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ABSTRACT

Chronic wasting disease (CWD) is an emergent, rapidly spreading prion disease of cervids. Shedding of infectious prions in sa-
liva and urine is thought to be an important factor in CWD transmission. To help to elucidate this issue, we applied an in vitro
amplification assay to determine the onset, duration, and magnitude of prion shedding in longitudinally collected saliva and
urine samples from CWD-exposed white-tailed deer. We detected prion shedding as early as 3 months after CWD exposure and
sustained shedding throughout the disease course. We estimated that the 50% lethal dose (LD50) for cervidized transgenic mice
would be contained in 1 ml of infected deer saliva or 10 ml of urine. Given the average course of infection and daily production of
these body fluids, an infected deer would shed thousands of prion infectious doses over the course of CWD infection. The direct
and indirect environmental impacts of this magnitude of prion shedding on cervid and noncervid species are surely significant.

IMPORTANCE

Chronic wasting disease (CWD) is an emerging and uniformly fatal prion disease affecting free-ranging deer and elk and is now
recognized in 22 U.S. states and 2 Canadian provinces. It is unique among prion diseases in that it is transmitted naturally
through wild populations. A major hypothesis to explain CWD’s florid spread is that prions are shed in excreta and transmitted
via direct or indirect environmental contact. Here we use a rapid in vitro assay to show that infectious doses of CWD prions are
in fact shed throughout the multiyear disease course in deer. This finding is an important advance in assessing the risks posed by
shed CWD prions to animals as well as humans.

Chronic wasting disease (CWD) is an emergent transmissible
spongiform encephalopathy affecting free-ranging popula-

tions of mule deer (Odocoileus hemionus), white-tailed deer (Odo-
coileus virginianus), elk (Cervus canadensis), and moose (Alces al-
ces) in North America (1, 2). CWD is the only known prion disease
to spread horizontally through wild populations, in which it con-
tinues to expand in prevalence and range in North America (3). As
a prion disease, CWD is caused by a pathogenic, misfolded con-
formation of the normal, natively folded cellular protein PrPC to a
pathogenic prion conformer (variously designated PrPCWD,
PrPSC, or PrPD) (2, 4–7).

A leading hypothesis for the facile spread of CWD in wild pop-
ulations is that the accumulation and excretion of CWD prions in
bodily fluids facilitate both direct animal-to-animal transfer and
substantial environmental contamination leading to indirect in-
fection (8–10). Infectious CWD prions have been identified in
urine, saliva, blood, and feces by bioassay of deer or cervid PrPC-
expressing transgenic mice (11–16). Prions bound to soil are re-
markably stable, retaining infectivity even after a decade (9, 17–
20). Moreover, some evidence suggests that prions bound to soil
may increase infectivity through an unknown mechanism (21).
Understanding the kinetics and magnitude of CWD prion shed-
ding into the environment and assessing the risks to humans and
other species remain significant yet unmet challenges.

Recent advances in the detection of prions at minute quantities
and in diverse biological fluids, such as saliva, urine, and blood,
allow for a thorough analysis of the shedding of CWD prions
during the disease course (11, 14, 22, 23). In the present study, we
used a rapid in vitro real-time prion protein conversion assay

(real-time quaking-induced conversion [RT-QuIC]) (24) and an
unprecedented number of longitudinal saliva and urine samples
from white-tailed deer exposed to CWD prions by various routes
(aerosol, oral, and environmental) to track the kinetics and mag-
nitude of prion seeding activity and to estimate accrued prion
shedding over the course of infection.

MATERIALS AND METHODS
Sourcing and inoculation of white-tailed deer. The longitudinal shed-
ding kinetics of CWD in excreta were analyzed in three experimentally
exposed cohorts of CWD-naive, hand-raised, indoor-adapted white-
tailed deer (n � 22). Our long-time collaborators at the Warnell School of
Forestry and Natural Resources, University of Georgia, provided CWD-
free white-tailed deer fawns that were housed in the indoor CWD research
facility at Colorado State University. All appropriate institutional proto-
cols for animal handling and treatment were properly followed. Inocula-
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tion methods and protocols to prevent cross contamination among study
cohorts have been described previously (15, 25, 26). In short, aerosol-
exposed deer received two 1.0-ml doses of a 5% CWD� brain homogenate
via aerosolization (deer A-1 to A-6), the per os (p.o.)-exposed deer re-
ceived a single, 1-g dose of CWD� brain orally (deer PO-1 to PO-10), and
the environmental group was exposed to fomites from feed buckets, bed-
ding, and water from CWD� deer suites every day for 19 months (E-1 and
E-2), without any direct contact of the two animal groups. Sham-inocu-
lated deer were exposed to negative brain homogenates by the aerosol or
oral route and were housed in separate suites in the same building.

