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Introduction 
 
Transmissible spongiform encephalopathy (TSE) diseases are fatal 
illnesses for which there is no cure or treatment. Individuals 
incubating TSE can transmit infectivity by blood transfusion. Four 
human-to-human transmissions of variant Creutzfeldt-Jakob disease 
were reported in the United Kingdom1,2. TSE infectivity in blood was 
also demonstrated in natural and experimental animal models such 
hamster3,4, mouse5 and sheep6. A TSE diagnostic will greatly improve 
the safety of the blood supply.  
 
This is the final report for the years 2003 to 2007 with an 
additional year, 2008, for which we obtained a no-cost extension to 
complete the plasma PK studies. In the original proposal, we 
outlined five specific aims. The first specific aim covering the 
application of the protein misfolding cyclic amplification (PMCA) 
method to plasma was removed by the review committee and we did not 
pursue PMCA. The rest of the aims were:  
1. To confirm the presence of PrPres in the urine of infected 
animals and to characterize this PrPres.  
2. To develop an ELISA-based format for PrP detection.  
3. To optimize the proteinase K digestion conditions for low 
concentrations of PrPres in the presence of high concentrations of 
PrPc.  
4. To validate all assays developed: any urine-based assay and 
ELISA format assays. 
Over the course of this program, all four specific aims were 
addressed and the yearly research progresses were reported in the 
annual reports. Below is a summary of the entire program and it 
includes an update of the plasma PK study.   
 
 
 
Body 
 
Specific aim 1 – Tasks 1 and 2 
Prion infectivity in urine has been extensively investigated by us 
and other groups over the past 4 years. Five studies were reported 
on TSE infectivity in urine. One study showed trace amounts of 
urinary infectivity in the 236K hamster strain11. The second report 
indicated that only mice with kidney infection and infected with 
scrapie excreted infectivity in urine. Mice with scrapie alone did 
not have infectivity in their urine12. The third study was in deer 
infected with chronic wasting disease and showed no infectivity in 
urine and feces inoculated together in 3 deer13. A second study by 
the same group suggested detectable level of infectivity in the CWD 
deer urine assayed with transgenic mice carrying the deer PrP gene 
(these results will be presented at the Prion200810). Finally, a 
recent report showed the detection of PrPsc from urine of hamsters 
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affected by scrapie after PMCA amplification of the endogenous 
PrPsc11. These data all together suggest that low but detectable 
levels of TSE infectivity is excreted by affected animals. Our 
laboratory has focused on urinary infectivity in the scrapie 
hamster model. These studies were recently published and they 
represent the only quantitative measurements of the titer of 
infectivity in excreted urine12.   
 
 
The details of the study can be found in the publication included 
in this report (appendix). In summary, we measured 3.8 ± 0.9 ID/ml 

of urine from clinically infected hamsters. This titer is similar 
to the titer of infectivity in plasma for the same animal model and 
reinforces the possibility that urine could be used as the assay 
material for a TSE diagnostic test. In the same study, we also 
titered bladder and kidney tissues from infected animals. The 
titers of the two organs were similar and measured 5 log10 
infectious doses50 (ID50) per g of tissue. This is the first report 
showing infectivity in bladder. Kidneys had been investigated 
before but this is the first quantitative measurement of the kidney 
infectivity titer. The published studies were completed with 
immunohistochemistry and histological examinations of the two 
organs. In collaboration with Dr. Budka at the University of Vienna 
(Austria) we determined that kidneys and bladders from hamster 
infected with scrapie do not have signs of infection or other 
abnormalities aside from the typical changes associated with 
scrapie. These observations were very important since the Aguzzi 
lab had reported the opposite findings in mice affected by 
scrapie8. Our results were also confirmed in studies in sheep 
affected by natural and experimental scrapie13, 14. 
 
Titration of urine from pre-clinical animals 
Following the results of the clinical urine titration, we decided 
to titer urine collected from hamster at the pre-clinical stage of 
the scrapie infection. At the time we started this study we did not 
consider the issue that the infectivity titer in urine might be 
affected by the volume of urine produced in a given time. The 
titration with the standard 5 ml of urine inoculated into 100 
animals resulted in no infections. This result was unexpected as we 
anticipated that infectivity in urine, as it is in blood, is 
present at early incubation times although with lower titers. It is 
possible that infectivity titers in urine at pre-clinical stage is 
below the limit of detection of the bioassay or that the same 
amount of infectivity is excreted but it is diluted in a larger 
volume of urine compared to the clinical urine (pre-clinical 
animals are not dehydrated and produce as much as 7 times more 
urine volume per day than clinically affected animals). Therefore, 
we are prepared to repeat the study after a method of urine 
infectivity concentration is developed.  
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Specific aim 2 – Task 1 
 
In the first year of this project, we tested several combinations 
antibodies as capture and detector in sandwich ELISA assays. We 
specifically focused on the Origen Analyzer (BioVeris), the DELFIA 
(Wallac/PE) and the MPD ELISA (BioTraces). BioTraces had the most 
sensitive assay in which 125I was used to detect PrP. We worked with 
the company to implement the assay with biological samples. We 
confirmed the extremely high sensitivity of the assay with 
recombinant PrP but we were not able to obtain the same level of 
sensitivity when biological material such as plasma was used. After 
extensive investigations we decided to abandon the BioTraces assay 
and focused on a more practical and also sensitive assay provided 
by the Origen Analyzer.   
 
Specific aim 2 – Tasks 2 and 3 
 
Using the Origen Analyzer, we developed an assay for TSE infection 
using scrapie hamsters infected (263K). In our current assay 
platform, the target test material is plasma and the protein to be 
detected is PrPres, the biochemical marker for TSE infections. We 
showed that the assay is capable of detecting abnormal PrP from 
brain spiked in plasma. In the first attempt to detect PrPres in 
plasma, no signal was observed after PK. These results highlighted 
the need to optimize the PK digestion step (see next Task).   

Using this detection system we measured PrP in brain and 
plasma of scrapie infected animals. The details of these studies 
were reported in a publication (See appendix)and can also be found 
in previous annual reports. From this analysis we established that 
the concentration of PrP in normal hamster brain is 7.9±0.9 μg/g 
and PrPsc in infected brain is 57±9.6 μg/g of tissue. In hamster 
plasma the concentration of normal PrP was 3 ng/ml and we also 
calculated the theoretical concentration of PrPsc in infected 
hamster plasma to be approximately 30 fg/ml of plasma15. These 
measurements represent average values conducted with large pools of 
brains (50-100 animals) and plasma (10-50 animals).  
 
Specific aim 3 – Tasks 1 and 2 
 
The issue of SDS in the plasma PK assay 
In the original proposal we suggested a series of PK digestions 
using brain homogenates spiked in hamster plasma. These studies 
using normal and scrapie brain spikes in plasma indicated that 
0.5%-1% SDS was necessary to reduce PrPc to below the limit of 
detection of the assay. This requirement represented a technical 
challenge for the assay and the bioassay. Following a long 
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investigation on how to incorporate such high concentration of 
detergent in the assay, we concluded that the only option was to 
remove SDS prior to the PrP immunoassay. Several attempts were 
conducted to find efficient methods of detergent removal from 
plasma. None of the methods tested was satisfactory because either 
SDS was not sufficiently removed or together with SDS plasma 
proteins including PrP were removed as well. The breakthrough came 
in 2006 when we discovered that SDS in the PK digestion was needed 
only to digest spiked brain PrPc but it was not required to remove 
normal endogenous plasma PrPc. This observation was critical 
because it allowed us to apply PK digestion to plasma followed by 
direct detection of the remaining PrP without further manipulations 
of the sample.  
 
Specific aim 3 – Tasks 1 and 4 
 
PK digestion of PrP from normal hamster plasma  
We tried to detect PrPres in hamster infected plasma without 
success. One of the issues was that the PK digestion was not 
optimized and therefore it was not possible to know whether PrPres 
detection failed because of insufficient assay sensitivity or 
because PK had removed/reduced PrPres. To answer these questions we 
needed to optimize the PK digestion step using endogenously 
infected plasma. A series of PK concentration conditions starting 
from no PK up to 500 μg/ml were tested. The remaining PrP was first 
captured with an affinity resin (3F4-resin) and then detected with 
the Origen Analyzer. Since the concentration of normal PrP in 
plasma is relatively low (3 ng/ml) we expected that low 
concentrations of PK would be sufficient to digest the protein. On 
the contrary, we found that relatively high PK concentration (>20 
μg/ml) was required to reduce PrPc below the limit of detection of 
our assay (4pg/assay).   

Figure 1 shows the quantitation of PrPc remaining after 
infected hamster plasma was treated with various concentrations of 
PK at 37oC and at different times during the incubation. PrPc 
concentration remained unchanged when PK was not present (lanes 
blue and green) and the values were the same for normal and 
infected plasma confirming that PrPsc cannot be detected above the 
PrPc excess background unless PrPc is fully removed. Low 
concentration of PK (5 μg/ml, purple lane) did not completely 
digest PrP while all other PK concentration reduced the level of 
PrPc to S/B=1.2±0.4 and only 500 μg/ml PK (brown lane) reduced the 
concentration of PrP below the background level. These data 
indicate that within the standard deviation all PK concentrations 
starting with 20 mg/ml removed the PrPc at or below the background 
level i.e below the limit of detection of the assay.  
 
Figure 1  
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The data in Figure 1 were plotted together with the measured PrPc 
mass detected following capture with the 3F4 resin and detection 
with the Origen Analyzer (Figure 2).  
 
Figure 2 

 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
The next step was to determine whether or not the PK condition that 
reduced PrPc to undetectable levels also digested PrPsc. This point 
is critical because if PrPsc is also digested it would indicate 
that this discrimination step could not be incorporated into a 
diagnostic assay because it would have demonstrated that PK lacked 
the needed discrimination power to distinguish between the two 

0

1

10

100

1000

0 50 100 150 200 250

Time (minutes)

Si
gn

al
/B

ac
kg

ro
un

d 
(S

/B
) d

0.0

40.0

80.0

120.0

160.0

0 50 100 150 200 250
Time (minutes)

Si
gn

al
/B

ac
kg

ro
un

d

0.00

0.20

0.40

0.60

0.80

1.00

1.20

ng
 P

rP
 p

er
 a

ss
ay



 9

proteins in plasma. The difficulty of this demonstration was that 
PrPsc could not be detected in plasma. To address this issue, we 
decided to assay TSE infectivity instead of PrPsc thus, using 
infectivity as a surrogate marker for PrPsc (see below). 
 
