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Background 

Emergence of bovine spongiform encephalopathy (BSE) and the associated variant Creutzfeldt-Jakob 
disease (vCJD) in humans in the United Kingdom (Will et al., 1996), their spread throughout Europe, 
and the recent recognition of BSE in cattle in Canada and the United States has thrust the 
transmissible spongiform encephalopathies (TSEs) into the center of public concern about food 
safety, into the political and international trade arenas, and focused biomedical attention on these 
diseases. Although the public response to the recent recognition of a case of BSE in the United 
States has not caused a crisis in domestic consumption of beef, trade restrictions are imposing 
considerable hardship on the beef industry. If additional cases of BSE are discovered in the United 
States, consumer faith in the wholesomeness of beef could be challenged resulting in decreased 
beef consumption and major impacts to the industries. 

Unique to North America is the presence of a TSE of wild ruminants (Williams and Miller, 2002). 
Chronic wasting disease of cervids (members of the deer family), occurs endemically in captive and 
free-ranging mule deer (Odocoileus hemionus), white-tailed deer (Odocoileus virginianus), and Rocky 
Mountain elk (Cervus elaphus) in northern Colorado, eastern Wyoming, and contiguous areas of 
western South Dakota and Nebraska and eastern Utah (Williams and Young, 1980, 1982; Spraker et 
al., 1997; Miller et al., 1998; Williams and Miller, 2002). It probably has been present in the core of 
this area since at least the 1960s (Gross and Miller, 2001). In February 2002, CWD was identified in 
white-tailed deer in southcentral Wisconsin (Joly et al., 2003); subsequent surveillance in this area 
indicates that CWD is endemic in this location. Concerns have been expressed by hunters, wildlife 
managers, physicians, and scientists about the implications of CWD for public health (Bosque, 2002; 
Bosque et al., 2002; Erdtmann and Sivitz, 2004); however, currently no link has been identified 
between CWD and any human disease (Belay et al., 2001, 2004) although this potential cannot be 
ruled out. Because beef and venison are significant items in the diets of many Americans it is 
important to determine if these foods might contain the disease associated prion.  

Chronic wasting disease is horizontally transmitted among deer and elk in captivity (Williams and 
Young, 1992; Miller et al., 1998, 2004; Miller and Williams, 2003), and transmission among deer 
and elk probably occurs by direct contact and/or environmental contamination (Miller et al., 2004). 
Deer and elk in the CWD-endemic areas of Colorado and Wyoming share range with cattle where 
they may directly interact or graze on common pastures and have been since at least 1981 when the 
first case in a free-ranging elk was identified (Spraker et al., 1997). Thus cattle are historically and 
currently potentially exposed to PrPCWD although no occurrence of a bovine TSE has been identified in 
these areas.  

Studies of cattle susceptibility to CWD are completed or are currently underway. In vitro 
studies of cell-free conversion of bovine PrPC by deer or elk PrPCWD showed a substantial 
molecular barrier between the cervids and cattle, suggesting cattle are poorly susceptible to 
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CWD (Raymond et al., 2000). However, although in vitro and rodent laboratory models are very 
useful for study of the TSEs, the most reliable information and the most acceptable and 
understandable to the public must utilize animals of the species of interest. Therefore in 1997, we 
began direct studies of cattle susceptibility to CWD. Due to the very long incubation periods expected 
for the TSEs, these studies will not be completed until approximately 2007. Transmission of CWD to 
cattle was demonstrated in five of 13 head exposed by intracerebral inoculation (Hamir et al., 2001; 
personal communication). However, there has been no evidence of transmission of CWD to cattle in 
another series of experiments where cattle were exposed by more natural means either orally or by 
direct contact with CWD affected deer and elk (Williams, Miller, and Kreeger, unpublished data). And 
finally, in another study of cattle susceptibility to CWD (funded by the United States Department of 
Agriculture), calves were exposed to CWD agent orally and were killed sequentially to determine if 
there was evidence of transmission in the early post-exposure period.  