Sample collection. Body fluids and excreta (saliva, blood, urine, and
feces) were collected along with tonsil and recto-anal mucosa-associated
lymphoid tissue (RAMALT). Biopsy specimens were serially collected
from all exposed deer cohorts at intervals of 3 months or less from the
study start to termination (up to 2 years) (Tables 1 to 3). Due to sample
tissue or body fluid availability, however, not all samples were collectable
at each time point (Tables 1 to 3). All animals were monitored for CWD
infection by immunohistochemistry (IHC) of tonsil and RAMALT biopsy
specimens at each collection interval, as well as by clinical disease scoring
(Table 4). At study termination, all deer were necropsied and multiple
tissues collected for an array of assays.

Preparation of RT-QuIC reagents and recombinant SH-rPrP(90-
231). Syrian hamster recombinant PrP containing amino acids 90 to 231
[SH-rPrP(90-231)] was prepared as described previously (14, 27). In
summary, protein expression in 1-liter cultures was induced using Over
Night Express (EMD-Millipore) autoinduction medium, and inclusion
bodies were harvested by using Lysonase (EMD-Millipore) according to
the manufacturer’s protocol. Inclusion bodies were solubilized in 8.0 M

guanidine hydrochloride (GuHCl) with 100 mM NaPO4 for 1 h with
rotation at room temperature. The solubilized rPrP was bound to super-
flow Ni resin (Qiagen) and refolded on the Ni column by using a 180-ml
linear gradient from 6.0 M GuHCl, 100 mM NaPO4, 10 mM Tris, pH 8.0,
to the same buffer without the GuHCl, flowing at 0.75 ml/min. rPrP was
eluted with a linear gradient from 100 mM NaPO4, 10 mM Tris, pH 8.0, to
0.5 M imidazole in 100 mM NaPO4, 10 mM Tris, pH 5.5, at 2.0 ml/min.
The eluted protein was dialyzed in two changes of 4.0 liters of 20 mM
NaPO4 at pH 5.5. The concentration of SH-rPrP(90-231) was determined
by measuring the A280, and the protein was stored at 4°C.

RT-QuIC assay conditions. RT-QuIC reaction mixtures contained 20
mM NaPO4, 1 mM EDTA, 320 mM NaCl, 0.1 mg/ml SH-rPrP(90-231),
and 10 �M thioflavin T (ThT; Sigma). Shaking and reading settings were
as previously reported (14). RT-QuIC reactions were deemed positive
when the ThT fluorescence value reached a level beyond 5 standard devi-
ations from the initial fluorescence value.

Preparation of samples for RT-QuIC. Saliva was thawed at room
temperature and vortexed, and then 100 �l of undiluted saliva was trans-
ferred for further concentration of CWD prions as previously reported
(14). A 4% solution of freshly prepared phosphotungstic acid (PTA;
Sigma) was added to 100 �l saliva, to a final concentration of 0.3%. Sam-
ples were incubated for 60 min at 37°C, with shaking at 1,700 rpm, and
were then centrifuged at 17,000 � g for 30 min. PTA-precipitated pellets
were resuspended in 10 �l 1� phosphate-buffered saline (PBS) (20 mM
NaPO4, 150 mM NaCl, pH 7.4) with 0.1% sodium dodecyl sulfate (SDS).
Two microliters of each sample was added in quadruplicate to a prepared
RT-QuIC reaction mixture.

Urine samples were thawed at room temperature and vortexed, and

TABLE 1 Summary of IHC and RT-QuIC results for orally inoculated CWD-exposed deera

Parameter Value or description

Animal no. PO-1 PO2 PO-3 PO-4 PO-5 PO-6 PO-7 PO-8 PO-9 PO-10
Sex M M M M F M F M F F
Genotype G/S G/S G/G G/S G/G G/G G/S G/G G/G G/G

Time to positive biopsy specimen
(mo p.i.)