Specific aim 3 – Tasks 1 and 4 
 
Plasma PK study 
Since the final goal of these studies was to inoculate the PK-
treated plasma and measure the infectivity titer, the issue of 
compatibility of the PK-treated plasma samples with the bioassay 
needed to be solved. Typically, PK reaction is stopped with PK 
inhibitors PMSF or pefabloc. Early toxicity studies indicated that 
both reagents were highly toxic and that the animals tolerated 
significantly lower concentrations of these inhibitors than was 
needed to effectively inhibit PK. This was a difficult problem 
since active PK, we thought, would also be toxic to the animals. To 
our surprise hamsters tolerated high PK concentrations inoculated 
intracerebrally much better than the PK inhibitors. After many 
tests and toxicity experiments, we concluded that the best option 
was not to add PK inhibitor in the sample prepared for the 
bioassay.  
 
Based on pilot tests, 3 concentrations of PK, 50 μg/ml, 200 μg/ml 
and 500 μg/ml were selected (Figures 1 and 2). As the controls, 
infected plasma with no PK incubated at 37oC for 4 hours and non 
incubated and normal plasma without PK were also included in the 
titration for a final 6 titrations (see Table 1). The PK 
concentrations were chosen because they consistently showed 
digestion of PrPc to below the detection of the assay. The question 
asked was under which of PK conditions was infectivity unchanged? 
Since in this study we assume that reduction of infectivity means 
degradation of PrPres, those conditions with no change in the 
infectivity could be selected as TSE assay condition for PrPres 
detection in infected plasma.  
 
Animal Bioassay 
Endogenous plasma infectivity can be measured with the limiting 
dilution method in which 5 ml of sample is distributed into 100 
animals (50 μl per animals) by intracerebral inoculation. This 
method has been used extensively in our laboratory for those 
samples with extremely low titers such as blood, blood components 
and urine. Table 1 shows the number of animals inoculated per 
condition and the animals so far infected with scrapie. An interim 
titer is also reported in the Table. The final titer will be 
calculated after all animals in this study have been euthanized and 
the brain of each animal has been assayed by Western blot or Elisa 
to assess the infection status of each animal. The animal study 
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will be terminated at 540 days post inoculation (end of November 
2008).   
 
Table 1 
 
 
 
 
 
 

 
 
 
 
Figure 4 shows the current titers (green bars) as a function 

of the PK concentration. Although the exact titer may change by the 
end of the study, the overall results will not vary significantly. 
There are two major observations, 500 μg/ml PK caused reduction of 
the infectivity titer suggesting that this PK concentration is too 
high and it is not suitable for a PrPres-based assay. Unexpectedly, 
50 μg/ml PK showed an increase in the infectivity titer. The 
significance of this increased titer is not clear at this time. It 
may be due to possible removal by PK of “inhibitors” of 
infectivity. Figure 4 also shows the concentration of PrPc measured 
under those PK conditions (blue bars). The values were calculated 
for the concentration of PrP in plasma. As indicated in Figure 2, 
all three PK concentrations chosen for this experiment removed PrPc 
close or below to the limit of detection.  

 
Figure 4  
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5). As expected PNGase F reduced the apparent molecular weight (MW) 
of brain PrP. Also plasma PrPc was reduced in MW but its 
electrophoretic pattern after deglycosylation was more complex than 
brain PrPc (compare in Figure 5, 3F4 staining). The data also 
suggest that the protein band with MW below that of recombinant PrP 
corresponds to the N-terminal proteolytic cleavage.  
 
Figure 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Specific aim 4 
The assay developed was highly reproducible (inter and intra assay 
variability) and robust. The background was consistently low with 
all samples tested. Based on the quantitative evaluation, we 
determined that our assay did not have sufficient sensitivity to 
detect PrPsc in infected plasma. Our analysis also identified that 
assay sensitivity and discrimination are the two most critical 
steps, common to all TSE assays, that are still far from being 
reliably resolved by the commercially developed TSE assays. We did 
not evaluate the assay for its predictive power.  
 
As soon the studies are completed, a manuscript for publication 
will be prepared. 
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• We developed and characterized the Origen Analyzer assay 
coupled with an immuno-affinity resin step as an improved and 
sensitive assay for the detection of PrP. This assay was 
applied to measure the concentration of PrP in plasma and in 
brain. These results allowed us to estimate the concentration 
of PrPsc in infected plasma based on quantitative data. This 
is valuable information strongly needed to evaluate other TSE 
assays.  
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• We have measured the infectivity titer of urine excreted by 
scrapie infected hamsters. Other groups have also reported 
infectivity in urine but ours is the first and only 
quantitative measure of the titer of excreted urine. We have 
also determined the titers of TSE infectivity in kidneys and 
bladders from infected hamsters. Until this demonstration, it 
was not known that hamster kidneys and bladders contained such 
high levels of infectivity. 

• We have generated a valuable PK digestion matrix in which 
 endogenous plasma PrPc digestion is assayed as a function of 
 time and PK concentration.      
• The titration of PK-treated infected hamster plasma indicated 

that PK digestion can be used for discrimination of PrPc and 
PrPres in plasma. Our results also suggest that endogenous 
infectivity can be digested if high concentration of PK are 
used. 

   
 
Reportable outcomes 
 
 
Invited Presentations and Posters 
 
Prion2008 meeting in Madrid, Spain. Gregori L, Rose E, Rohwer R. 
Proteolytic removal of PrPc in plasma with preservation of 
endogenous infectivity. (Poster) 
 
European Medicinal Agency, TSE Expert meeting, London July 2007. 
Infectivity in urine of hamster infected with scrapie. 
(Presentation) 
 
CHI meeting on TSE Diseases Feb 2007. Gregori L and Rohwer R. 
Infectivity in urine of hamsters infected with scrapie. 
(Presentation) 
 
International Expert Advisory Group on Risk Modeling Emerging 
Infectious Diseases Feb 2007. Rohwer R and Gregori L. 
Quantitative measurement of the titer of TSE infectivity in 
urine. (Presentation) 
 
Prion2006 Meeting in Turin, Italy. Gregori L and Rohwer R. 
Infectivity in urine of hamsters infected with scrapie. 
(Presentation) 
 
CHI meeting on TSE Diseases Feb 2006. Gregori L. Detection of 
plasma PrP with a sensitive assay. (Presentation) 
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IPFA International Scientific Workshop on TSEs and the Safety of 
Blood Components and Plasma Derivatives. April 2006 Paris (France) 
Gregori L. Highly sensitive assay detection for PrP in hamster 
plasma. (Presentation) 
 
IBC meeting on Transmissible Spongiform Encephalopathies Nov 2006. 
Gregori L. Development of a sensitive assay for the detection of 
PrP in hamster plasma. (Presentation) 
 
Publications 

Gregori L, Kovacs GG, Alexeeva I, Budka H, Rohwer RG. (2008) 
Excretion of transmissible spongiform encephalopathy infectivity 
in urine. Emerg Infect Dis 14:1406-1412. 

Gregori L, Gray BN, Rose E, Spinner DS, Kascsak RJ, Rohwer RG. 
(2008) A sensitive and quantitative assay for normal PrP in 
plasma. J Virol Meth 149:251-259. 
 
Hamir AN, Kunkle RA, Bulgin M, Rohwer RG, Gregori L, Richt JA. 
(2008) Experimental transmission of scrapie agent to susceptible 
sheep using intralingual and intracerebral routes of inoculation. 
Can J Vet Res. 72:63-7.  
 
Gregori, L., Rohwer, R.G., 2007. Characterization of scrapie-
infected and normal hamster blood as an experimental model for 
TSE-infected human blood. Dev Biol (Basel) 127, 123-33. 
 
 
Conclusions 
 
The research program supported by this grant has been very 
successful. As a consequence, a number of publications and 
presentations at international meetings have resulted from this 
work.  
 
Most of the specific aims have been addressed and for the most part 
the project was on schedule with the exception of a delay in the 
inoculation of the PK-treated infected plasma due to technical 
problems. Those problems have been addressed and solved. We did not 
encounter other problems that required revision of the proposed 
studies. Because of this delay, the titrations are still on going 
and we anticipate the completion of the plasma PK study by the end 
of the year (including the western blot of the brain of 600 
hamsters now still alive).  
 
The results of the urine study have been very interesting and had 
stimulated a discussion among the regulators on whether, based on 
these data, a new risk assessment for the human urine-derived 
medicinal product should be conducted. We anticipate that the topic 
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of infectivity in urine will be a central regulatory issue in the 
future with more investigations being conducted (we already have 
seen a flourish of publications on this topic in the past a few 
months). We did not detect infectivity in urine of pre-clinical 
animals. This result should be analyzed further because technical 
issues with urine concentration may have been the cause. 
 