Since recognition of BSE there has been concern about the possibility that the infectious agent could 
be present in meat. Studies including those conducted in the United Kingdom on BSE (Wells et al., 
1998) and studies of scrapie in domestic sheep (Hadlow et al., 1982) have not demonstrated 
infectivity in muscle of naturally occurring animal TSEs. Prions have not been demonstrated in 
skeletal muscle of cervids with CWD or other animals with prion diseases by immunohistochemistry 
(Spraker et al., 2002b; Hamir et al., 2004; Williams et al., unpublished data). We were unable to 
detect PrPres in three skeletal muscles from mule deer and elk experimentally infected with CWD by 
enzyme-linked immunosorbent assay (ELISA) in a preliminary study using a small number of animals 
(Deslys et al., unpublished data). However, Bartz et al. (2003) were able to detect PrPres in nerve 
axons in the tongue of hamsters experimentally inoculated with transmissible mink encephalopathy 
(a TSE of mink) suggesting the possibility of anterograde transport of PrP from the brain to peripheral 
tissues including muscles. Recently Bosque et al. (2002), using western blotting, ELISA, and 
bioassay demonstrated high levels of PrPC and PrPres in skeletal muscles of mice experimentally 
inoculated with several strains of scrapie agent. Similarly, Thomzig et al. (2003) have shown the 
presence of PrPres in skeletal muscle of hamsters orally infected with scrapie. The situation in 
humans is similar, in that Brown et al. (1994) were not able to detect prion infectivity in muscles of 
humans with Creutzfeldt-Jakob disease by bioassay in primates, but PrPres was found in skeletal 
muscle of about a third of natural cases of sporadic CJD in humans (Glatzel et al., 2003). These 
observations suggest that PrPres is present in skeletal muscles of some of the TSEs and indicates a 
need to apply sensitive detection techniques to skeletal muscles from cervids with CWD and cattle 
exposed to CWD.   

The stated objectives for this work were:  Our objective in this study was to determine if chronic 
wasting disease (CWD) associated proteinase resistant prion protein (abbreviated as PrPres or 
PrPCWD), as a marker for infectivity, could be detected in striated muscles of deer and elk with 
experimental and natural CWD and in cattle experimentally exposed to CWD. Three specific 
objectives were proposed for this study. The first objective was to determine if cellular prion protein 
(the normal, nonpathogenic form of the prion protein, abbreviated as PrPC) could be detected in 
skeletal muscles of mule deer, white-tailed deer, elk, and cattle. The second and third objectives 
were similar and were to determine if PrPres could be detected in striated muscles of deer, elk, and 
cattle experimentally or naturally exposed to CWD. 

Methodology 

Animals and Sample Collection.  Most skeletal muscle samples were collected during 
necropsy of mule deer, white-tailed deer, elk, and mixed breed beef cattle at the Wyoming 
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State Veterinary Laboratory (WSVL; Department of Veterinary Sciences, University of Wyoming, 
Laramie, Wyoming) or at the Foothills Wildlife Research Center (Colorado Division of Wildlife, Fort 
Collins, Colorado). Sets of skeletal muscles from healthy mixed breed beef cattle were collected at 
routine slaughter (Department of Animal Sciences, University of Wyoming). In most cases, 
approximately fist sized samples of triceps, semitendinosus, longissimus dorsi, diaphragm, tongue, 
and heart were excised from the carcass with a scalpel, placed in sealable plastic bags (various 
sources including Ziploc® and Whirl-Pak®), and frozen at -20 C until tested. Samples were stored for 
up to 5 yr before testing. 
 
Muscle samples were acquired from deer and elk exposed to CWD via oral inoculation (0.1 to 5 gm 
of CWD brain pool), by residence in facilities with endemic CWD, or that were natural cases of CWD 
in free-ranging deer and elk. Sets of control muscles were obtained from deer and elk not known to 
be exposed to CWD. The majority of animals tested were clinically affected by CWD and the final 
CWD status of deer and elk was determined by examination of the brain and lymphoid tissue by 
immunohistochemistry using standard techniques (Miller and Williams, 2002).  

Muscle samples were obtained from cattle experimentally exposed to CWD (50 g CWD brain pool 
from mule deer or elk). These animals were euthanized at 6 mo intervals following inoculation; none 
of the cattle orally exposed to CWD have shown clinical signs suggestive of neurologic disease and 
tissues examined to date by immunohistochemistry have been negative for evidence of PrP 
deposition.   