Tonsil 6 9 9 9 9 6 6 9 6 6
RAMALT 6 15 9 6 6 6 6 6 6 6

No. of positive specimens/total
no. of specimens tested

3 mo p.i.
Saliva 0/8 0/8 0/8 0/8 0/8 0/8 1/8 0/8 0/8 0/8
Urine 0/8 NA NA 0/8 NA NA 0/8 NA 0/8 0/8

6 mo p.i.
Saliva 0/8 0/8 NA 0/8 0/8 0/8 1/8 0/8 0/8 1/8
Urine 0/8 0/8 5/8 0/8 1/8 0/8 2/8 NA 0/8 1/8

9 mo p.i.
Saliva NA 0/8 2/8 NA 0/8 8/8 3/8 8/8 0/8 4/8
Urine 4/8 NA NA 1/8 0/8 1/8 NA NA 0/8 0/8

10 mo p.i.
Saliva 0/8 1/8 1/8 4/8 NA NA 4/8 5/8 NA NA
Urine 1/8 NA 3/8 4/8 NA 0/8 NA NA NA 0/8

12 mo p.i.
Saliva 0/8 0/8 5/8 3/8 0/8 1/8 0/8 5/8 1/8 3/8
Urine 7/8 NA 2/8 NA 0/8 NA NA NA 0/8 0/8

a A total of 22 indoor-adapted white-tailed deer were inoculated with CWD� brain homogenate via either aerosol, oral, or environmental exposure, the latter of which was done
with feed, water, and bedding harvested from a separate suite containing CWD-infected deer. Data on aerosol- and environmentally exposed deer are shown in Tables 2 and 3. The
sex of the deer and the genotype at PrP position 96 (G/G or G/S) are noted. Animals were monitored for CWD throughout the disease course by IHC of tonsil and RAMALT biopsy
specimens. All aerosol and orally inoculated deer were PrPCWD positive by tonsil biopsy between 6 and 9 months postinoculation. For the aerosol-inoculated deer, saliva and urine
were collected at 3-month intervals during the subclinical phase of disease and more frequently in the clinical phase of the disease (i.e., after 15 months). Saliva and urine RT-QuIC
results are reported as numbers of positive replicates among the total number of replicates, representing a minimum of 2 experiments. Results for positive samples are shown in
bold. M, male; F, female; NA, not available.
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500 �l was transferred to a fresh tube and then centrifuged for 30 min at
17,000 � g. Supernatants were removed, and cell pellets were resuspended
in 100 �l of 1� PBS. Seven microliters of a freshly prepared 4% solution
of sodium phosphotungstic acid (NaPTA; Sigma) was added to the 100-�l
suspension, to a final concentration of 0.3%. Samples were incubated
for 60 min at 37°C, with shaking at 1,700 rpm, and then centrifuged at
17,000 � g for 30 min. Supernatants were removed, and cell pellets were
resuspended in 16 �l of 0.05% SDS. Four microliters of each sample was
added in quadruplicate to a prepared RT-QuIC reaction mixture.

Immunohistochemistry. Tissues from biopsy and necropsy specimen
collections were fixed in paraformaldehyde-lysine-periodate (PLP) for 1
to 3 days and then transferred to 60% ethanol for long-term storage.
Sections of obex, retropharyngeal lymph node, and tonsil were routinely
processed and embedded in paraffin, and 5-�m sections were placed on
positively charged slides. Slides were processed for PrPCWD detection as
previously described (28). Briefly, deparaffinized and dehydrated tissue
sections were treated with 88% formic acid for 30 min prior to hydrated
autoclaving antigen retrieval in a citrate buffer. The antigen signal was
detected with an anti-prion antibody (F99/97.6.1) at a concentration of 10
�g/ml followed by an alkaline phosphatase-conjugated anti-mouse sec-
ondary antibody and was visualized with an alkaline phosphatase red kit,
using an automated stainer (Ventana Medical Systems). Positive- and
negative-control slides containing obex and retropharyngeal lymph node
sections were run in parallel.