We also anticipate that the PK study will be of equally strong 
interest in the community as we made the first clear demonstration 
that PK could be used in the TSE diagnostic assay to remove 
discriminate between PrPc and PrPsc. We also showed that with 
excess PK it is possible to destroy infectivity and therefore 
PrPsc. Those conditions should be avoided and we have indicated 
those conditions that are appropriate for a TSE assay to detect 
PrPres.  
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Abstract

Transmissible spongiform encephalopathies can be transmitted by blood transfusion. The risk of spreading the disease among the human
population could be mitigated with the implementation of a blood screening assay. We developed a two-antibody assay for PrP detection in plasma
using the ORIGEN technology with a protocol modification to improve the limit of detection and to increase the sample volume assayed. In
the standard 200 �L format, the assay had a detection limit of 7–10 pg of recombinant PrP and 3 pg in 1 mL final volume implementation. PrP
concentration measured in normal and scrapie-infected hamster brains was 7.5 ± 0.9 and 57.3 ± 9.6 �g/g, respectively. After a concentration step
with an immuno-affinity resin, plasma PrPc was detected by Western blot and its concentration was measured at 3.5 ± 0.8 ng/mL. From these data
and assuming that blood has the same specific infectivity as brain, we estimated the concentration of abnormal PrP in hamster-infected plasma
to be 32 fg/mL. The assay also detected abnormal brain PrP spiked into plasma although the limit of detection was affected. This is a novel and
sensitive assay for the detection of PrP in plasma that could be developed into a platform for a plasma-based TSE test.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The successful management of transmissible spongiform
encephalopathy (TSE) diseases in humans and animals requires
an assay capable of identifying incubating TSE cases during the
lengthy preclinical or asymptomatic stages when the animals and
humans appear healthy but are incubating infectivity. Diagnoses
of TSE diseases are generally conducted post-mortem on tis-
sue from the central nervous system. Almost all TSE diagnostic
assays are based on the detection of the abnormal, protease-
resistant form of the prion protein PrP generated during the
disease from the normal cellular form, PrPc, by a still unknown
mechanism. The abnormal form of PrP is closely associated with
TSE infectivity and thus, it is the biochemical marker of TSE
infection.
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Inc., VA Medical Center, Research Services 151, 10 N. Greene Street, Baltimore,
MD 21201, United States. Tel.: +1 410 605 7000x6465; fax: +1 410 605 7959.
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mental Engineering, Ithaca, NY 14853, United States.

The majority of post-mortem tests rely for specificity on the
differential susceptibility of normal and abnormal PrP to pro-
teolytic digestion (Oesch et al., 1985). Most of the pre-mortem
blood-based diagnostic assays currently under development do
not use proteinase K to distinguish between the two forms of PrP
(Lau et al., 2007; Moussa et al., 2006; Pan et al., 2007; Raeber,
2006; Wilson, 2006). Four antibodies with unique specificity to
the abnormal form of the protein have been reported (Korth et al.,
1997; Moroncini et al., 2004; Paramithiotis et al., 2003; Curin
Šerbec et al., 2004). To date, only one of these antibodies has
been incorporated into a blood-based diagnostic assay (Raeber,
2006).

Abnormal PrP is present together with and must be detected
above a large excess of endogenous blood PrPc. This requires
exquisite assay specificity to ensure genuine abnormal protein
signal detection. The sensitivity and limit of detection (LOD) of
a TSE PrP-based assay are strongly affected by the high back-
ground from the plasma matrix (Safar et al., 1998; Völkel et al.,
2001). The LOD of an assay for TSE-infected samples is often
reported in terms of infectious doses detected which depends on
the starting titer of the brain homogenate used to characterize
the assay.

0166-0934/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jviromet.2008.01.028
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One means of increasing the assay sensitivity and reduc-
ing the background is through enrichment and concentration
of the target protein. Approaches that have been described for
concentration of abnormal PrP from brain spiked into blood
products include selective capture or precipitation mediated by
RNA molecules (Zeiler et al., 2003), polymeric ligands (Wilson,
2006), sodium phosphotungstate (Bellon et al., 2003), peptides
(Franscini et al., 2006; Lau et al., 2007; Pan et al., 2007). Two
affinity ligands have been reported to capture and thereby con-
centrate brain-derived abnormal PrP spiked in human red blood
cell concentrates (Sowemimo-Coker et al., 2005; Gregori et al.,
2006a). More recently, one of these ligands was also shown to
adsorb endogenous hamster blood scrapie infectivity and pre-
sumably abnormal PrP (Gregori et al., 2006b). It has also been
reported that brain abnormal PrP may be precipitated by anti-
bodies specific to this form of the protein (Korth et al., 1997;
Paramithiotis et al., 2003; Curin Šerbec et al., 2004) and through
non-specific interactions with monoclonal antibodies (Morel et
al., 2004) or with antibodies to DNA (Zou et al., 2004). A novel
method of abnormal PrP amplification known as protein mis-
folding cyclic amplification (PMCA) was recently reported to
detect the amyloid protein in blood (Castilla et al., 2005). Any
assay strategy applied to the detection of endogenous plasma
abnormal PrP will have to be rigorously validated with blind
panels of negative and positive samples from well characterized
animal models and with human samples as the ultimate test.

PrPc in plasma has not been characterized biochemically in
terms of glycosylation, solubility, mass and other parameters
mostly because the relatively low abundance of PrPc and the
complexity of the plasma matrix have made the isolation of this
protein very challenging. We describe here a novel assay for
partial purification, detection and quantitation of normal PrP
in hamster plasma. We also investigated the assay as a potential
platform for a TSE diagnostic test. This investigation highlighted
some of the challenges facing a plasma-based TSE assay.

2. Material and methods

2.1. The PrP detection system

PrP was captured with a two-antibody sandwich sys-
tem and detected with the ORIGEN Analyzer (BioVeris,
Gaithersburg, MD). The capture antibody was biotinylated
3F4 (Covance, Berkeley, CA) and the detection antibody was
6D11 labeled with BV-TAG [Ruthenium (II) tris-bipyridine, N-
hydroxysuccinimide] (BioVeris, Gaithersburg, MD). The 3F4
epitope encompasses residues 109–112 and the 6D11 epi-
tope covers residues 93–109 of the hamster sequence. The
immune-complex 3F4:PrP:6D11 was captured by the M-280
streptavidin-coated magnetic beads (Dynal Biotech, Brown
Deer, WI) through their interaction with the biotinylated anti-
body. All reagents were mixed together in solution in a single
step. A fixed 200 �L volume of the reaction mixture was drawn
into the ORIGEN Analyzer instrument for detection of the
electrochemiluminescent (ECL) signal emitted by the tagged
6D11-BV-TAG antibody. Optimization of the reagent concen-
trations showed that 50 ng 3F4-biotin, 25 ng 6D11-BV-TAG,

and 10 �g streptavidin-coated magnetic beads in a 200 �L reac-
tion volume maximized the signal-to-background ratio and these
concentrations were used with all experiments. The background
value was defined as the ECL signal for a sample containing no
recHaPrP. All samples were tested on the ORIGEN Analyzer in
duplicate with good reproducibility (%CV ≤ 15).

2.2. Preparation of 6D11-BV-TAG

6D11 monoclonal antibodies were grown in the Integra
Culture System (Integra Biosciences, AG, Chur, Switzerland)
and purified from the culture supernatant using Protein A/G
sepharose (Pierce Biotechnology Rockford, IL) according to
the manufacturer’s instructions. Five-hundred micrograms of
purified 6D11 were labeled with BV-TAG according to man-
ufacturer’s instructions. A 12:1 molar ratio of BV-TAG:6D11
was used for the labeling procedure, resulting in a final BV-
TAG:6D11 molar ratio of 7.15.

2.3. Effect of magnetic wash step on assay sensitivity

Two half-log dilution series of full-length (23–231) recom-
binant hamster PrP (recHaPrP) were prepared in dilution buffer
[PBS with 0.5% (v/v) Tween-20 and 1% (w/v) bovine serum
albumin] in duplicate. Purified recHaPrP was provided by
Ilia Baskakov (University of Maryland, Baltimore, MD) and
was prepared in native conformation according to protocols
previously described (Baskakov, 2004) with minor modifica-
tions. Two-hundred microliter samples of the dilution series
were incubated overnight with 3F4-biotin, 6D11-BV-TAG, and
streptavidin-coated magnetic beads. A magnetic rack (Immuno-
metrics Ltd., London, UK) was used to capture the magnetic
beads which carried the immune-complex from one series of
diluted recHaPrP in duplicate. The second dilution series was not
subjected to the magnetic capture step. The magnetic beads were
allowed to form a pellet (10 min) while on the magnetic rack and
the supernatant was removed along with any unreacted antibod-
ies. Two-hundred microliters of dilution buffer were added and
the bead pellet was resuspended to homogeneity. This procedure
is referred to as the magnetic wash step. recHaPrP captured
on the beads from both dilution series, with and without the
magnetic wash step, was detected with the ORIGEN Analyzer.
All other experiments in this report were conducted using the
magnetic wash step unless otherwise noted.

2.4. Effect of dilution on signal recovery

Samples containing 0, 0.1, 0.03, 0.01, 0.003 ng of recHaPrP
were mixed in 200 �L, 500 �L, and 1 mL of dilution buffer. This
test was conducted in duplicate. These dilution series were incu-
bated with 3F4-biotin, 6D11-BV-TAG, and streptavidin-coated
magnetic beads under constant mixing. The total mass of each
reagent was the same at each volume, only the concentration var-
ied. The magnetic beads were subjected to the magnetic wash
step (90 min) followed by suspension of the beads in 200 �L of
dilution buffer for all samples and processed as described above
for ORIGEN Analyzer detection of PrP.
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2.5. Detection of PrP from hamster brain homogenates

Ten percent (w/v) brain homogenates were prepared from
age-matched normal and scrapie-infected (263K strain) ham-
sters in PBS (pH 7.2) with extensive sonication. The sonication
was conducted on ice with a probe immersed in the sample
with four cycles of 30 s on/15 s off for a total of 2 min son-
ication. The homogenates were visually inspected to confirm
complete homogenization of the tissue. Both normal and scrapie
brain homogenates represented pools of approximately 100 ani-
mals each. The infected animals had been terminated when they
showed typical clinical signs of the disease but were still capa-
ble of rearing and feeding. The titer of the infected brain pool
was 2.3 × 1010 infectious doses50 (ID50) per gram of brain as
determined by the endpoint dilution titration method (data not
shown) (Reed and Muench, 1938).

Brain homogenates were heated at 100 ◦C in a water bath for
10 min in the presence of 2% SDS, resulting in a final 9% (w/v)
brain homogenate. No proteinase K digestion was conducted and
the term abnormal PrP is used to indicate the disease-specific
form of PrP. The 9% brain homogenates were serially diluted
in dilution buffer in half-log steps from 1:102 to 1:106 in dupli-
cate series. Two-hundred microliters of each brain homogenate
dilution were assayed. In parallel, a recHaPrP calibration curve
was prepared. All samples were incubated by mixing with 3F4-
biotin, 6D11-BV-TAG and streptavidin-coated magnetic beads.
This incubation was followed by the standard magnetic wash
step and the pellets were treated as indicated above for PrP
detection by the ORIGEN Analyzer.