Brain and lymph node samples were used in preliminary testing and for use as positive controls in 
some experiments. These tissues were obtained from deer and elk that were confirmed CWD 
positive by immunohistochemistry or by ELISA (Bio-Rad Laboratories, Hurcules, California).  

Sample Preparation and Western Blot Transfer and Development.  Frozen muscle tissue was 
allowed to thaw at room temperature and sections cut from the interior of the muscle mass. Care 
was taken to minimize potential contamination of the sample with the surface of the muscle. Twenty 
percent (w/v) homogenates in phosphate buffered saline (PBS) were prepared by processing tissue 
and buffer in vials containing 1.0 mm zirconia/silica beads (BioSpec, Bartlesville, Oklahoma), and 
one 0.25 inch ceramic bead (Q-Biogene, Carlsbad, California) in a Fast Prep 120 bead mill (Thermo 
Savant, Holbrook, New York) for two cycles of 45 sec each on high speed (6.5) with 5 min cooling 
between cycles. Ten microliters of sample containing 1 μl  homogenate in 1X NuPAGE 
LDS/denaturing sample buffer (Invitrogen, Carlsbad, California) which had been heated to 70 C for 
10 min and centrifuged briefly to pellet undissolved tissue debris were loaded on preformed 1 mm 4-
12% Bis-Tris SDS-PAGE denaturing, reducing polyacrylamide gradient gels in MOPS-SDS running  
buffer (NuPAGE Gel System, Invitrogen) and electrophoresed for 50 min at 200 volts. To test the 
sensitivity of apparent PrPC to protease digestion, homogenates prepared as described were 
incubated 1 hr at 37°C in the presence of 50 μg/ml proteinase K (Invitrogen). Digestion was 
stopped by the addition of phenylmethylsulfonyl fluoride (PMSF) to a final concentration of 5 mM.  

Gels were electrophoretically transferred (blotted) onto Immobilon-P PVDF membrane (Millipore, 
Billerica, Massachusetts) in 25 mM Tris, 192 mM glycine, 10% methanol using a Hoefer TE22 Mighty 
Small Transphor Tank (Amersham Biosciences, Piscataway, New Jersey) at 400 mA for 1 hr with 
stirring and cooling. Following transfer, membranes were allowed to air dry until western immunoblot 
development. After rewetting in 100% methanol followed by 50% methanol, membranes 
were blocked 30 min in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl containing 1% bovine serum 
albumin (BSA; Fraction V, Sigma-Aldrich Chemicals, St. Louis, Missouri), 0.06% Tween-20 
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(TBST-BSA, Amersham Biosciences), and 0.5 mg/ml normal goat serum (Jackson ImmunoResearch 
Laboratories, West Grove, Pennsylvania), followed by a 1 hr incubation with anti-PrP antibody (mouse 
monoclonal F99/97.6.1, VMRD, Inc., Pullman, Washington; O’Rourke et al., 1998; Spraker et al., 
2002) diluted 1:200 in TBST-BSA. Blots were washed three times, 5 min each in TBST-BSA, 
incubated 5 min in blocking solution prior to a 30 min treatment with biotin-conjugated F(ab')2 
fragment goat anti-mouse IgG (Jackson ImmunoResearch Laboratories) diluted 1:200 in TBST-BSA, 
and washed three times. Protein bands which reacted with the anti-PrP monoclonal antibody were 
detected with a chemiluminescent system (Tropix Western Light Plus, Applied Biosciences, Foster 
City, California) using alkaline phosphatase (AP)-conjugated streptavidin and a luminescent 
substrate (CSPD) for AP, following manufacturer's recommended protocols.  Exposure times of 
developed blots to Kodak BioMax ML film ranged from 10-30 min. 

For detection of PrPres, 0.5 ml aliquots of 10% (w/v) tissue homogenates prepared in PBS as 
described above were precipitated with the use of sodium phosphotungstic acid (PTA) according to 
published procedures (Wadsworth et al., 2001). Precipitates were resuspended in 100:l0.1% sodium 
lauroylsarcosine (SLS) in PBS pH 7.4, adjusted to 1 mM CaCl2 and digested with 50 μg/ml 
proteinase K for 1 hr at 37 C.  Digested samples were made 5 mM in PMSF to stop proteolysis, 
centrifuged at 20,000 x G for 1 hr at 10 C, after which the pellets were dried,  resuspended in 50 μl 
1XNuPAGE LDS sample buffer and heated to 70 C for 10 min. Ten microliter samples were analyzed 
by gel electrophoresis and western blotting as described above. 