Calculation of infectivity. To determine the infectivity of excreted
samples, the threshold for positivity was set as the average baseline fluo-
rescence plus 5 standard deviations. Only samples with more than 6 pos-
itive results among the total of 8 replicates were analyzed. The threshold
cycle (CT) value was calculated for each sample by determining the time at
which the reaction crossed the threshold. The amyloid formation rate
could then be defined as the inverse of the CT (1/CT). Additionally, a
standard curve was developed from the amyloid formation rates from an
endpoint-bioassayed brain sample from a CWD� animal and fit to a
log-linear line of best fit [y � mlog(x) � b; calculated for 3 experiments
with 4 replicates in each experiment] (27). The amyloid formation rates
from the saliva and urine samples were interpolated on the standard curve
to estimate the infectivity of the sample relative to the bioassayed reference
brain homogenate. With the line of best fit, amyloid formation rates of
saliva and urine samples were used to calculate the micrograms of CWD
brain equivalents. The latter were translated to 50% lethal dose (LD50)
values by being divided by the LD50 of the reference bioassayed brain
homogenate (27). Saliva and urine amyloid formation rates were calcu-
lated based on at least 2 experiments with at least 4 replicates each.

RESULTS
Kinetics of CWD prion shedding in saliva and urine. To better
understand the onset and persistence of prion shedding over time,
we analyzed longitudinally collected saliva and urine samples
from deer exposed to CWD by aerosolization of CWD (deer A-1
to A-6), p.o. administration (deer PO-1 to PO-10), and environ-

TABLE 2 Summary of IHC and RT-QuIC results for aerosol-inoculated
CWD-exposed deera

Parameter Value or description

Animal no. A-1 A-2 A-3 A-4 A-5 A-6
Sex M F M F M M
Genotype G/G G/G G/G G/G G/G G/G

Time to positive biopsy
specimen (mo p.i.)

Tonsil 6 9 6 9 6 6
RAMALT 12 6 6 9 6 6

No. of positive specimens/total
no. of specimens tested

3 mo p.i.
Saliva NA NA NA NA 7/8 0/8
Urine NA 0/8 0/8 NA 0/8 NA

6 mo p.i.
Saliva 0/8 2/8 0/8 NA 4/8 NA
Urine 0/8 NA NA NA 3/8 NA

9 mo p.i.
Saliva NA 8/8 NA 2/8 NA 1/8
Urine 5/8 NA NA NA 5/8 NA

12 mo p.i.
Saliva 0/8 8/8 0/8 NA 2/8 1/8
Urine 2/8 NA 0/8 NA 8/8 0/8

15 mo p.i.
Saliva 1/8 8/8 4/8 NA 1/8 6/8
Urine 0/8 0/8 0/8 NA 0/8 0/8

16 mo p.i.
Saliva 0/8 4/8 3/8 1/8 5/8 6/8
Urine 0/8 NA 0/8 NA 4/8 NA

19 mo p.i.
Saliva 0/8 4/8 8/8 0/8 NA NA
Urine 0/8 0/8 0/8 1/8 NA 0/8

20 mo p.i.
Saliva 0/8 8/8 NA 8/8 0/8 †
Urine 1/8 1/8 0/8 NA 6/8 †

21 mo p.i.
Saliva 0/8 3/8 5/8 4/8 7/8 †
Urine 0/8 3/8 0/8 2/8 NA †

22 mo p.i.
Saliva NA 0/8 0/8 2/8 † †
Urine 0/8 1/8 0/8 0/8 † †

23 mo p.i.
Saliva 0/8 0/8 0/8 3/8 † †
Urine 0/8 1/8 0/8 0/8 † †

25 mo p.i.
Saliva 0/8 † † 3/8 † †
Urine 2/8 † † 0/8 † †

26 mo p.i.
Saliva 8/8 † † † † †
Urine NA † † † † †

a See the footnote to Table 1 for further details. †, deer that died during the study.

TABLE 3 Summary of IHC and RT-QuIC results for environmentally
exposed CWD-exposed deera

Parameter Value or description

Animal no. E-1 E-2
Sex M M
Genotype G/S G/G

No. of positive specimens/total
no. of specimens tested

Saliva
0 mo p.i. 0/12 0/12
3 mo p.i. 1/12 3/12
6 mo p.i. 2/12 6/12
12 mo p.i. 2/12 12/12
15 mo p.i. 2/12 9/12