Western blotting of the diluted brain homogenates was used
to verify the ECL signals obtained with the ORIGEN Ana-
lyzer. To one aliquot (10 �L) of each serially diluted sample was
added 5 �L of 3× SDS-PAGE sample buffer to final concentra-
tions of 0.03% dithiothreitol, 2% glycerol, 0.0625 M Tris–HCl
(pH 6.8) and 2% SDS. Ten microliters of each sample were
loaded on a pre-cast 15% Tris–HCl gel (Bio-Rad, Hercules,
CA) and subjected to electrophoresis. The proteins on the gel
were transferred to a PVDF membrane (Millipore, Billerica,
MA). The membrane was incubated with 5% (w/v) non-fat dry
milk (Bio-Rad, Hercules, CA) in Tris-buffered saline containing
0.5% Tween-20 (TBST) before incubation with 3F4 antibodies
from ascites fluid diluted 1:10 000 (Kascsak et al., 1987). The
membranes were washed in TBST followed by incubation with
horseradish peroxidase-conjugated anti-mouse IgG antibody
(KPL, Gaithersburg, MD) diluted 1:3000. The ECL + detection
kit (Amersham, Piscataway, NJ) was used to visualize the PrP
signal on film. Prestained protein markers (SeeBlue 2, Invitro-
gen, CA) were used to estimate the apparent molecular weight
of the protein bands.

2.6. Detection of normal hamster plasma PrP

3F4 immuno-affinity resin was prepared according to the
manufacturer’s instructions using ImmunoPure® rProtein A IgG
Plus Orientation kit (Pierce, Rockford, IL) and 3F4 antibody
from ascites fluid. Typically, 0.5 mL of 3F4 ascites fluid con-
taining approximately 5 mg/mL 3F4 antibody concentration was

conjugated to 2 mL of resin. The conjugated 3F4 antibodies were
cross-linked to protein A with disuccinimidyl suberate (Pierce,
Rockford, IL). Extensive washes of the affinity resin were con-
ducted before and after cross-linking to remove uncoupled and
uncross-linked antibodies. The 3F4 affinity resin was stored at
4 ◦C in PBS with 0.02% sodium azide after preparation.

The 3F4 affinity resin was used to capture PrP from a 4 mL
aliquot of normal hamster plasma from a pool of 220 mL of cit-
rated blood collected from 55 animals. Plasma was prepared
by centrifugation of freshly collected blood at 3300 rpm for
5 min (GS-6KR centrifuge, Beckman Coulter, Fullerton, CA)
at ambient temperature. Complete® proteinase inhibitor cock-
tail (Roche, Indianapolis, IN) and 12 �L of the 3F4 affinity resin
were added to 4 mL normal hamster plasma and mixed continu-
ously overnight at ambient temperature. The resin was pelleted
by a 30 s centrifugation at 16 100 × g, the pellet was washed
three times with 1 mL detergent buffer (0.05 M Tris–HCl, 0.15 M
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate) and stored
at 4 ◦C until use. This capture procedure was repeated two more
times, each time using the plasma supernatant from the pre-
vious incubation with the addition of fresh 3F4 affinity resin.
After the third capture, the supernatant was stored at −80 ◦C
until use. We will refer to this plasma supernatant preparation
as the PrP-depleted plasma. As a negative control, 12 �L of 3F4
affinity resin was incubated overnight in 1 mL dilution buffer
containing proteinase inhibitor cocktail.

PrP was eluted from each of the three 3F4 resin samples by
heating the mixture at 100 ◦C in a water bath for 5 min in 30 �L of
SDS-PAGE sample buffer containing final 2% SDS. The samples
were briefly centrifuged to pellet the resin and 5 �L in duplicate
of the supernatant were diluted 100-fold in dilution buffer and
assayed on the ORIGEN Analyzer. This procedure resulted in
a final concentration of 0.02% SDS which was established to
be compatible with the ORIGEN Analyzer detection system.
These samples and a recHaPrP calibration series in duplicate
prepared in dilution buffer also containing 0.02% SDS were
incubated with mixing overnight with 3F4-biotin, 6D11-BV-
TAG and streptavidin-coated magnetic beads. All samples were
subjected to the magnetic wash step followed by detection of PrP
with the ORIGEN Analyzer. PrP protein concentration was cal-
culated using a standard recHaPrP calibration curve (r2 > 0.99)
and using the values from the linear range for both homogenates.

Ten-microliter aliquots of each eluate from the 3F4 affinity
resin were also assayed by Western blot along with 10 �L of
0.5% normal hamster brain homogenate included as a standard.

2.7. Capture and detection of denatured brain-derived
abnormal PrP spiked into PrP-depleted plasma

Ten percent (w/v) scrapie-infected hamster brain homogenate
was denatured by heating the sample in a water bath at 100 ◦C
for 10 min in the presence of 2% SDS to expose the 3F4 anti-
body epitope. There was no prior digestion by proteinase K.
The denatured scrapie-infected brain homogenate was serially
diluted in half-log increments in duplicate and each dilution
was mixed with 1 mL of the PrP-depleted hamster plasma pre-
pared as described above. A parallel dilution series was also
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prepared and mixed with 1 mL of dilution buffer. The final spiked
PrP brain masses were: 2, 0.7, 0.2, 0.07 and 0.02 ng based on
57.3 �g/g total PrP concentration (see Section 3). All samples
were incubated overnight with 12 �L of the 3F4 affinity resin
and continuous mixing. The PrP captured by the 3F4 affinity
resin was eluted with 30 �L SDS-PAGE sample buffer; the resin
samples were briefly centrifuged and 10 �L in duplicate of each
supernatant were diluted 50-fold in dilution buffer. This pro-
cedure resulted in 0.04% SDS final concentration which was
found to be the highest SDS concentration still allowing the for-
mation of the biotinylated 3F4–PrP complex but was not optimal
for 6D11-BV-TAG interaction with PrP. Therefore, we modified
the order of addition of the reagents. First, the samples were
incubated overnight with 3F4-biotin and streptavidin-coated
magnetic beads in parallel with a recHaPrP calibration series in
1 mL dilution buffer with 0.04% SDS as the standard. The beads
were pelleted with the magnetic wash step; the supernatant was
removed and replaced with 200 �L dilution buffer containing
25 ng of 6D11-BV-TAG. The reaction was mixed for an addi-
tional three hours. The unbound 6D11-BV-TAG antibody was
removed with a second magnetic wash step and PrP was detected
with ORIGEN Analyzer.

3. Results

3.1. Limit of detection of the assay

The limit of detection of the assay was improved by exploiting
the key feature of the ORIGEN Analyzer technology to form the
3F4:PrP:6D11 immune-complex in solution. A magnetic wash
step conducted on the bench using a magnetic rack was incor-
porated into the experimental protocol as a method to remove
unbound 6D11-BV-TAG that contributed to the background sig-
nal. Two recombinant hamster PrP (recHaPrP) dilution series
were compared: one incorporating the magnetic wash step and
one identical series without this step. Fig. 1 shows the log ver-

Fig. 1. The effect of the magnetic wash step on ORIGEN Analyzer sensitivity.
Half-log dilution series of recHaPrP, from 1.5 to 0.001 ng, with (filled circles)
or without (open circles) a magnetic wash step. The line across the graph rep-
resents S/B = 2.0 ratio. The arrows point to the mass limit of detection at twice
background.

Table 1
Effect of sample dilution on recHaPrP signal recovery

Volume recHaPrP (ng) recHaPrP (ng/mL) Background (ECL counts)

200 �L 0.006 0.031 2387.0 ± 112
500 �L 0.005 0.009 1486.5 ± 99

1 mL 0.003 0.003 1076.5 ± 58

Nanograms and concentration of recHaPrP detected at the limit of detection
and background signals for PrP dilution series in various reaction volumes.
Detection limits were interpolated from S/B = 2.0 values observed in half-log
dilution series. Background signals were obtained from samples containing only
dilution buffer with no recHaPrP.

sus log plot of the signal-to-background ratios and the mass
of recHaPrP tested. An average 1.7-fold S/B improvement
was observed at all recHaPrP loadings tested as a result of
background reduction with the magnetic wash step. The hor-
izontal line on Fig. 1 indicates the ratio S/B = 2.0 which was
used as the assay limit of detection. The arrows in the fig-
ure indicate that the magnetic wash step reduced the LOD
from 0.011 ± 0.001 ng recHaPrP (without magnetic wash) to
0.007 ± 0.001 ng recHaPrP (with magnetic wash).

We explored the added magnetic wash step as a method
for concentration of PrP from diluted solutions. The question
addressed was whether the same recHaPrP mass detection limit
was maintained with the assay performed in 200 �L, 500 �L and
1 mL of dilution buffer. The data in Table 1 and Fig. 2 are repre-
sentative of three independent repeats of this experiment. Fig. 2
shows the log versus log plot of the signal-to-background ratios
of these dilution series plotted against the mass of recHaPrP
tested. The arrows point to the mass limit of detection for
the three volumes tested. Table 1 shows the background value
for each volume tested as well as the corresponding recHaPrP
masses at the detection limit (S/B = 2.0) also indicated by the
arrows in Fig. 2. The limit of detection was achieved with
0.003 ng PrP in 1 mL (3 pg/mL or 0.13 pM), 0.005 ng PrP in
0.5 mL (9 pg/mL) and 0.006 ng in 200 �L volume (31 pg/mL).

Fig. 2. The effect of dilution on signal-to-background ratio and signal recovery.
Half-log dilution series of recHaPrP, from 0.1 to 0.003 ng, diluted in 200 �L
(filled circles), 500 �L (open circles), and 1 mL (filled triangles) dilution buffer.
The line across the graph represents S/B = 2.0 ratio. The arrows point to the mass
limit of detection at twice background.
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The assay sensitivity improved in parallel with the increase of
the assay volume and this effect was due to the concomitant
decrease of the background signals (Table 1).

