaneous border of the anal opening and is 
rich in lymphoid follicles [37]. Its distal and easily acces-
sible location makes it an attractive sampling area for the 
diagnosis of prion disease both in live animals [38, 39] as 
well as at post-mortem [35].

This study aims to investigate environmental expo-
sure to prions, with possible uptake and aggregation in 
lymphoid tissues, in sheep that have grazed in the areas 
used by the CWD affected reindeer population in Nor-
dfjella, Norway. Firstly, we investigated overlaps in area 
usage between sheep and reindeer before examining 
GALT (RAMALT and IPP) from slaughtered sheep from 
two grazing districts for prions. We hypothesized that 
although there is considerable overlap in area use and 
multiple meeting points with potential for transmission, 
CWD prions are not transmitted from reindeer to sheep.

Methods
Animals
The majority of the material sampled was from sheep 
that grazed in Fødalen grazing district where approxi-
mately 3200 sheep were on summer pasture in 2018. 
Out of these, 475 animals (~ 15%) were sampled during 
slaughtering at the Nortura Gol abattoir on September 
 2nd, 2018. Based on data available from the slaughter list 
and ear tags, 45 animals (9.4%) were adults, with the old-
est being 8 years old and the remaining 430 animals being 
lambs. All lambs had grazed one summer (typically mid-
June to early September) in Fødalen valley in Nordfjella 
zone 1 (Fig. 1B), while most of the adult sheep had most 
likely grazed more than one summer in the region. In 
addition, nine adult sheep from the Lærdal sheep graz-
ing district were sampled at the Nortura Førde abattoir in 
March 2020, and a further 19 adult sheep were sampled 

in October 2020. These adult sheep had grazed Nordfjella 
zone 1 for one summer or more while reindeer were still 
present (Fig. 1B). A summary of the number of sampled 
animals and age groups is presented in Table 1. The man-
agement of the abattoirs and the farmers had given their 
consent to perform the sampling.

Sampling procedure
Immediately following slaughter, the terminal part of rec-
tum was removed, by making a circular incision around 
the anus as with standard slaughtering procedures. The 
follicle-rich lymphoid tissue, RAMALT, was sampled by 
cutting a rectangular area of mucosa from the mucocu-
taneous junction of the rectum and extending the cut 
approximately 2  cm cranially with a scalpel [36]. The 
RAMALT tissue samples were then divided in half hori-
zontally. One half was fixed in 4% formaldehyde solution, 
and the second half was placed in an individually labelled 
plastic bag and frozen at − 70 °C until analysis. In addi-
tion, a section of the ileum, containing IPP, was taken 
from 37 of the lambs from the Fødalen grazing district 
and fixed in 4% formaldehyde solution.

Histology
The formaldehyde fixed samples were prepared for sec-
tioning by orientating them perpendicular to the surface 
in a longitudinal direction prior to dehydration in graded 
ethanol and embedding in paraffin. Three µm sections 
were taken, transferred to glass slides, deparaffinized, and 
stained with hematoxylin and eosin for histological anal-
ysis. The number of lymphoid follicles were counted on 
low magnification. Samples with six or more lymphoid 
follicles were categorized as “sufficient”, while those with 
less than six lymphoid follicles were categorized as “insuf-
ficient” [40]. In rectum sections, the presence or absence 
of cutaneous stratified squamous epithelium (SSE) was 
also noted as an indicator for the location of sampling 
with relation to the recto-anal junction [38]. If present, 
the amount of SSE was judged subjectively. The scoring 
for SSE was as follows: 0, no SSE present; 1, < 50% of the 
section was covered with SSE; 2, > 50% of the section was 
covered with SSE.

Table 1 Age distribution of the sampled sheep from Nordfjella 
at the time of slaughter

Age in years N Percentage 
of total

0.5 430 85.5

1–3 23 4.5

4–6 30 6

 > 6 20 4

Total 503 100%
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Immunohistochemistry
Paraffin-embedded samples were sectioned at three µm 
and placed on positively charged glass slides (Superfrost 
 Plus®, Menzel-Gläser, Thermo Scientific, Oslo, Norway). 
The sections were deparaffinized with xylene and graded 
ethanol in decreasing concentrations and then immersed 
in 98% formic acid for 15 min prior to incubation in a cit-
rate buffer bath (pH 6) for 15  min at 121  °C. Following 
cooling, endogenous peroxidase activity was inhibited by 
3%  H2O2 diluted in methanol for 15  min, and non-spe-
cific binding sites were blocked with 1:50 goat N-serum 
in 5% bovine serum albumin (BSA) for 20 min. The sam-
ples were then incubated with the primary PrP antibody 
F99/97.6.1 (VMRD, Pullman, Washington, USA) diluted 
1:800 with BSA 1% for 60 min at room temperature. The 
remaining procedure was performed using a commercial 
kit (Envison + K4005, Agilent Dako, California, USA). 
The secondary antibody conjugated to horseradish per-
oxidase (HRP) was applied for 30 min, and signals were 
visualized by incubating the slides in 3-amino-9-ethylcar-
bazole (AEC) for 10 min. Counterstaining was performed 
with hematoxylin for 1 min. Each run included one scra-
pie-positive control and one negative control, in addition 
to a methodological control in which the primary anti-
body was substituted with 1% BSA.