Urine
6 mo p.i. 0/8 1/8
12 mo p.i. 0/8 0/8
15 mo p.i. 2/8 8/8
18 mo p.i. 0/8 3/8

a See the footnote to Table 1 for further details.
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mental fomite contact (E-1 and E-2). Each saliva (n � 94) and
urine (n � 65) sample was analyzed in at least two experiments,
with four replicates for each experiment. Blinded analysis of saliva
and urine from CWD-negative animals resulted in a test specific-
ity of 97.2% for saliva (n � 104 replicates) and 99.3% for urine
(n � 280 replicates). No individual saliva or urine samples from
CWD-naive deer had more than one false-positive replicate in two
experiments with eight total replicates. Therefore, any saliva or
urine sample analyzed in at least two experiments with more than
one positive replicate was considered positive. Positive RT-QuIC
wells were deemed positive when the thioflavin T fluorescence
reached a value that was 5 standard deviations higher than the
initial fluorescence value. Prion seeding activity was observed in
saliva and urine from all infected deer at points throughout the
long disease course, although we found considerable variation in
detectable prion shedding among longitudinal sampling dates
(Fig. 1 and Tables 1 to 3). Prion seeding activity in saliva was
detected as early as 3 months postinoculation (p.i.) in an aerosol-
exposed deer (Fig. 1, deer A5). Seeding activity in urine was de-
tected at 6 months p.i. and later in the disease course (�12 months
p.i.) (Fig. 1 and Tables 1 to 3). In all aerosol- and orally exposed
deer, CWD prion seeding activities were relatively similar in ter-
minal brain samples, indicating relatively similar endpoints of dis-
ease (Fig. 2).

Frequency of prion seeding activity in saliva and urine of
deer exposed by mucosal routes. The temporal nature of prion
shedding in CWD pathogenesis is pertinent to understanding the
spread of the disease in cervids by direct and indirect environ-
mental contact. Prion seeding activity was detected in �50% of
saliva samples collected from deer exposed by the aerosol or
oral route (Fig. 3). Overall, there were significantly more pos-
itive test replicates for saliva samples from the aerosol-inocu-
lated deer than for those from the orally inoculated deer (P �
0.0067), suggesting that higher prion loads are shed in saliva
from deer exposed to CWD by that route. Urinary amyloid

seeding activity was detected in �25% of all samples tested in
both the aerosol and oral exposure groups (24% for the p.o.
group and 27% for the aerosol group). Four of the orally ex-
posed deer had the 96G/S PRNP genotype, which was previ-
ously linked to a longer survival period than that for animals
with the more frequent 96G/G genotype (30). However, the
percentages of positive saliva and urine samples between 96G/S
and 96G/G deer were not statistically different (P � 0.20 for
urine and P � 0.23 for saliva) (Tables 1 to 3). All deer in the
aerosol and oral exposure groups were IHC positive by 9
months p.i., by either tonsil or RAMALT biopsy. However,
heterogeneity is often seen in biopsy specimens from live ani-
mals due to sampling difficulties and the availability of lym-
phatic tissues after multiple biopsy specimen samples have
been taken (Tables 1 to 3).

Prion shedding in environmentally exposed deer. Two deer
were exposed to CWD by a somewhat more natural route, i.e.,
transfer of used bedding, water, and feed from separate suites
containing CWD-infected deer, with no direct contact between
the two animal groups (26). Both environmentally exposed deer
(E-1 and E-2) developed CWD infection, although both the time
of detection and prion seeding loads at termination varied be-
tween them (Fig. 4). PrPCWD and RT-QuIC seeding activity were
readily detected in the terminal brain (obex region of the me-
dulla), retropharyngeal lymph node, and tonsil from animal E-2
(Fig. 4). In contrast, in deer E-1, PrPCWD was detected only in
three tonsil lymphoid follicles at terminal collection, and low lev-
els of prion seeding activity were detected in the tonsil, retropha-
ryngeal lymph node, and brain (Fig. 4). Additionally, deer E-2
showed slightly lower amyloid formation rates in terminal obex/
brain stem samples than those of the aerosol-exposed group of
deer, and as shown above, deer E-1 showed only marginal seeding
activity in the terminal obex/brain stem (Fig. 5). Thus, deer E-1,
which had the 96 G/S genotype, was likely at an earlier stage of
infection progression (Table 3 and Fig. 5). Prion amyloid seeding

TABLE 4 Clinical disease stage scoringa

Time of scoring
(mo p.i.)