3.2. Quantitation of normal and abnormal PrP from
hamster brains

The assay was used to detect and to quantify PrP from brain
homogenate pools of normal and scrapie-infected hamsters after
denaturation (see Section 2). PrP denaturation was necessary
to solubilize both PrP isoforms and to expose the 3F4 epi-
tope on the abnormal PrP molecule. Fig. 3A shows the dilution
curves reported as S/B ratios versus the dilution factor relative
to 9% (w/v) brain homogenate. PrP concentrations in normal
and scrapie-infected hamster brain pools were calculated to be
7.5 ± 0.9 and 57.3 ± 9.6 �g/g, respectively. Similar results were
obtained with three independent replicates of the same pools.
These pools were prepared from approximately one hundred
brains each. Two-hundred microliter samples of a 104 dilu-
tion of 9% normal brain homogenate and of a 105 dilution of
9% scrapie-infected brain homogenate gave ECL signals at the
detection limit at twice background (Fig. 3A). Based on the cal-
culated PrP concentration in brain, these dilutions correspond
to 0.014 ± 0.002 ng (0.07 ng/mL) PrP from normal brain and
0.010 ± 0.002 ng (0.05 ng/mL) PrP from scrapie-infected brain
equivalent to 2 nL of 9% infected brain. The titer of the scrapie
brain homogenate pool was 2.3 × 1010 ID50/g as measured with

Fig. 3. Normal and scrapie-infected brain dilution series. (A) Half-log dilu-
tion series from 102 to 106 relative to 9% (w/v) normal (open circles) and
scrapie-infected (filled circles) hamster brain homogenates detected by ORI-
GEN Analyzer. The line across the graph represents S/B = 2.0 ratio. (B) Same
samples as in (A) detected by Western blot. Lanes 1–7 normal brain and 8–14
scrapie-infected brain. The numbers on the left represent the molecular weights
in kDa of the prestained protein standards.

two independent endpoint titrations. From this titer, the LOD in
terms of infectious doses was approximately 4000 ID50.

PrP from serially diluted brain homogenates was also
detected by Western blot. In this case, 102.5 dilution of 9%
normal brain homogenate and 103.5 dilution of 9% scrapie-
infected brain homogenate represented the limit of detection by
Western blot analysis (Fig. 3B). Based on the calculated PrP con-
centration in normal and scrapie-infected hamster brains, these
dilutions correspond to detection limits of 0.016 ng (1.6 ng/mL)
and 0.012 ng (1.2 ng/mL) PrP, respectively. The LOD in mass is
similar to that calculated for the ORIGEN assay (Fig. 3A) and
the increased sensitivity of the ORIGEN assay derived from the
ability of this format to accommodate larger sample volumes
compared to the Western blot.

3.3. Detection of PrP from normal hamster plasma

The goal of this study was to detect PrP from plasma. How-
ever, direct detection from undiluted plasma was unsuccessful
due to high protein content in the matrix. To address this issue a
PrP concentration step was developed with the aim of reducing
the plasma matrix effect while concentrating the target protein.
A 3F4 immuno-affinity resin was used to capture endogenous
PrP from 4 mL of undiluted normal hamster plasma. Fig. 4A
shows that 14.1 ± 2.2 ng of PrP (92% of the total PrP captured)

Fig. 4. Endogenous hamster plasma PrP eluted from the 3F4 affinity resin. (A)
ORIGEN Analyzer results of plasma PrP signal eluted from each capture passage
on 3F4 affinity resin. Quantitation was conducted using a recHaPrP standard
curve. The axis on the left refers to the percentage of PrP with the total PrP
being the sum of each capture step. (B) Western blot of the same samples tested
in (A) with 3F4 primary antibodies (lanes 1–5) and without primary antibodies
(lanes 6–9). Lane 1 represents normal brain homogenate. Lanes 2 and 6: first
capture; lanes 3 and 7: second capture; lanes 4 and 8: third capture. Lanes 5
and 9 contained negative controls with the resin incubated in buffer without
plasma. The numbers on the right represent the molecular weights in kDa of the
prestained protein standards.
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was bound in the first resin capture and 1.2 ± 0.01 ng of PrP (8%
of the total PrP captured) was captured in the second step. The
signal captured in the third step was not reduced with a fourth
capture step (data not shown) and it was assigned to non-specific
interaction between the 3F4 affinity resin and the plasma pro-
teins. The endogenous plasma PrPc concentration was calculated
using a standard recHaPrP calibration curve (r2 > 0.99). In this
particular experiment, a total of 15.3 ± 0.3 ng PrP were captured
and eluted from 4 mL normal hamster plasma, with a calculated
hamster plasma PrP concentration of 3.8 ± 0.1 ng/mL. Similar
PrP concentrations were obtained with two large pools of plasma
and with a total of six independent experiments. The average of
PrP concentration from all experiments was 3.5 ± 0.8 ng/mL.
A resin capacity of 1.2 ± 0.3 ng PrP/�L resin was calculated
assuming that the resin was saturated in the first PrP capture
step.

The ORIGEN Analyzer results were confirmed by Western
blot (Fig. 4B). PrP signal was detected in the first capture (lane
2) and it was below the limit of detection of the Western blot
in the second capture (lane 3). Western blot of the proteins
captured by the 3F4 affinity resin showed a protein band of
approximately 40 kDa which was not detected when the primary
antibody was omitted (lane 6). We concluded that this band cor-
responds to endogenous plasma PrPc. Lane 1 shows normal PrP
from hamster brain as the marker. Negative controls containing
3F4 affinity resin incubated in buffer without plasma (lane 5)
showed no signal. Protein bands with the apparent molecular
weights of approximately 36 and 64 kDa were observed without
primary antibody staining (lanes 6–8). These bands were present
only in samples that had been exposed to plasma and were ten-
tatively assigned to heavy-chain and light-chain IgG subunits
(Hartwell et al., 2005).

3.4. Quantitation and recovery of abnormal brain-derived
PrP spiked in PrP-depleted hamster plasma

We evaluated the performance of the 3F4 affinity resin to
capture denatured PrP from scrapie-infected brain homogenate
spiked into PrP-depleted plasma. For comparison and to assess
the effect of plasma proteins on the PrP capture, the test was also
conducted in parallel with the same brain homogenate dilution
series in dilution buffer.

Fig. 5A compares the results for samples diluted in buffer
and in PrP-depleted plasma as log versus log plot of S/B ratios
and PrP mass tested (from 2 to 0.02 ng). The signals from the
test conducted without brain spikes in buffer and in PrP-depleted
plasma were used as the background values for the respective
curves. By interpolation to S/B = 2.0 and using a PrP concen-
tration of 57.3 �g/g in scrapie-infected hamster brain, the LOD
was 0.04 ng for the sample diluted in buffer and 0.10 ng for the
sample diluted in PrP-depleted plasma. The assay was capable of
detecting 2.8 pM of abnormal PrP or 20 nL of 9% scrapie brain
homogenate spiked in undiluted plasma (abnormal PrP average
molecular weight of 35 kDa). The 2.5-fold difference in LOD
in Fig. 5A between buffer and PrP-depleted plasma matched
the difference in background values for the two conditions.
Background–subtracted ECL signals (S–B) were plotted in a log

Fig. 5. Detection of denatured PrPres from scrapie-infected brain diluted in
buffer and in PrP-depleted plasma. (A) log versus log plot of S/B ratios
and amounts of scrapie-infected brain PrP in PrP-depleted plasma (filled cir-
cles) and in buffer (open circles) captured by 3F4 affinity resin. The line
across the graph represents S/B = 2.0. (B) same samples as in A plotted with
background–subtracted ECL signals (S–B) in PrP-depleted plasma and in buffer.
The arrows point to the mass limit of detection for twice background.

versus log graph against PrP mass for the dilution buffer and PrP-
depleted hamster plasma samples (Fig. 5B). The graph shows
two overlapping curves indicating that the PrP signals recov-
ered on the resin incubated with buffer and with PrP-depleted
plasma were the same. This result suggests that the 3F4 affin-
ity resin captured the same PrP mass under both experimental
conditions and that the interaction of PrP with the 3F4 anti-
body was highly specific and largely unaffected by the presence
of plasma proteins. However, plasma increased the background
and as a consequence the LOD calculated at twice background
increased.

4. Discussion

We have developed a multistep assay platform to capture,
detect and quantitate PrP from hamster plasma using a 3F4
affinity resin. The results were confirmed by Western blot anal-
ysis and quantitation was conducted with a sensitive detection
technology.

We selected the hamster model because quantitative measure-
ments of infectivity titers in brain and in blood are available for
this model and because previous studies have indicated the rele-
vance of the hamster as an experimental animal system to study
TSE infectivity in human blood (Gregori and Rohwer, 2007).
Our current assay format could also be applicable to human
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plasma as both 3F4 and 6D11 antibodies react with human PrP
(Kascsak et al., 1987).

PrP concentration in infected and normal hamster brains
measured with our assay was in agreement with those previ-
ously reported (Beekes et al., 1995; MacGregor and Drummond,
2001; Rubenstein et al., 1994). Assuming that PrPc concen-
tration in infected brain is the same as in normal brain, the
concentration of abnormal PrP in scrapie brains was calcu-
lated to be approximately 50 �g/g tissue. Based on the titer
of the infected brain homogenate used in these studies, the
specific infectivity was 2.2 fg of abnormal PrP per ID50.
The measured titer of infected hamster blood is on average
10 ID/mL (Gregori et al., 2006b, 2004). If we use the same
specific infectivity calculated for brain and the conversion 1
ID50 = 0.693 ID (Gregori et al., 2006a), the concentration of
abnormal PrP in hamster-infected plasma is estimated to be
32 fg/mL.

The 3F4 affinity resin captured PrPc from large volumes
of undiluted plasma. This is an important feature of our test
since in most diagnostic assays plasma needs to be diluted
prior to use to reduce the assay background derived from the
complex plasma matrix. In our assay, PrPc was captured from
4 mL of plasma. This step not only concentrated PrP into a
small volume of resin and thereby increased the assay sen-
sitivity but it also eliminated most of the interfering plasma
proteins and allowed PrP detection by Western blot. Further-
more, it was possible to detect PrPc using the ORIGEN Analyzer
assay which had not been able to detect PrPc from undiluted
plasma. These observations may explain why the highly sen-
sitive DELFIA technology failed to detect PrPc in hamster
plasma (MacGregor and Drummond, 2001). For the detec-
tion of PrPc adsorbed to the affinity resin we exploited the
flexibility of the solution-based detection technology and the
high affinity of the two monoclonal antibodies, 3F4 and 6D11
for PrP, K3F4

d = 7.9 × 10−11 M (DSS and RJK, unpublished
data) and K6D11

d = 4.0 × 10−11 M (DSS and RJK, unpublished
data). We reproducibly detected and measured the concentra-
tion of endogenous PrPc from normal hamster plasma with an
average value of 3.5 ng/mL. This concentration could be under-
estimated if not all endogenous PrP was captured by the 3F4
affinity resin or if not all captured PrP was eluted from the
resin.