Enzyme‑linked immunosorbent assay (ELISA)
All RAMALT tissues were stored at − 70 °C prior to anal-
ysis. ELISA analysis was performed using a commercial 
kit validated for scrapie and BSE detection in the brain, 
spleen, and lymphoid tissue (HerdChek* Bovine Spongi-
form Encephalopathy-Scrapie Antigen Test Kit, IDEXX 
Laboratories, Inc., Westbrook, ME, USA). Approximately 
300 mg of RAMALT tissue was cut into small pieces and 
placed in the grinding tube provided in the test kit for tis-
sue homogenization. The samples were then subjected to 
4 cycles of 30 s each at 6.5 m/s using a ribolyser (FastPrep 
fp120 cell disruptor; Thermo Savant, USA). The samples 
were allowed to cool for 5 min between each cycle. The 
remaining procedure was performed according to the 
manufacturer’s instructions. Briefly, 100  µL of the sam-
ple homogenate was added to a dilution plate well along 
with 50 µL diluent and mixed gently. A 100 µL subsample 
from each dilution plate well was pipetted into wells on 
the antigen capture plate and incubated at room temper-
ature for 2 h. The wells were washed seven times with the 
wash solution provided in the kit. The conditioner buffer 
was then added to each well and the plate was incubated 
for 10 min at room temperature. After washing the wells 
three more times, the conjugate was added, and the plate 
incubated for 60  min at room temperature. The wells 
were then washed five times. After the addition of 100 µL 

substrate, the plate was incubated for 15  min at room 
temperature. Finally, an acid stop solution was added, 
and the optical density of the samples was read at 450 nm 
and 620  nm using an automated 96-well spectropho-
tometer (Thermo Scientific Multiskan go, ThermoFisher, 
USA). The cut-off values were calculated by adding 0.180 
to the mean optical density of the two negative controls 
in each plate. Samples with a value above the calculated 
cut-off were deemed positive, while samples with a value 
under the cut-off were negative.

Overlap in reindeer and sheep area usage
Reindeer location data was collected in total from 29 
reindeer (24 females, five males) outfitted with global 
positioning system (GPS) collars (Vectronics GPS + and 
GPS PRO LIGHT) at various time points from 2007 until 
the Nordfjella zone 1 herd was culled in 2018. The GPS 
collars were put on in the winter after chemical immobi-
lization, following standard procedures at the Norwegian 
Institute for Nature Research approved by the Norwegian 
Animal Research Authority (application identity num-
bers (FOTS id) 2375, 3993, 6052 and 8558). The GPS data 
was recorded as one location every three hours.

The intensity of reindeer area use was estimated using 
fixed kernel utility distribution (UD) with a bivariate nor-
mal kernel and 0.4*h as the smoothing parameter, based 
on the adehabitatHR library [41] in R (https:// www.R- 
proje ct. org/). The smoothing parameter was selected 
using a method proposed by Kie [42], sequentially reduc-
ing the reference bandwidth ‘h’ with 0.1 increments 
(0.9*h, 0.8*h, etc.) until balancing a close fit to original 
GPS locations and avoiding fragmentation.

Sheep location data from five of the abattoir sampled 
ewes belonging to the Lærdal grazing district and outfit-
ted with GPS collars (Findmy Model1) during the sum-
mer seasons 2016–2020 were included in the study. 
These data corresponded to 10 individual grazing seasons 
as some of the sheep carried the GPS collar for more than 
one season. To evaluate overlap in area usage between 
these sheep and a GPS collared reindeer with verified 
CWD (data collected in the period 29 March 2017–21 
June 2017), individual seasonal home ranges were esti-
mated using 100% Minimum Convex Polygons (MCPs). 
The use of mineral lick sites by sheep and wildlife was 
monitored using motion-triggered camera traps (Rec-
ognyx XP9 UltraFire and Browning Strike Force HD).

Statistical analysis
For statistical analysis of histological findings in 
RAMALT and IPP slides, a one-way ANOVA with 
Tukey post hoc test and t-test were performed using 
GraphPad Prism version 6.07 for Windows (GraphPad 
Software, San Diego, California USA, www. graph pad. 

https://www.R-project.org/
https://www.R-project.org/
http://www.graphpad.com
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com). Microsoft Excel (v.16.0.13801.20442) was used for 
descriptive statistics.

Results
Histology and immunohistochemistry
In total, 503 RAMALT sections comprising 12,746 lym-
phoid follicles were analyzed (Fig. 3A). A minority of the 
sections came from adult sheep that had grazed one or 
more seasons in Nordfjella (14.5% of all samples) and the 
remaining were from lambs (85.5%) that had only grazed 
for one season. All lambs had grazed in Fødalen while 
adult sheep came from either Lærdal or Fødalen sheep 
grazing districts (Fig.  1B). None of the histological sec-
tions, when stained with the F99/97.6.1 antibody showed 
immunolabeling indicative of the presence of prions.

The mean number of lymphoid follicles per section of 
RAMALT was 22.6 (95% CI 21.2–23.9). However, 16.3% 
(82/503) of the sections examined had less than six fol-
licles (insufficient) and 3.7% (19/503) contained no folli-
cles (Table 2). All the IPP sections were rich in lymphoid 

follicles (Fig. 3B) with the mean number being 37.8 (95% 
CI 33.5–42). The number of lymphoid follicles per sec-
tion was significantly higher in IPP compared with 
RAMALT (P < 0.01) (Fig. 4).

The total area of SSE covering the section was subjec-
tively estimated as being above or below 50%. The major-
ity of the Sects.  (308/503) contained SSE which covered 
less than 50% of the tissue (SSE1) (Fig. 3A), and the mean 
number of follicles in this material was 25.5 (95% CI 
23.7–27.2). There were significant differences between 
the follicle counts in samples with less than 50% SSE 
coverage and those without SSE coverage (mean follicle 
count 18.1; 95% CI 16.1–20.2), but no significant differ-
ences with samples with more than 50% SSE coverage 
(mean follicle count 13.5; 95% CI 2.3–24.7), (Table  3; 
Fig. 4).

ELISA
PrPSc ELISA was performed on 515 RAMALT samples 
bordering the histological samples, 12 more than were 

Fig. 3 Representative histological sections of sampled gut-associated lymphoid tissue from sheep sampled at slaughter from the nordfjella region, 
norway. A Sheep rectum: a RAMALT section that contains less than 50% stratified squamous epithelium (SSE). Lymphoid follicles (LF) are found next 
to the mucocutaneous junction (arrows) B. Sheep ileum (IPP): the lymphoid follicles (LF) in the ileal Peyer’s patch are elongated and more densely 
packed in comparison to the RAMALT. M—mucosa. Hematoxylin and eosin, magnification 250x

Table 2 Comparison of the number of lymphoid follicles (LF) between rectum (RAMALT) and ileal Peyer’s patch (IPP) in sheep from 
the Nordfjella region in Norway, sampled at slaughter in 2018 and 2020

n number of samples

Sample type n Mean LF 95% CI Median LF Samples containing < 6 
LF (%)

Samples 
without LF 
(%)

RAMALT 503 22.6 21.2–23.9 21 82 (16.3%) 19 (3.7%)

IPP 37 37.5 33.5–42 36 0 0

http://www.graphpad.com
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analyzed histologically and by immunohistochemistry. 
The identifying number on 12 of the histological sam-
ples was not legible and these samples were therefore 
excluded from histological analysis, resulting in this dis-
crepancy. The values of all samples analyzed by  PrPSc 
ELISA were lower than the estimated cutoff value and 
were therefore considered to be negative.