Positive controls were prepared using muscle homogenate (8 % w/v) from normal individuals of each 
species spiked with CWD brain (2 % w/v) from the respective species; bovine muscle was spiked with 
brain from a CWD positive elk.  

Enzyme-linked Immunosorbent Assay.  Frozen muscle tissue was allowed to thaw at room 
temperature and approximately 200 mg samples collected as described above. Homogenates were 
prepared, processed, and assayed for PrPres using the CWD Purification and Detection ELISA (Bio-Rad 
Laboratories) following manufacturer’s procedures. Duplicate wells were run for each processed 
sample. Preliminary trials to demonstrate cellular PrP were carried out by parallel testing of mule 
deer brain and lymph node homogenates treated or untreated with proteinase K. 

Findings 

Summary results of western blotting for evidence of PrPC in the six striated muscles we tested are 
shown in Table 1. We detected antibody reactive bands, presumably PrPC, in striated muscles from 
mule deer, white-tailed deer, elk, and cattle. However, we also detected bands at 27-31 kDa even in 
some proteinase K-treated muscles from mule deer and elk. This may represent technical difficulties 
in effectively abrogating PrPC reactivity with proteinase K treatment. Some additional investigation is 
warranted to determine if there are proteinase K resistant specific antibody binding compounds in 
muscles. However, nonspecific banding on western immunoblots of skeletal muscle samples due to 
technical artifacts has been reported (Thomzig et al., 2003). It seems highly unlikely that proteinase 
K resistant PrPC is present in animals that have no evidence of a prion disease. 

In preliminary trials, PrPC was detected using proteinase K untreated brain homogenates by ELISA, 
but we were unable to detect PrPC in similar homogenates of retropharyngeal lymph nodes (data not 
shown). This is consistent with recognition that PrPC in central nervous system tissue is 
readily detected but that it is present in lower concentration in peripheral tissues (Moudjou 
et al., 2001).      
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Results of ELISAs from the six muscle tissues from unexposed, CWD-negative animals are shown in 
Table 2. With the exception of the bovine tissues and possibly the semitendinosus sample from mule 
deer, the ELISA was unable to detect PrPC. Differences between PK treated and untreated bovine 
muscle samples suggests that PrPC is detectable in all of the striated muscle samples tested from 
cattle. This may reflect a higher level of PrPC expression in bovine muscle than in cervid muscle, an 
area of investigation that should be further pursued. 

A problem we encountered when assaying muscles for PrPC by ELISA was the formation of an 
insoluble precipitate or pellet in samples not digested with protease before the 
concentration/precipitation step in the protocol. We believe this leads to inconsistent results and low 
readings because variable amounts of protein are resolubilized and available for detection. 

Results of western blots on muscle samples from CWD positive deer and elk, and CWD exposed 
cattle were inconclusive for evidence of PrPres. Even results derived from testing samples that 
showed evidence of PrPres when tested by ELISA were not consistent on western blots. The cause of 
the variation and equivocal banding is not apparent, but continued investigation of this problem, as 
well as attempting to improve sensitivity, is warranted and will be pursued. 