To our knowledge, there are no previous reports on the isola-
tion and detection of PrPc from hamster plasma and its detection
by Western blot. The Western blot signal indicated a predom-
inant single band with the same apparent molecular weight as
the diglycosylated species of normal hamster brain PrP. Whether
this co-electrophoretic mobility indicates that the two proteins
have the same glycosylation patterns remains to be established
and we are in the process of further characterizing endogenous
plasma PrPc. Other minor 3F4-specific bands in the same West-
ern blot lane were also detected but they could not be clearly
assigned as their signals overlapped with that of a contaminant
band. Interestingly, all three typical PrPc bands were observed
in purified PrPc from human platelets (Jones et al., 2005) sug-
gesting that at least in human all three forms of PrPc may be
found in blood.

Throughout the assay development, a detection limit defined
by S/B = 2.0 was adopted to provide a comfortable margin of
safety particularly when the assay is applied to complex biolog-
ical matrix such as plasma. The assay sensitivity was improved
by applying a magnetic wash step to remove unreacted 6D11-
BV-TAG antibody prior to signal detection thereby reducing the
background values. This modification resulted in about 2-fold
increase in sensitivity and more importantly, it allowed for the
use of sample volumes larger (up to 1 mL) than the conven-
tional 200 �L volume of the 96-well microtiter plate assays.
Even under the standard conditions (200 �L assay volume), the
detection limit for brain PrP with the ORIGEN Analyzer was
30-fold better than with the Western blot. The assay detection
limit for recombinant PrP was more sensitive than that reported
by other authors (Kim et al., 2005; Safar et al., 1998) and was
at least as sensitive as that of other assays (Biffiger et al., 2002;
Dabaghian et al., 2006; Safar et al., 2005; Völkel et al., 2001).
Assay formats with extremely low theoretical detection limits
have been reported (Barletta et al., 2005; Schmerr et al., 1999),
but their applicability to biological samples has not yet been
demonstrated. We observed 2-fold increase in LOD between
recombinant PrP (0.007 ng) and brain PrPc (0.014 ng) with the
standard assay volume (200 �L). This difference could be due
to subtle differences in the antibody interactions with recHaPrP
and native PrP. Similar LOD differences were also reported by
other authors (Safar et al., 1998; Völkel et al., 2001). Further-
more, direct detection of brain abnormal PrP diluted in buffer
was 4-fold more sensitive than the same protein captured with
3F4 affinity resin (compare 0.010 ng from Fig. 3 and 0.04 ng
from Fig. 5). It is likely that the different LOD derives from
incomplete capture of the abnormal PrP by the 3F4 affinity
resin.

The PrP-depleted plasma preparation was used in spiking
experiments with brain-derived abnormal PrP to challenge the
3F4 affinity resin capture step in a background of endogenous
plasma proteins. The aim of this experiment was to characterize
and to test the assay format with known amounts of abnor-
mal PrP and to determine the PrP signal recovery and the limit
of detection. We adapted the assay conditions to our current
assay format and used denatured abnormal PrP spiked into PrP-
depleted plasma. In the presence of plasma, the 3F4 affinity resin
successfully captured spiked brain abnormal PrP although the
LOD was affected. Comparison of the 3F4 affinity resin capture
of brain abnormal PrP diluted in buffer and in plasma showed that
the matrix had no influence on the mass of abnormal PrP recov-
ered but it affected the background values and as a consequence
caused an increase in the LOD.

The estimated concentration of abnormal PrP in infected
plasma was 32 fg/mL and the concentration of normal PrP in
hamster plasma was 3.5 ng/mL. The ratio between the two
proteins is 1:105. Therefore, in a successful TSE diagnostic
assay, endogenous PrPc concentration must be reduced to lower
than 32 fg/mL before the abnormal PrP signal can be reliably
detected above the remaining PrPc signal. This corresponds to
the removal of more than 99.999% PrPc molecules without loss
of endogenous abnormal PrP. This delicate discrimination step
is a necessary requirement for all assays even those that do not
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use proteolytic digestion of PrPc but rely on specific recognition
of abnormal PrP.

For a diagnostic application of this assay, the 3F4 antibody
in the affinity resin could be substituted with antibody specific
to abnormal PrP or with non-conformational dependent anti-
bodies which would remove the requirement for denaturation
of the abnormal PrP for epitope recognition. Alternatively, the
3F4 affinity resin could be used to deplete plasma of normal PrP
followed by detection of abnormal PrP. Affinity ligands spe-
cific for abnormal PrP could also effectively substitute for the
immuno-affinity resin. One such a ligand may be already avail-
able (Gregori et al., 2006b). The PMCA reaction was shown to be
capable of amplifying endogenous abnormal PrP from buffy coat
to levels readily detectable by Western blot (Castilla et al., 2005).
These results are encouraging although a recent report suggested
that under certain conditions PMCA could also generate abnor-
mal PrP from normal brain tissues (Deleault et al., 2007). Thus,
the PMCA specificity must be verified, but it is possible that an
optimized, more specific PMCA assay or a combination of this
amplification technology and an improved capture resin incor-
porating abnormal PrP specific antibodies or affinity ligands will
make possible the practical application of this protocol to a TSE
plasma assay.
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The route of transmission of most naturally acquired 
transmissible spongiform encephalopathy (TSE) infections 
remains speculative. To investigate urine as a potential 
source of TSE exposure, we used a sensitive method for 
detection and quantitation of TSE infectivity. Pooled urine 
collected from 22 hamsters showing clinical signs of 263K 
scrapie contained 3.8 ± 0.9 infectious doses/mL of infectivi-
ty. Titration of homogenates of kidneys and urinary bladders 
from the same animals gave concentrations 20,000-fold 
greater. Histologic and immunohistochemical examination 
of these same tissues showed no indications of in  ammato-
ry or other pathologic changes except for occasional depos-
its of disease-associated prion protein in kidneys. Although 
the source of TSE infectivity in urine remains unresolved, 
these results establish that TSE infectivity is excreted in 
urine and may thereby play a role in the horizontal transmis-
sion of natural TSEs. The results also indicate potential risk 
for TSE transmission from human urine–derived hormones 
and other medicines.

Transmissible spongiform encephalopathies (TSEs) are 
fatal neurologic diseases. In humans, a long asymptom-

atic incubation period is followed by a progressive clinical 
course that typically lasts a few months to a year. TSE in-
fectivity and pathologic changes are concentrated in the ner-
vous system; however, much of the transmission risk results 
from parenteral exposure to the much lower concentrations 
of infectivity found in tissues outside the nervous system. 
Thus, despite the very low concentration of TSE infectiv-
ity in blood (1,2), 4 human cases of transmission of variant 

Creutzfeldt-Jakob disease through blood transfusions have 
been documented (3,4). If TSE infectivity were excreted, 
human urine, which is a source of injectible fertility hor-
mones and other drugs (5,6), could also pose a risk for trans-
mission. Infected urine might also account for the horizontal 
transmission of sheep scrapie and might contribute to the 
natural spread of chronic wasting disease in deer and elk.

Early attempts to transmit Creutzfeldt-Jakob disease 
by cross-species inoculation of rodents and primates with 
urine from diseased patients failed (7,8). More recent at-
tempts in which urine from infected hamsters was injected 
back into hamsters have produced variable results (9,10). 
Two other studies have reported infectivity in urine (11) 
and infectivity with disease-specifi c prion protein (PrPd) in 
kidneys of mice with simultaneous scrapie and nephritis but 
not in those with scrapie alone (12). To resolve these dis-
crepancies, we used a highly sensitive and precise method 
of measuring low concentrations of TSE infectivity, which 
we have successfully used for quantitation of TSE infec-
tivity in blood (1,2), to measure the concentration of TSE 
infectivity in urine of scrapie-infected hamsters.

Materials and Methods

Urine Collection and Processing
Urine was collected from a cohort of 22 Syrian ham-

sters (Harlan Sprague-Dawley, Haslet, MI, USA) that had 
been infected by intracranial injection with 10% (wt/vol) 
scrapie brain homogenate (263K strain) and from a co-
hort of 8 age-matched, noninoculated control animals. At 
the time of urine collection, the scrapie-infected hamsters 
showed clear clinical evidence of disease but were still able 
to drink and eat (67–74 days postinoculation). Hamsters 
were placed 2 at a time for 24 hours in metabolism cages 
in which they had access to water but not food. Food was 
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withheld to prevent contamination of the urine. Urine was 
maintained at 4oC during collection. Separate metabolic 
cages (Rat metabolic cage no. 2100-R; Lab Products, Sea-
ford, DE, USA) were used for each cohort. The urine pro-
duced daily was stored at –80oC. The individual collections 
were then combined into clinical and control pools of ≈60 
mL and ≈125 mL, respectively. 

Limiting Dilution Titration of Urine
We used the limiting dilution method of titration devel-

oped in our laboratory to measure the concentration of TSE 
infectivity in urine (1,2). In this method, a relatively large 
volume of low-titer sample is injected intracerebrally, 50 μL 
at a time, into a large cohort of weanling hamsters. Immedi-
ately before animal inoculation, aliquots of the clinical and 
control urine pools were thawed and sonicated on ice with 
separate sterile ultrasonication probes for each pool. Sonica-
tion was for 4 cycles of 15 s on and 10 s off for 1 min of total 
sonication, using a microtip probe at 40% amplitude (Vi-
bra-Cell 750W; Sonics & Materials, Newtown, CT, USA). 
Two milliliters of control urine was injected undiluted into 
40 hamsters. Clinical urine (urine from hamsters showing 
clinical signs of disease) was diluted 1:3 with inoculation 
buffer (phosphate-buffered saline [PBS] supplemented with 
1% fetal calf serum and 1× penicillin and streptomycin) to 
remove concentration-related toxicity. Five milliliters from 
the clinical urine pool was diluted to 15 mL, and the entire 
volume was injected into 300 hamsters, 50 μL/animal. Soon 
after inoculation, 8 animals inoculated with urine from the 
infected animals died, which left 292 animals in the study. 
All inoculations were conducted under anesthesia with pen-
tobarbital (40–90 mg/kg). At each step the control urine was 
processed before the infected urine.