Overlap in reindeer and sheep area usage
We identified area usage overlaps between reindeer and 
sheep at all the spatial scales investigated. There was his-
torical area usage by the diseased reindeer population 
in both the Lærdal and Fødalen sheep grazing districts. 
There was overlap between the area covered by a CWD 
infected reindeer individual that was GPS tracked during 
spring 2017 and the five GPS tracked ewes during sum-
mer grazing periods 2016–2020. Lastly, there was spa-
tiotemporal overlap in the utilization of local resources 
(Figs.  1B–D). The two sheep grazing districts that were 
sampled had relatively high to very high densities of 

sheep (Fig.  1B) and were districts that had been exten-
sively used by reindeer before they were culled (Fig. 1C).

Sheep and reindeer both visited the highly attrac-
tive mineral lick sites and licked or gnawed on soil and 
other surfaces (Fig. 2). Consequently, they were exposed 
to saliva, urine, feces, and other excretions from previ-
ous visitors to the lick sites, potentially also from infected 
reindeer shedding prions.

Discussion
The present study was performed in response to the 
recent outbreak of CWD amongst reindeer in Norway. 
The outbreak raised concerns about the potential spread 
of CWD to wildlife and to the high number of sheep that 
graze in the region of the affected reindeer population. 
This concern still exists despite the depopulation of the 
reindeer in Nordfjella zone 1 [19] since prions have been 
shown to maintain infectivity in the environment for a 
long time [43–45].

The potential transmission of CWD from reindeer 
to sheep will depend on the degree of habitat overlap 
between the two species. Given that such overlap exists, 
factors like the amount of prions available in the environ-
ment [46], to which degree sheep ingest contaminated 
material (by licking contaminated surfaces or ingesting 
contaminated food, soil, or water) and the ability of pri-
ons to infect and propagate in new host species [20, 32], 
are important. Studies of several cervid species in North 
America have shown that prions are present in peripheral 
tissues and shed in saliva and urine [47], feces [48], and 
antler velvet [49]. A similar tissue distribution of prions 
was found in the Norwegian reindeer cases [9], suggest-
ing that shedding of such infectious material also occurs 
with these animals. Environmental contamination of 

Fig. 4 Distribution of lymphoid follicles in the RAMALT and IPP in sheep A. Distribution of lymphoid follicles in the different scoring groups based 
on the amount of stratified squamous epithelium (SSE) present in RAMALT sections. The number of follicles is significantly different between SSE0 
and SSE1. B Distribution of lymphoid follicles in the RAMALT and IPP. SSE0 – No SSE present. SSE1—< 50% SSE. SSE2—> 50% SSE. Whiskers represent 
the minimum and maximum number of lymphoid follicles. The box represents the 2nd and 3rd quartiles. The middle bar is median, + is mean. The 
dots represent individual samples

Table 3 Number of lymphoid follicles (LF) and amount of 
stratified squamous epithelium (SSE) in RAMALT sections in 
sheep from the Nordfjella region in Norway, sampled at slaughter 
in 2018 and 2020

n number of samples. SSE 0—No SSE present. SSE 1—< 50% SSE. SSE 2—> 50% 
SSE

n Mean LF 95% CI Median LF Number of 
samples with < 6 
LF (%)

SSE 0 189 18.1 16.1–20.2 17 52 (27.5%)

SSE 1 308 25.5 23.7–27.2 24 28 (9%)

SSE 2 6 13.5 2.3–24.7 15 2 (33%)

Totals 503 22.6 21 82 (16.3%)
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prions will depend on the number of infected animals, 
but other factors such as climate and soil characteris-
tics [50–52] will impact the availability and persistence 
of prions in the environment. The high degree of over-
lapping area use between the affected reindeer herd and 
the sampled sheep populations (Fig. 1) and the presence 
of numerous mineral lick sites (Fig. 2), which have been 
regarded as high-risk spots for environmental prion con-
tamination and potential cross-species transmission [20, 
53, 54], indicate that some of the sampled sheep probably 
have been exposed to CWD prions.

In the present study we sought to find evidence of a 
reindeer to sheep transmission, under natural condi-
tions. Such evidence was not obtained with the methods 
applied, despite investigating more than 500 sheep that 
had grazed in areas also used by the infected reindeer 
population. Around 85% of the available sheep examined 
for prion uptake were lambs born during March/April 
and sampled in September the same year. Generally, oral 
uptake of prions and further propagation of the disease is 
more efficient in young lambs compared to adult sheep 
[55, 56]. But as we don’t know enough about the kinet-
ics of prion aggregation during infection with Norwegian 
reindeer CWD in sheep, the sensitivity of using lambs 
as indicators of trans-species transmission is difficult 
to assess. The older sheep that had grazed in the same 
area for several seasons could be better for demonstrat-
ing propagation and aggregation of prions in the tissues, 
given that infected reindeer were still present in the area 
concurrently with these animals’ first grazing season on 
pasture. Sheep of all age groups investigated in the pre-
sent study were included due to their history of close 
temporospatial contact with the infected reindeer popu-
lation and because tissues from these animals were acces-
sible at the abattoir.