In contrast to the western blot results for detecting PrPres, the ELISAs generally were repeatable and 
less equivocal. Results of ELISAs of striated muscle samples from deer and elk with CWD and from 
cattle exposed to CWD are shown in Table 3. We found evidence of PrPres in the left ventricle of one 
white-tailed deer and two elk. Hamir et al. (2004) did not detect evidence of prion protein by 
immunohistochemistry in a few sections of heart from cattle with experimental CWD transmission 
but they did not examine tissues from natural cases of CWD in normal hosts. However, Spraker et al. 
(2002), studied natural cases of CWD in mule deer and was unable to detect prion protein in 
sections of skeletal muscle by immunohistochemistry. But, other studies have demonstrated the 
presence of PrPres in skeletal muscles of non-ruminant laboratory animal models of TSEs using highly 
sensitive western immunoblots. We have not compared the relative sensitivities of the ELISA and 
western blotting using PTA precipitation but this will be an important next step. Bartz et al. (2003) 
found anterograde transport of PrPres to the tongue in hamsters intracerebrally inoculated with 
various strains of scrapie agent. A similar mechanism may occur in some CWD affected cervids, with 
transport of PrPres from brain to heart via vagal parasympathetic fibers. No evidence of PrPres was 
found in other striated muscles examined, suggesting the type of innervation of skeletal muscles 
may influence the likelihood of PrPres being present. Other possible explanations for finding PrPres in 
the heart are potential lymphatic or hematogenous spread to cardiac muscle. These findings will 
form the basis of additional studies of deposition of PrPres in muscle tissues, especially heart, of deer 
and elk. Immunohistochemistry may provide morphologic evidence of the route by which PrPres is 
being introduced into cardiac muscle and we will follow up on these findings by examination of 
muscles using this technique.   

We did not detect PrPres in any of the muscles from the CWD exposed cattle. This is not unexpected 
because we have no clinical or immunohistopathological evidence that these animals are actually 
infected with PrPCWD. These finding are also in agreement with the observations of Hamir et al. 
(2004) that prions could not be detected by immunohistochemistry in muscles of cattle 
intracerebrally inoculated with CWD, even though they had evidence that they were indeed infected 
with CWD by testing of the central nervous system (Hamir et al., 2001).   
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Implications 

Using ELISA, which is a sensitive test for prions, most muscle samples showed no evidence of prion 
accumulation. In a few white-tailed deer and elk hearts we were able to detect elevated levels of 
reactivity, suggesting there may be some accumulation of prions in this location. We did not detect 
prions in any muscles tested from healthy cattle experimentally exposed to chronic wasting disease 
agent. These findings suggest that prions may be more widely distributed in some deer and elk with 
chronic wasting disease than previously thought. Additional studies are warranted to confirm these 
observations on more affected deer and elk and using some complementary diagnostic tools. 
 

Table 1. Presence (+) or absence (-) of anti-PrP antibody-reactive bands at 27-31 kDa on western blots of 
striated muscle homogenates from normal mule deer, white-tailed deer, elk, and cattle. 

Muscle Mule deer White-tailed deer Elk Bovine 
 PK- PK+ PK- PK+ PK- PK+ PK- PK+ 

Diaphragm + - + - + +/- + - 
Triceps + - + - + +/- + +/- 
Semitendinosus + +/- + - + +/- + +/- 
Latissimus dorsi + - + - + +/- + +/- 
Left ventricle + +/- + - + - - +/- 
Tongue + - + - + - + +/- 

 

Table 2. Comparison of ELISA results (mean optical density) on striated muscles from normal mule deer, white-
tailed deer, elk, and cattle. 

Muscle Mule deer White-tailed deer Elk Bovine 
 PK- PK+ PK- PK+ PK- PK+ PK- PK+ 

Diaphragm 0.060 0.061 0.062 0.038 0.083 0.042 0.065 0.034 
Triceps 0.058 0.055 0.054 0.038 0.060 0.047 0.163 0.034 
Semitendinosus 0.114 0.057 0.053 0.035 0.063 0.044 0.176 0.043 
Latissimus dorsi 0.053 0.053 0.065 0.038 0.058 0.042 0.298 0.034 
Left ventricle 0.057 0.057 0.061 0.042 0.053 0.050 0.325 0.036 
Tongue 0.057 0.058 0.083 0.039 0.057 0.043 0.138 0.035 

 

Table 3. Comparison of ELISA results (mean optical density) on striated muscles fromvmule deer, white-tailed 
deer, elk, and cattle. 

Muscle Mule deer White-tailed deer Elk Bovine 
Diaphragm 0.042 0.034 0.034 0.040 
Triceps 0.042 0.033 0.032 0.038 
Semitendinosus 0.038 0.033 0.031 0.051 
Latissimus dorsi 0.038 0.035 0.033 0.038 
Left ventricle 0.042 0.655 (0.030-1.898) 0.301 (0.033-0.685) 0.039 
Tongue 0.036 0.034  0.039 

 

 

 

 

 