All animals were assessed weekly for early signs of 
scrapie. At the fi rst signs of disease, animals were separated 
from their cage mates, observed daily for disease progres-
sion, and euthanized after disease was confi rmed clinically. 
After 559 days postinoculation all remaining animals were 
euthanized. Brains were collected from all animals in the 
study and assayed for infection-specifi c, proteinase K–re-
sistant prion protein (PrPres) by Western blot or ELISA, us-
ing a dissociation-enhanced lanthanide fl uorescent immu-
noassay (DELFIA) developed in our laboratory (described 
below). The infection status of each animal was tabulated, 
and the probabilities of infection and titer were computed 
as described (1,2; Table 1).

Tissue Collection and Processing
Kidneys and urinary bladders were harvested from 

each of 12 infected animals that donated urine either 71 
or 76 days postinoculation. Animals were euthanized by 
asphyxiation with CO2. The bladder was removed fi rst and 
immediately frozen in liquid nitrogen. The kidneys were 
collected next; the renal capsule was removed before freez-
ing the tissue in liquid nitrogen. Both tissues were dissect-
ed aseptically with a clean, sterile set of instruments for 
each animal and each organ; particular care was taken to 
not touch other organs or tissues. The tissues (12 bladders 
and 19 kidneys) were pulverized with a cryomill by using 
separate cryo-capsules for each tissue (Cryogenic Sample 
Crusher, Model JFC-300; JAI, Tokyo, Japan). The tissue 
powder was stored at –80oC until use.

End-Point Dilution Titration of Tissues
Pooled bladder powder (1.65 g) and pooled kidney 

powder (0.64 g) were separately mixed with homogeni-
zation buffer (PBS, pH 7.2) to make 10% (wt/vol) tissue 
suspensions before sonication at 40% amplitude, using 
separate sterile microtip probes for each homogenate. The 
kidney homogenate was prepared according to the same 
schedule of sonication used for the urine pools. The blad-
der homogenate was sonicated for 10 s, repeated 2 times 
(20 s total sonication time) at room temperature. Longer 
sonication times or delays in the injection of the bladder 
homogenate caused the sample to solidify, which made it 
impossible to dilute and inject. Immediately after sonica-
tion the homogenates were serially diluted 10-fold in inoc-
ulation buffer, and each dilution was injected into hamsters 
in 1 to 5 cages (4 hamsters/cage) for titration by end-point 
dilution (Table 2).

All dilutions were by weight. The study was terminat-
ed at 426 days postinoculation, and the infection status of 
each animal was confi rmed by Western blot of the brain for 
PrPres. The titers were calculated by the methods of Reed and 
Muench (13), Pizzi (14), and Spearman and Karber (15).

PrPres Detection Procedures

Immunoblotting
Individual brains were homogenized in PBS, pH 7.2, 

to 10% (wt/vol) by using a FASTH homogenizer (Consul 
AR; Villenueve, Switzerland) according to the manufac-
turer’s instructions. To test for PrPres, brain homogenate 
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Table 1. Titer of urine from scrapie-infected hamsters 

Hamster
Volume

assayed, mL Fold dilution 
Volume

inoculated, mL 
Total no. 
hamsters

No. infected 
hamsters

Titer, 
ID/mL* SD†

Infected 4.87 3 14.6 292 18 3.8 0.9
Noninoculated 2 None 2 40 1 – –
*ID, infectious dose. Titer = –ln(P(0)) × (1/v), where P(0) = (noninfected animals)/(total animals inoculated) and v = inoculation volume, 0.05 mL. 
†SD = square root (titer/V), where V = 4.87 mL, the total volume of the undiluted urine inoculated (1).
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was digested with proteinase K at 0.1 mg/mL fi nal con-
centration as described by Gregori et al. (1). Sample buffer 
containing 2% sodium dodecyl sulfate was added, and the 
samples were heated at 100oC for 10 min and subjected to 
sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis. Western blots of the samples were developed by using 
anti-PrP 3F4 monoclonal antibody (Covance, San Diego, 
CA, USA) for PrP detection (1).

ELISA
After proteinase K digestion and heat denaturation as 

described for immunoblotting, the samples were diluted 
100-fold in assay buffer (DELFIA Assay Buffer; Perki-
nElmer, Waltham, MA, USA). They were then assayed for 
PrP concentration by DELFIA by using a Wallac Victor 
V instrument (PelkinElmer) for signal detection, with pu-
rifi ed 3F4 monoclonal antibody (Covance) as the capture 
antibody and purifi ed 7D9 monoclonal antibody (Covance) 
labeled with Europium according to the manufacturer’s 
instructions (PerkinElmer) as the detection antibody. The 
molar ratio of Europium:7D9 antibody was 7.4:1 (2).

Histologic and Immunologic Tissue Preparation
Formalin-fi xed brains were cut and divided on the 

midline; 1 hemisphere was cut in the sagittal plane; the 
other was cut coronally at the anterior basal ganglia, the 
middle of the thalamus, and the brainstem with cerebellum. 
Spleens, kidneys, and bladders were divided in the middle. 
All blocks were embedded in paraffi n and processed for 
conventional staining with hematoxylin and eosin and Lux-
ol fast blue/nuclear fast red (for brain) as well as for immu-
nohistochemical detection of PrP with monoclonal anti-PrP 
antibody 3F4 (1:1,000; Covance). For detection of  PrPd, 
sections were pretreated with 30 min of hydrated autoclav-
ing at 121°C followed by 5 min in 96% formic acid. Immu-
nostained sections were counterstained with hematoxylin.

Animal Husbandry and Decontamination Procedures
Animals were maintained in a Biosafety Level 3 (BSL-3) 

animal facility at the Veterans Affairs Medical Center in 
Baltimore, Maryland, USA. Standard operating procedures 
specifi cally designed for TSEs, including TSE select agents, 
were followed. The operation of this facility has been de-
scribed in detail (16). Animal cages were changed once a 
week, and cages and bedding were decontaminated by au-
toclaving for 1 h at 134oC. The sonicator probes and dissec-
tion instruments were decontaminated by autoclaving for 2 
h at 134oC immersed in 2 N NaOH, followed by cleaning, 
repackaging, and sterilizing. All laboratory surfaces were 
decontaminated before use with either 2 N NaOH or LpH 
(Steris Corporation, Mentor, OH, USA) (16).

Results

Urine Titration
Urine collections from infected and control animals 

were combined into separate pools. Pools minimized the 
possibility of an idiosyncratic measurement from an indi-
vidual and serve as a resource for future experiments once 
the titer has been determined. Clinically affected animals 
consumed lower amounts of water and produced 4–5-fold 
less urine than control animals. This resulted in slightly el-
evated specifi c gravity, proteins, glucose, and ketones as 
measured with a standard urine dipstick. Elevated urine 
ketones may also have been caused by fasting. The higher 
concentration of the urine pooled from infected animals re-
sulted in a toxicity that required a 3-fold dilution in buffer 
before it could be injected.

TSE developed in 18 of the 292 animals that survived 
the injection of the 3-fold diluted infected pool. Incubation 
times are shown in Figure 1. As observed in other studies 
(1,2), scrapie incubation times for animals infected with 
low-titer samples begin at ≈150 days and rarely extend past 
500 days. None of the animals from either the infected or 
noninfected cohorts that survived to the end of the experi-
ment were positive by DELFIA. None of the 24 animals that 
died during incubation without clinical evidence of scrapie 
were positive for scrapie infection by Western blot. Only 
those animals with clinical scrapie had the typical PrPres sig-
nal in the brain as assessed by Western blot. The infectivity 
titer of the urine as calculated from the Poisson distribution 
was 3.8 ± 0.9 infectious doses (ID)/mL (Table 1).

Scrapie developed (at 425 days postinoculation) in 1 of 
the 40 hamsters inoculated with control urine. Because none 
of the control donor animals contracted scrapie and because 
their brains were negative for PrPres, it is clear that this infec-
tion resulted from contamination. However, the contamina-
tion was unlikely to have been environmental. Our BSL-3 
is managed under a strict regimen of continuous decontami-
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Table 2. End-point dilution titration of urinary bladder and kidney 
from scrapie-infected hamsters 

Total/no. infected 
Dilution Bladder Kidney 
10–1 19/19 4/4
10–1.3 8/8 20/20
10–1.7 8/8 8/8
10–2 4/4 8/8
10–3 4/4 4/3
10–4 4/2 4/1
10–5 4/1 4/0
10–6 4/0 4/0
Titer (log10 ID50/g)* 5.5 5.0
Standard error 0.5 0.4
*ID50, 50% infectious dose. Titers calculated by the Reed and Muench 
method (13); standard errors by the Pizzi method (14). 
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nation and precautionary cleaning (16). As evidence of the 
effectiveness of these measures, we have conducted several 
titrations, involving hundreds of animals each, in which there 
were no infections at all during >540 days of incubation. One 
such study was ongoing during the titration of the urine pools 
reported in this study (2). If there are environmental sources 
of infectivity, the concentration is below the level of detec-
tion by the data accumulated in infection-free titrations to 
date. Instead, after an intensive review of our procedures, we 
concluded that the most likely source of this contamination 
was a technical lapse during collection of the urine pools. 
The level of contamination (1 infection/2 mL of control pool 
injected vs. 18 infections/4.87 mL of clinical pool injected) 
is consistent with a pooling error at the time of collection. 
Nevertheless, had it been an environmental contamination, 
the associated titer (0.51 ID/mL SD = 0.50 ID/mL) would 
have had a negligible effect on the value determined for the 
infected urine.