The transmissibility of various CWD-isolates to 
sheep has been investigated in several models [57, 58]. 
A recent paper showed subclinical peripheral prion 
infection in one out of seven sheep, 60  months after 
oronasal inoculation with a low dose of brain mate-
rial (0.1 g) from a white-tailed deer with CWD. Prions 
were found by IHC in the retropharyngeal lymph node 
and palatine tonsil of an ARQ/ARQ sheep, harboring 
one of the most common PrP-genotypes, whereas no 
prions were found in two VRQ/ARQ sheep, harboring 
a PrP-genotype more susceptible to classical scrapie 
[57]. The range of investigated tissues was limited and 
did not include RAMALT or other parts of GALT, that 
are still present at this age as jejunal Peyer’s patches or 
lymphoid patches in the colon. A study using intracer-
ebral inoculation of North American mule deer CWD 
prions into eight 4-month-old Suffolk lambs reported 
that only the one sheep with the PrP-genotype VRQ/

ARQ developed clinical disease at 35  months post 
inoculation (MPI) [58], although one of the sheep with 
the ARQ/ARQ PrP-genotype was subclinically infected 
upon euthanasia at 72 MPI. Two other ARQ/ARQ and 
four ARQ/ARR inoculated sheep did not accumulate 
prions [58]. The prions were able to adapt to the new 
host and increase the attack rate after a second intrac-
ranial passage of the disease in sheep [59]. In a confer-
ence paper, sheep were reported to be infected when 
challenged intracerebrally with elk CWD, but not after 
oral inoculation [60]. The seemingly strong species bar-
rier between cervids and sheep was also indicated by 
intracerebral inoculations of transgenic mice express-
ing sheep PrP (ovinized) with white-tailed deer CWD 
and transgenic mice expressing cervid PrP (cervidized) 
with classical scrapie, both of which showed very low 
attack rates [61]. However, it is important to acknowl-
edge that transmission studies using North American 
CWD isolates must be interpreted  with caution. Sev-
eral recent papers report differences between Norwe-
gian and North American CWD isolates [13, 62, 63]. 
Norwegian reindeer CWD has a remarkably low attack 
rate in bank voles [12] but transmits efficiently into 
transgenic and gene-targeted cervidized mice, albeit 
with longer incubation times than North American 
moose CWD [62]. An in vitro protein misfolding cyclic 
amplification (PMCA) study suggests that Norwegian 
reindeer CWD may be transmitted easier than North 
American isolates to sheep, cattle, hamsters, and mice 
(all transgenic mice substrates), but less efficiently to 
humans (substrate from humanized mice) compared to 
North American isolates [63].

These apparent differences need to be investigated 
further by a range of models, including experimen-
tal inoculations of Norwegian reindeer CWD in sheep. 
Thus, based on the currently available studies, is difficult 
to speculate how different sheep PrP genotypes might 
influence the ovine susceptibility to Norwegian reindeer 
CWD. As a part of the Norwegian surveillance program 
of scrapie in small ruminants a representative subsample 
of the investigated sheep was yearly PrP genotyped up 
to 2016 [64]. The prevalence of the most susceptible PrP 
genotypes towards classical scrapie (VRQ/VRQ, VRQ/
ARQ, VRQ/ARH, VRQ/AHQ) was about 8%, while the 
proportion of the wild type PrP genotype ARQ/ARQ was 
about 16% in the 2016 material [64]. Since there is over 
70.000 sheep from different areas of Southern Norway 
in Nordfjella during summer we assume that the distri-
bution of PrP genotypes in this area corresponds well 
with the general Norwegian sheep population. Thus, the 
investigated sheep from Nordfjella likely represent a vari-
ety of PrP genotypes, with unknown susceptibility for 
Norwegian reindeer CWD.
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Choosing tissue type for screening purposes for a 
new, emerging prion disease is challenging, especially 
when the purpose is to investigate a possible interspe-
cies transmission. Scrapie in sheep and CWD in cervids 
have similar pathogenesis with an early accumulation of 
prions in peripheral tissues and later involvement of the 
CNS [27, 31]. Based on this it was hypothesized that if 
sheep were able to acquire and propagate CWD prions, 
the pattern of dissemination would resemble that of scra-
pie and CWD, as well as BSE prions transmitted to sheep 
[23]. The early accumulation of prions in GALT, includ-
ing the lymphoid follicle rich RAMALT [35] and the easy 
accessibility of the tissue, makes it ideal for sampling and 
screening purposes. Other lymphoid tissues such as the 
medial retropharyngeal lymph node, the third eyelid, dis-
tal jejunal lymph node, and the IPP have also proven to 
be tissues with high diagnostic value [32, 33, 65]. These 
tissues, however, were less accessible and difficult to sam-
ple in the abattoir setting. The IPP in sheep undergoes 
involution early in life [66], which makes it less reliable as 
sampling tissue once the animal gets older. Some studies 
suggest that accumulation of prions occurs earlier in the 
IPP than in other lymphoid organs [32], so we included 
IPP from 37 of the lambs in this study. Most of the IPP 
sections had a high number of follicles, showing that IPP 
is a suitable tissue for the screening of lambs. The num-
ber of RAMALT follicles also decreases with age, but the 
process is much slower than for the IPP [37]. This favors 
RAMALT as a more ideal tissue for screening different 
age groups.

The lymphoid aggregates in the rectum area are 
most abundant in the circumference starting from the 
mucocutaneous junction and approximately 1 cm proxi-
mally [35, 67]. Thus, sampling should target that region. 
We demonstrated that using the mucocutaneous junction 
as a guideline is beneficial to achieve RAMALT samples 
with a high number of lymphoid follicles important for 
prion disease diagnosis [27, 29, 30]. All RAMALT sam-
ples were additionally tested and confirmed negative with 
a commercial ELISA rapid test to increase confidence in 
the immunohistochemical results [68]. This commercial 
kit has been validated for use in lymphoid tissues of both 
sheep and cervids [69, 70]. Using ultra-sensitive methods 
such as RT-QuIC and PMCA could have increased the 
sensitivity of our study but were not used due to meth-
odological constraints. One major difficulty for applying 
these tests in our study was the absence of standardized 
test reagents [71].

The social significance of the study lies in the guid-
ance these results provide for management of CWD. This 
highlights that mitigation efforts directed against spread 
of the disease within reindeer populations are more 
important and urgent than efforts directed to prevent 

spread to sheep. We cannot, however, completely exclude 
the possibility for spread to sheep based on the results 
from the current study.

Conclusion
Despite close interaction between reindeer and sheep 
in Nordfjella zone 1 prior to the culling of the reindeer 
population, we did not find any evidence of uptake and 
propagation of prions by sheep that have likely been 
exposed to environmental CWD prions. The absence of 
prions from sheep RAMALT and IPP may suggest that 
CWD prion uptake and propagation by sheep under the 
environmental conditions that exist in Nordfjella, is not 
prevalent. In addition, we observed that correctly sam-
pled RAMALT tissue is easily accessible and yields a 
high mean number of lymphoid follicles when we use the 
recto-anal mucocutaneous junction as guideline for sam-
pling. This makes the tissue an evident choice for mass 
sampling of lymphoid tissue.

Abbreviations
AEC: 3-Amino-9-ethylcarbazole; BSA: Bovine serum albumin; BSE: Bovine 
spongiform encephalopathy; CNS: Central nervous system; CWD: Chronic 
wasting disease; ELISA: Enzyme-linked immunosorbent assay; ENS: Enteric 
nervous system; GALT: Gut-associated lymphoid tissue; GPS: Global position-
ing system; HRP: Horseradish peroxidase; IHC: Immunohistochemistry; IPP: 
Ileal peyer’s patch; MCP: Minimum convex polygons; PMCA: Protein misfolding 
cyclic amplification; PrP: Prion protein; PrPC: Cellular prion protein; PrPSc: Mis-
folded prion protein; RAMALT: Recto-anal mucosa associated lymphoid tissue; 
RT-QuIC: Real-time quacking induced conversion; SSE: Stratified squamous 
epithelium; UD: Utility distribution.

Acknowledgement
The authors are grateful to Ane Odden for her help during the abattoir sam-
pling, and for Rebecca Davidson for proofreading the manuscript. The authors 
would also like to thank veterinarian and sheep farmer Kåre Rudningen, and 
the other sheep farmers in Fødalen and Lærdal for their participation in the 
project, and to the Norwegian Food Safety Authority personnel in Nortura Gol 
and Nortura Førde for their assistance. Roy Andersen and Olav Strand were 
essential for collecting reindeer GPS data, and local CWD coordinator Lars 
Nesse helped with the sheep GPS data.

Prior publication
Data have not been published previously.

Author contributions
CE, MAT, AE, BY, and ØS designed the study. GRR analyzed and plotted the 
sheep and reindeer’s area use. EH, AM, SLB and LT performed the laboratory 
procedures. EH read the slides, performed the statistical analysis, and drafted 
the manuscript. CE participated in the interpretation of data and drafting of 
the manuscript. All authors read and approved the final manuscript.

Funding
The research was financed by Research Funding for Agriculture and the Food 
Industry, The Research Council of Norway (project number 294885). Support-
ing data were also provided by the Salt Lick Project funded by the Norwegian 
Environment Agency (project number 20047048).

Availability of data and materials
The datasets analyzed in the present study are available from the correspond-
ing author upon request.



Page 10 of 11Harpaz et al. Acta Veterinaria Scandinavica           (2022) 64:13 

Declarations

Ethical approval and consent to participate
The procedures for darting and immobilization of reindeer for installing GPS 
collars were approved by the Norwegian Animal Research Authority [applica-
tion identity numbers (FOTS id) 2375, 3993, 6052 and 8558].

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Production Animal Clinical Sciences, Faculty of Veterinary 
Medicine, Norwegian University of Life Sciences, Svebastadveien, 112, 
4325 Sandnes, Norway. 2 Norwegian Institute for Nature Research (NINA), 
Torgarden, P.O. Box 5685, 7485 Trondheim, Norway. 3 Norwegian Veterinary 
Institute, P.O. box 64, 1431 Ås, Norway. 4 Department of Biomedical Science 
and Veterinary Public Health, Swedish University of Agricultural Sciences, 
P.O. Box 7028, 750 07 Uppsala, Sweden. 5 Department of Preclinical Sciences 
and Pathology, Faculty of Veterinary Medicine, Norwegian University of Life 
Sciences, Universitetstunet 3, 1433 Ås, Norway. 

Received: 18 January 2022   Accepted: 24 May 2022

References
 1. Haley NJ, Hoover EA. Chronic wasting disease of cervids: current knowl-

edge and future perspectives. Annu Rev Anim Biosci. 2013;3:305–25.
 2. Miller MW, Williams ES, Hobbs NT, Wolfe LL. Environmental sources of 

prion transmission in mule deer. Emerg Infect Dis. 2004;10:1003–6.
 3. Prusiner SB. Novel proteinaceous infectious particles cause scrapie. Sci-

ence. 1982;216:136–44.
 4. Kovacs GG, Budka H. Prion diseases: from protein to cell pathology. Am J 

Pathol. 2008;172:555–65.
 5. Williams ES, Young S. Chronic wasting disease of captive mule deer: a 

spongiform encephalopathy. J Wildl Dis. 1980;16:89–98.
 6. Spraker TR, Miller MW, Williams ES, Getzy DM, Adrian WJ, Schoonveld GG, 

et al. Spongiform encephalopathy in free-ranging mule deer (Odoc-
oileus hemionus), white-tailed deer (Odocoileus virginianus) and rocky 
mountain elk (Cervus elaphus nelsoni) in northcentral Colorado. J Wildl Dis. 
1997;33:1–6.

 7. Baeten LA, Powers BE, Jewell JE, Spraker TR, Miller MW. A natural case of 
chronic wasting disease in a free-ranging moose (Alces alces shirasi). J 
Wildl Dis. 2007;43:309–14.

 8. Sohn HJ, Kim JH, Choi KS, Nah JJ, Joo YS, Jean YH, et al. A case of chronic 
wasting disease in an elk imported to Korea from Canada. J Vet Med Sci. 
2002;64:855–8.

 9. Benestad SL, Mitchell G, Simmons M, Ytrehus B, Vikøren T. First case of 
chronic wasting disease in Europe in a Norwegian free-ranging reindeer. 
Vet Res. 2016;47:88.