Tissue Titrations
The concentration of scrapie infectivity in hamster 

urine is similar to that in plasma of scrapie-infected ham-
sters at the same stage of disease, which suggests plasma 
as a possible source of the infectivity. To investigate other 
possible sources, we also measured the concentration of 
TSE infectivity in separate pools of kidneys and bladders 
collected from the same donor animals. The titrations were 
by the end-point dilution method. The titers calculated by 
the methods of Reed and Muench (13) and Pizzi (14) were 
105.5 ± 0.5 50% infectious doses (ID50)/g of bladder and 105.0 ± 

0.4 ID50/g of kidney. The Spearman and Karber method gave 
almost identical values (15).

Histologic and Immunohistochemical 
Examination of Tissues

Others have reported TSE infectivity in the urine of 
scrapie-infected mice with nephritis but not in infected 
mice without nephritis (11,12). In contrast, our hamster 
colony in general, and the animals in this experiment, 
showed no evidence of infl ammation, as indicated by clini-
cal assessments or urine parameters. Nitrates were within 

normal limits, and no leukocyturia was noted. Proteinuria 
in the clinical hamsters was likely the consequence of low-
volume urine excretion. To further assess whether ham-
sters infected with scrapie were also affected by kidney 
infl ammation or other abnormalities of the urinary system, 
we examined the kidneys and the urinary bladders of 8 
scrapie-affected hamsters at 84 days postinoculation and 4 
preclinically infected hamsters at 49 days postinoculation 
for PrPd by immunohistochemical and histologic methods 
(Figure 2). We also examined control tissues from 10 age-
matched uninoculated animals as well as brain and spleen 
tissues from infected and control animals.

All tissues were evaluated for signs of infl ammation 
and for the pattern of PrPd immunoreactivity; brains were 
also examined for spongiform change. No infl ammatory 
changes were found in any tissue examined. In 9 infected 
animals (clinical and preclinical), we noted nidus forma-
tion in the lumina of the bladder with a few neutrophilic 
granulocytes. However, leukocytes had not invaded the 
wall of the bladder. Nidus formation is often associated 
with dehydration. 

PrP immunoreactivity was not observed in the bladder 
wall of scrapie-infected or control animals (data not shown). 
Spongiform change and deposition of PrPd was lacking in 
control animal brains (Figure 2, panel A) and was noted 
to various extents, according to the stage of the disease, in 
all scrapie-infected animal brains (Figure 2, panel E). We 
observed fi ne synaptic PrPd immunoreactivity with focal 
patchy or plaque-like appearance in gray matter structures, 
but we also noted ependymal, subependymal, perivascular, 
and white matter PrPd deposits (data not shown). PrPd im-
munoreactivity was observed in the germinal centers of the 
spleen of all scrapie-infected animals (Figure 2, panel F) 
but not in those of controls (Figure 2, panel B). None of 
the control animals exhibited immunoreactivity for PrPd in 
the kidneys (Figure 2, panels C, D). PrPd immunostaining 
showed fi ne granular deposits in the collecting tubules of 
the medulla (Figure 2, panels G, H) in 4 (50%) of 8 ani-
mals in the clinical stage of scrapie and in 3 (75%) of 4 
animals in the preclinical stage, for a total of 7 (58.3%) of 
12 scrapie-infected animals.
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Figure 1. Distribution of incubation times of hamsters infected by injected urine. Each dot represents 1 animal with clinical scrapie that 
was euthanized at the corresponding day postinoculation. The 22 additional animals that died during the incubation period and the 252 
animals that survived to the end of the experiment (559 days) showed no clinical or immunochemical evidence of scrapie and were scored 
as scrapie negative. 
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Discussion
Anticipating that the titer of scrapie infectivity in ex-

creted urine would be low, we measured concentration by 
using limiting dilution titration, a method with which we 
have extensive experience quantitating TSE infectivity in 
blood and blood components. In a limiting dilution titra-
tion, all animals in the bioassay are inoculated with the 
highest concentration of inoculum that is tolerated by the 
intracranial (most effi cient) route. Infectivity assorts ran-
domly into the inoculated animals; provided that at least 
some, but not all, of the animals are infected, the concentra-
tion can be calculated from the Poisson distribution of the 
infections (1). The method is highly sensitive and far more 
precise than other methods of TSE titration. We considered 
concentrating the urine before bioassay, but to circumvent 
uncertainties about the recovery of endogenous infectivity, 
we decided to inject the urine as collected.

We found TSE infectivity in the urine of hamsters that 
had no evidence of kidney or bladder infl ammation. In con-
trast, Seeger et al. did not detect infectivity in the urine of 
scrapie-infected mice (11) unless the mice were also af-
fected by nephritis, in which case they found low levels 
of infectivity. Whether the bioassay they used was capable 
of detecting infectivity at the concentration we observed 
for hamsters is not clear. If it was not capable, then detec-
tion of infectivity in mice with nephritis implies a higher 
concentration of infectivity in urine excreted by a nephritic 

kidney. In another study, urine and feces from deer with 
chronic wasting disease failed to demonstrate infectivity 
when orally given to the same susceptible species (17). Al-
though usually an ineffi cient route of inoculation, the oral 
route did successfully transmit chronic wasting disease in-
fectivity in saliva. The authors identifi ed several possible 
reasons for the unsuccessful transmission by excreta, in-
cluding incubation time, genotype, or sample size.

In our experiments, cross-contamination by feces can 
not be excluded as a source of infectivity. Although the me-
tabolism cage effectively separated urine and feces, some 
contact is possible because of the anatomy of the hamster.

Protein misfolding cyclic amplifi cation uses sonica-
tion to generate PrPres and infectivity in vitro. Although we 
routinely disperse all samples by ultrasonication before in-
jection, our conditions are much harsher than those used 
to generate PrPres de novo (18) and do not support protein 
misfolding cyclic amplifi cation of PrPres, or presumably in-
fectivity (L. Gregori and R.G. Rohwer, unpub. data).

The kidney and bladder titers were far greater than 
expected compared with fi ndings of historical studies in 
which, with only rare exceptions (19–21), most attempts 
at transmission have been unsuccessful. These titers cannot 
be explained by the infectivity in residual blood (10 ID/
mL) (1,2). In addition, we observed PrPd in the kidneys of 
scrapie-infected animals that had no indications of tissue in-
fl ammation. Heikenwalder et al. found PrPd staining within 
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Figure 2. Immunostaining for prion protein (PrP) in control and scrapie-infected hamsters. Deposition of disease-associated PrP is lacking 
in the brain (A), spleen (B), and kidneys (C,D) of control hamsters. Fine synaptic and plaque-like PrP immunoreactivity in the frontal 
cortex (E), granular immunoreactivity in the germinal center of spleen (F) and in the collecting tubules of kidneys (G,H) in a representative 
scrapie-infected animal. Original magni  cation ×200 for panels A, B, D, E, F, and H and ×40 for panels C and G.
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follicular infi ltrates only in kidneys of mice affected by ne-
phritis and not in control mice with noncomplicated scrapie 
(12). These data together with those by Seeger et al. (11) 
suggested that renal infl ammation might be a prerequisite 
for TSE infectivity in renal tissue and its excretion in urine. 
In contrast, our results indicate that renal infl ammation is 
not necessary for the deposition of PrPd in kidneys or for 
excretion of infectivity. One interpretation is that nephritis 
enhances the accumulation of PrPd at sites of infl ammation, 
consistent with the excretion of higher levels of infectivity 
inferred above for this same condition (11).

Two studies of scrapie in naturally and experimentally 
infected sheep reported PrPd depositions in the renal pa-
pillae (22) and in the intraepithelial cortex, medulla, and 
papillae (23). Similar to our fi ndings, both studies indicated 
that not all scrapie tissues examined were positive for PrPd. 
In chronic wasting disease, PrPd staining was uniquely lo-
calized in the ectopic lymphoid follicle of the kidney of a 
whitetail deer (24). All studies indicated either no changes 
(22,24) or mild to no infl ammatory changes of the kidney 
(23). Thus, our histologic and immunohistochemical results 
for scrapie-infected hamsters are consistent with results 
found for sheep and deer and suggest that under normal 
conditions TSE diseases do not have concomitant infl am-
matory changes in the kidney.

That urine titer is similar to that of plasma suggests that 
urine infectivity may originate from blood (25), but how the 
infectivity would be excreted is not clear. In general, proteins 
>40 kDa are not excreted and smaller proteins crossing the 
glomeruli are reabsorbed in the renal tubule and returned to 
the blood. If TSE infectivity is particulate (>40 kDa), its pres-
ence in urine might indicate abnormalities in renal fi ltration, 
perhaps related to the accumulation of PrPd in the collecting 
tubules of the medulla. The accumulation of immunoglobu-
lins in the urine of TSE-infected hamsters and humans may 
also indicate malfunction of the urinary system (9,26). Ex-
cretion of a small C-terminal fragment of the normal cellular 
form of the prion protein in urine of infected and noninfected 
animals has been reported (27), but PrPres or PrPd forms can 
only be inferred from the presence of infectivity. Neverthe-
less, excretion of proteins similar to PrPres or PrPd forms has 
been documented. Follicle-stimulating hormone is a glyco-
sylated protein of 203 amino acids organized mostly as a 
β-sheet, which bears some remarkable similarities to β-rich 
forms of the prion protein. Follicle-stimulating and several 
similar hormones are excreted in urine at great enough con-
centration to be extracted commercially. Alternatively, TSE 
infectivity may be excreted by processes analogous to those 
responsible for the low-level virurias that occur during infec-
tions of the nervous system by mumps, measles, and West 
Nile virus (28–30).

To the extent that results from the hamster model can 
be generalized to other TSE infections (and it has so far 

proven highly predictive), then even the very low concen-
trations of infectivity measured here could result in sub-
stantial environmental contamination. Several liters of 
urine and several thousand doses of TSE infectivity may 
be excreted daily over the course of the illness; even higher 
titers might be excreted by an animal with nephritis. The 
high stability of TSE infectivity would account for its per-
sistence in pasture years after infected animals are removed 
(31). Recent studies have shown that infectivity that is ad-
sorbed and immobilized by soil minerals (32) can still in-
fect hamsters by oral exposure 29 months later (33). Our 
study also warns of a possible risk from TSE contamination 
to fertility hormones and other medicinal products extract-
ed from human urine.
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