 10. Mysterud A, Madslien K, Viljugrein H, Vikøren T, Andersen R, Güere ME, 
et al. The demographic pattern of infection with chronic wasting disease 
in reindeer at an early epidemic stage. Ecosphere. 2019;10: e02931.

 11. Tranulis MA, Gavier-Widén D, Våge J, Nöremark M, Korpenfelt S-L, Hau-
taniemi M, et al. Chronic wasting disease in Europe: new strains on the 
horizon. Acta Vet Scand. 2021;63:48.

 12. Nonno R, Di Bari MA, Pirisinu L, D’Agostino C, Vanni I, Chiappini B, et al. 
Studies in bank voles reveal strain differences between chronic wasting 
disease prions from Norway and North America. Proc Natl Acad Sci U S A. 
2020;117:31417–26.

 13. Vikøren T, Våge J, Madslien KI, Røed KH, Rolandsen CM, Tran L, et al. First 
detection of chronic wasting disease in a wild red deer (Cervus elaphus) in 
Europe. J Wildl Dis. 2019;55:970–2.

 14. Dudas S, Czub S. Atypical BSE: current knowledge and knowledge gaps. 
Food Saf. 2017;5:10–3.

 15. Benestad SL, Sarradin P, Thu B, Schönheit J, Tranulis MA, Bratberg B. Cases 
of scrapie with unusual features in Norway and designation of a new 
type, Nor98. Vet Rec. 2003;153:202–8.

 16. Casalone C, Zanusso G, Acutis P, Ferrari S, Capucci L, Tagliavini F, et al. 
Identification of a second bovine amyloidotic spongiform encephalopa-
thy: molecular similarities with sporadic Creutzfeldt-Jakob disease. Proc 
Natl Acad Sci USA. 2004;101:3065–70.

 17. NVI Chronic wasting disease (CWD) identified in a wild reindeer at Har-
danger Plateau. https:// www. vetin st. no/ en/ news/ chron ic- wasti ng- disea 
se- cwd- ident ified- in-a- wild- reind eer- at- harda nger- plate au. Accessed 
from 11.11.2021

 18. NVI CWD statistic http:// apps. vetin st. no/ skran tesyk estat istikk/ NO/# 
omrade Accessed from 29.04.22

 19. Ytrehus B, Grahek-Ogden D, Strand O, Tranulis MA, Mysterud A, Aspholm 
M, et al. Factors that can contribute to spread of CWD—an update on the 
situation in Nordfjella Norway. Oslo: Opinion of the panel on biological 
hazards Norwegian Scientific Committee for Food and Environment 
(VKM); 2018.

 20. Plummer IH, Johnson CJ, Chesney AR, Pedersen JA, Samuel MD. Mineral 
licks as environmental reservoirs of chronic wasting disease prions. PLoS 
ONE. 2018;13: e0196745.

 21. Nichols TA, Pulford B, Wyckoff AC, Meyerett C, Michel B, Gertig K, et al. 
Detection of protease-resistant cervid prion protein in water from a 
CWD-endemic area. Prion. 2009;3:171–83.

 22. Taylor L. 2018 OIE manual of diagnostic tests and vaccines for terrestrial 
animals 8th edition

 23. Jeffrey M, Ryder S, Martin S, Hawkins SAC, Terry L, Berthelin-Baker C, 
et al. Oral inoculation of sheep with the agent of bovine spongiform 
encephalopathy (BSE). 1. Onset and distribution of disease-specific PrP 
accumulation in brain and viscera. J Comp Pathol. 2001;124:280–9.

 24. van Keulen LJM, Vromans MEW, Dolstra CH, Bossers A, van Zijderveld FG. 
Pathogenesis of bovine spongiform encephalopathy in sheep. Arch Virol. 
2008;153:445–53.

 25. Ersdal C, Ulvund MJ, Benestad SL, Tranulis MA. Accumulation of patho-
genic prion protein  PrPSc in nervous and lymphoid tissues of sheep with 
subclinical scrapie. Vet Pathol. 2003;40:164–74.

 26. Heggebø R, González L, Press CMcL, Gunnes G, Espenes A, Jeffrey M. 
Disease-associated PrP in the enteric nervous system of scrapie-affected 
Suffolk sheep. J Gen Vir. 2003;84:1327–38.

 27. Ersdal C, Ulvund MJ, Espenes A, Benestad SL, Sarradin P, Landsverk T. Map-
ping  PrPSc propagation in experimental and natural scrapie in sheep with 
different PrP genotypes. Vet Pathol. 2005;42:258–74.

 28. van Keulen LJM, Vromans MEW, Van Zijderveld FG. Early and late patho-
genesis of natural scrapie infection in sheep. APMIS. 2002;110:23–32.

 29. Press CMcL, Heggebø R, Espenes A. Involvement of gut-associated 
lymphoid tissue of ruminants in the spread of transmissible spongiform 
encephalopathies. Adv Drug Deliv Rev. 2004;56:885–99.

 30. Fox KA, Jewell JE, Williams ES, Miller MW. Patterns of  PrPCWD accumulation 
during the course of chronic wasting disease infection in orally inocu-
lated mule deer (Odocoileus hemionus). J Gen Virol. 2006;87:3451–61.

 31. Sigurdson CJ, Williams ES, Miller MW, Spraker TR, O’Rourke KI, Hoover 
EA. Oral transmission and early lymphoid tropism of chronic wasting 
disease  PrPres in mule deer fawns (Odocoileus hemionus). J Gen Virol. 
1999;80:2757–64.

 32. Andréoletti O, Berthon P, Marc D, Sarradin P, Grosclaude J, van Keulen 
L. Early accumulation of  PrPSc in gut-associated lymphoid and nervous 
tissues of susceptible sheep from a Romanov flock with natural scrapie. J 
Gen Virol. 2000;81:3115–26.

 33. O’Rourke KI, Baszler TV, Besser TE, Miller JM, Cutlip RC, Wells GA, et al. 
Preclinical diagnosis of scrapie by immunohistochemistry of third eyelid 
lymphoid tissue. J Clin Microbiol. 2000;38:3254–9.

 34. Schreuder BE, van Keulen LJ, Vromans ME, Langeveld JP, Smits MA. Tonsil-
lar biopsy and  PrPSc detection in the preclinical diagnosis of scrapie. Vet 
Rec. 1998;142:564–8.

 35. Espenes A, Press CMcL, Landsverk T, Tranulis MA, Aleksandersen M, 
Gunnes G, et al. Detection of  PrPSc in rectal biopsy and necropsy samples 
from sheep with experimental scrapie. J Comp Pathol. 2006;134:115–25.

 36. González L, Dagleish MP, Bellworthy SJ, Siso S, Stack MJ, Chaplin MJ, et al. 
Postmortem diagnosis of preclinical and clinical scrapie in sheep by 
the detection of disease-associated PrP in their rectal mucosa. Vet Rec. 
2006;158:325–31.

https://www.vetinst.no/en/news/chronic-wasting-disease-cwd-identified-in-a-wild-reindeer-at-hardanger-plateau
https://www.vetinst.no/en/news/chronic-wasting-disease-cwd-identified-in-a-wild-reindeer-at-hardanger-plateau
http://apps.vetinst.no/skrantesykestatistikk/NO/#omrade
http://apps.vetinst.no/skrantesykestatistikk/NO/#omrade


Page 11 of 11Harpaz et al. Acta Veterinaria Scandinavica           (2022) 64:13  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 37. Aleksandersen M, Nicander L, Landsverk T. Ontogeny, distribution and 
structure of aggregated lymphoid follicles in the large intestine of sheep. 
Dev Comp Immunol. 1991;15:413–22.

 38. Dennis MM, Thomsen BV, Marshall KL, Hall SM, Wagner BA, Salman MD, 
et al. Evaluation of immunohistochemical detection of prion protein in 
rectoanal mucosa-associated lymphoid tissue for diagnosis of scrapie in 
sheep. Am J Vet Res. 2009;70:63–72.

 39. Monello RJ, Powers JG, Hobbs NT, Spraker TR, O’Rourke KI, Wild MA. 
Efficacy of antemortem rectal biopsies to diagnose and estimate preva-
lence of chronic wasting disease in free-ranging cow elk (Cervus elaphus 
nelsoni). J Wildl Dis. 2013;49:270–8.

 40. O’Rourke KI, Duncan JV, Logan JR, Anderson AK, Norden DK, Williams ES, 
et al. Active surveillance for scrapie by third eyelid biopsy and genetic 
susceptibility testing of flocks of sheep in Wyoming. Clin Diagn Lab 
Immunol. 2002;9:966–71.

 41. Calenge C. The package “adehabitat” for the R software: A tool for the 
analysis of space and habitat use by animals. Ecol Model. 2006;197:516–9.

 42. Kie JG. A rule-based ad hoc method for selecting a bandwidth in kernel 
home-range analyses. Anim Biotelem. 2013;1:13.

 43. Brown P, Gajdusek DC. Survival of scrapie virus after 3 years’ interment. 
Lancet. 1991;337:269–70.

 44. Georgsson G, Sigurdarson S, Brown P. Infectious agent of sheep 
scrapie may persist in the environment for at least 16 years. J Gen Virol. 
2006;87:3737–40.

 45. Somerville RA, Fernie K, Smith A, Bishop K, Maddison BC, Gough KC, et al. 
BSE infectivity survives burial for five years with only limited spread. Arch 
Virol. 2019;164:1135–45.

 46. Saunders SE, Bartelt-Hunt SL, Bartz JC. Prions in the environment: occur-
rence, fate and mitigation. Prion. 2008;2:162–9.

 47. Haley NJ, Seelig DM, Zabel MD, Telling GC, Hoover EA. Detection of CWD 
prions in urine and saliva of deer by transgenic mouse bioassay. PLoS 
ONE. 2009;4: e4848.

 48. Tennant JM, Li M, Henderson DM, Tyer ML, Denkers ND, Haley NJ, et al. 
Shedding and stability of CWD prion seeding activity in cervid feces. 
PLoS ONE. 2020;15: e0227094.

 49. Angers RC, Seward TS, Napier D, Green M, Hoover E, Spraker T, et al. 
Chronic wasting disease prions in elk antler velvet. Emerg Infect Dis. 
2009;15:696–703.

 50. Dorak SJ, Green ML, Wander MM, Ruiz MO, Buhnerkempe MG, Tian T, et al. 
Clay content and pH: soil characteristic associations with the persis-
tent presence of chronic wasting disease in northern Illinois. Sci Rep. 
2017;7:18062.

 51. Wyckoff AC, Kane S, Lockwood K, Seligman J, Michel B, Hill D, et al. Clay 
components in soil dictate environmental stability and bioavailability of 
cervid prions in mice. Front Microbiol. 2016;7:1885.

 52. Kuznetsova A, Cullingham C, McKenzie D, Aiken JM. Soil humic acids 
degrade CWD prions and reduce infectivity. PLoS Pathog. 2018;14: 
e1007414.

 53. Schramm PT, Johnson CJ, Mathews NE, McKenzie D, Aiken JM, Pedersen 
JA. Potential role of soil in the transmission of prion disease. Rev Mineral 
Geochem. 2006;64:135–52.

 54. Vercauteren KC, Burke PW, Phillips GE, Fischer JW, Seward NW, Wunder 
BA, et al. Elk use of wallows and potential chronic wasting disease trans-
mission. J Wildl Dis. 2007;43:784–8.

 55. Díaz C, Vitezica ZG, Rupp R, Andréoletti O, Elsen JM. Polygenic variation 
and transmission factors involved in the resistance/susceptibility to 
scrapie in a Romanov flock. J Gen Virol. 2005;86:849–57.

 56. Hunter N, Houston F, Foster J, Goldmann W, Drummond D, Parnham 
D, et al. Susceptibility of young sheep to oral infection with bovine 
spongiform encephalopathy decreases significantly after weaning. J Virol. 
2012;86:11856–62.

 57. Cassmann ED, Moore SJ, Greenlee JJ. Experimental oronasal transmission 
of chronic wasting disease agent from white-tailed deer to Suffolk sheep. 
Emerg Infect Dis. 2021;27:3156–8.

 58. Hamir AN, Kunkle RA, Cutlip RC, Miller JM, Williams ES. Richt JA Transmis-
sion of chronic wasting disease of mule deer to Suffolk sheep following 
intracerebral inoculation. J Vet Diagn Invest. 2006;18:558–65.

 59. Cassmann ED, Frese RD, Greenlee JJ. Second passage of chronic wasting 
disease of mule deer to sheep by intracranial inoculation compared to 
classical scrapie. J Vet Diagn Invest. 2021;33:711–20.

 60. Mitchell G, Walther I, Balachandran A. Experimental transmission of 
chronic wasting disease to sheep and goats. Paper presented at the Prion 
2015, Colorado USA.

 61. Madsen-Bouterse SA, Schneider DA, Zhuang D, Dassanayake RP, 
Balachandran A, Mitchell GB, O’Rourke KI. Primary transmission of 
chronic wasting disease versus scrapie prions from small ruminants to 
transgenic mice expressing ovine or cervid prion protein. J Gen Virol. 
2016;97:2451–60.

 62. Bian J, Kim S, Kane SJ, Crowell J, Sun JL, Christiansen J, et al. Adaptive 
selection of a prion strain conformer corresponding to established North 
American CWD during propagation of novel emergent Norwegian 
strains in mice expressing elk or deer prion protein. PLoS Pathog. 2021;17: 
e1009748.

 63. Pritzkow S, Gorski D, Ramirez F, Telling GC, Benestad SL, Soto C. North 
American and Norwegian chronic wasting disease prions exhibit differ-
ent potential for interspecies transmission and zoonotic risk. J Infect Dis. 
2021. https:// doi. org/ 10. 1093/ infdis/ jiab3 85.

 64. NVI 2017 The surveillance programme for scrapie in Norway 2016 https:// 
www. vetin st. no/ overv aking/ skrap esjuke- tse- sau- og- geit/_/ attac hment/ 
downl oad/ 0268e bd4- 7384- 40fe- a1ab- 7a9d0 534cf 66: 67003 d6768 f950d 
42e84 9930f b7727 ca154 e8f47/ 2017_ OK_ Scrap ie_ Report% 202016. pdf 
Accessed from 7.4.2022

 65. Heggebø R, Press CMcL, Gunnes G, Ulvund MJ, Tranulis MA, Landsverk T. 
Detection of  PrPSc in lymphoid tissues of lambs experimentally exposed 
to the scrapie agent. J Comp Path. 2003;128:172–81.

 66. Lie K-I, Aleksandersen M, Landsverk T. Lymphoid follicles of different phe-
notype appear in ileum during involution of the sheep ileal Peyer’s patch. 
Dev Comp Immunol. 2000;29:539–53.

 67. González L, Dagleish MP, Martin S, Dexter G, Steele P, Finlayson J, et al. 
Diagnosis of preclinical scrapie in live sheep by the immunohistochemi-
cal examination of rectal biopsies. Vet Rec. 2008;162:397–403.

 68. González L, Horton R, Ramsay D, Toomik R, Leathers V, Tonelli Q, et al. 
Adaptation and evaluation of a rapid test for the diagnosis of sheep 
scrapie in samples of rectal mucosa. J Vet Diagn Invest. 2008;20:203–8.

 69. Hibler CP, Wilson KL, Spraker TR, Miller MW, Zink RR, DeBuse LL, et al. Field 
validation and assessment of an enzyme-linked immunosorbent assay for 
detecting chronic wasting disease in mule deer (Odocoileus hemionus), 
white-tailed deer (Odocoileus virginianus), and Rocky Mountain elk (Cervus 
elaphus nelsoni). J Vet Diagn Invest. 2003;15:311–9.

 70. Kittelberger R, McIntyre L, Watts J, MacDiarmid S, Hannah MJ, Jenner J, 
et al. Evaluation of two commercial, rapid, ELISA kits testing for scrapie in 
retro-pharyngeal lymph nodes in sheep. N Z Vet J. 2014;62:343–50.

 71. Haley NJ, Donner R, Henderson DM, Tennant J, Hoover EA, Manca M, et al. 
Cross-validation of the RT-QuIC assay for the antemortem detection of 
chronic wasting disease in elk. Prion. 2020;14:47–55.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1093/infdis/jiab385
https://www.vetinst.no/overvaking/skrapesjuke-tse-sau-og-geit/_/attachment/download/0268ebd4-7384-40fe-a1ab-7a9d0534cf66:67003d6768f950d42e849930fb7727ca154e8f47/2017_OK_Scrapie_Report%202016.pdf
https://www.vetinst.no/overvaking/skrapesjuke-tse-sau-og-geit/_/attachment/download/0268ebd4-7384-40fe-a1ab-7a9d0534cf66:67003d6768f950d42e849930fb7727ca154e8f47/2017_OK_Scrapie_Report%202016.pdf
https://www.vetinst.no/overvaking/skrapesjuke-tse-sau-og-geit/_/attachment/download/0268ebd4-7384-40fe-a1ab-7a9d0534cf66:67003d6768f950d42e849930fb7727ca154e8f47/2017_OK_Scrapie_Report%202016.pdf
https://www.vetinst.no/overvaking/skrapesjuke-tse-sau-og-geit/_/attachment/download/0268ebd4-7384-40fe-a1ab-7a9d0534cf66:67003d6768f950d42e849930fb7727ca154e8f47/2017_OK_Scrapie_Report%202016.pdf

	No evidence of uptake or propagation of reindeer CWD prions in environmentally exposed sheep
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods
	Animals
	Sampling procedure
	Histology
	Immunohistochemistry
	Enzyme-linked immunosorbent assay (ELISA)
	Overlap in reindeer and sheep area usage
	Statistical analysis

	Results
	Histology and immunohistochemistry
	ELISA
	Overlap in reindeer and sheep area usage

	Discussion
	Conclusion
	Acknowledgement
	References