Score for indicated animal

Orally inoculated group Aerosol-inoculated group

PO-1 PO-2 PO-3 PO-4 PO-5 PO-6 PO-7 PO-8 PO-9 PO-10 A-1 A-2 A-3 A-4 A-5 A-6

3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Termination of study 3 3 3 3 0 2 2 3 3 2
16 0 0 0 0 0 0
19 1 1 1 1 2 3
20 2 1 2 1 2 †
21 2 2 2 1 † †
22 2 2 2 1 † †
23 2 3 3 2 † †
25 2 † † 3 † †
26 3 † † † † †
a Deer were given a score of 0 to 4 for clinical disease at each time point when excreta samples were taken. 0, normal behavior; 1, subtle behavioral changes (diurnal rhythms and
patterns of sleeping, feeding, and activity are altered); 2, mild but observable neurological deficits, commonly mild ataxia in the hindquarters; 3, early stage, behavioral changes
continue, with early signs of deterioration and continued progression of ataxia; 3, late stage, gait abnormalities become pronounced; 4, neurological deficit progression, wide-legged
stance, low-hanging head, piloerection, obvious signs of muscle wasting, and increased ataxia. The appetite and ability to eat and drink are intact, with dramatic increases often seen
(2 to 3 times normal volumes). †, deer that died during the study.
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activity was detected in saliva and urine from both of the environ-
mentally exposed deer, beginning as early as 3 months in deer E-2,
which, interestingly, had the most consistent prion shedding ob-
served in this study despite having less seeding activity in terminal
brain tissue (Fig. 6A and B and Table 3).

Estimation of infectivity in saliva and urine samples. To bet-
ter characterize the magnitude of prion shedding, we applied a
previously described approach based on relating the amyloid for-
mation rate to a bioassayed reference brain homogenate to esti-
mate the relative level of lethality (LD50) in excreta samples (27).
Amyloid formation rates assayed by RT-QuIC were expressed as
1/time for ThT fluorescence emission to cross the threshold (CT).
Thus, a higher amyloid formation rate (1/CT) indicates a greater
concentration of amyloid seeds, analogous to the results of quan-
titative real-time PCR, wherein lower CT values indicate higher
initial concentrations of DNA seeds (27, 31). We determined that
the amyloid formation rates of saliva and urine samples producing
�6 positive results among 8 replicates (Fig. 7A) were equivalent to
the rates produced by 10�6 to 10�7 dilutions of a reference (10%
[wt/vol]) CWD� brain homogenate (Fig. 7A).

To help substantiate this approach, we also analyzed the amy-
loid formation rates of two historical saliva samples (from deer
133 and 144) that had previously been bioassayed in cervidized
transgenic mice (13, 14, 32) (Fig. 7A). The rates for each of these
previously bioassayed saliva samples were similar to the rates
found in the present longitudinal study (Fig. 7A). Samples of 300
�l of saliva from deer 133 and 144 produced 500-day attack rates
of �50% (14). When the same samples were analyzed by quanti-
tative RT-QuIC, the extrapolated LD50s for saliva of deer 133 and
144 were estimated to be 494 	 202 �l and 411 	 168 �l, respec-
tively, thus resembling the volume of saliva producing �1 LD50 in
cervidized mice.

The LD50 values for saliva and urine samples collected at time
points of more than or close to 1 year p.i. exhibited higher amyloid
formation rates, implying that higher concentrations of prion in-
fectivity are shed later in disease progression (Fig. 7B and Tables 1
to 3). While the volume of saliva shed is surely much smaller than
that of urine, the level of extrapolated infectivity was �10-fold
greater than that in urine (i.e., �1.0 versus 0.1 transgenic mouse
LD50/ml in urine). Nevertheless, given that the average volume of

FIG 1 Shedding of CWD prions in aerosol-exposed deer. Saliva results are shown in blue (left), and urine results are shown in red (right). RT-QuIC results for
saliva and urine are from two experiments with eight total replicates. The data for three deer of six from the aerosol-inoculated group are shown to illustrate the
trends observed. Each sample tested is represented by a bar, with between 0 and 100% replicates testing positive. Negative samples are expressed as a bar that meets
the zero line (dashed horizontal line); samples that were not available have no bar. The dotted vertical line marked with a cross represents the terminal sample
for the indicated animal.
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urine excreted daily by a 100-kg deer is �1 liter, a CWD-infected
deer would deposit an estimated 100 (cervidized mouse) LD50

daily into the environment (33).

DISCUSSION

The geographic region in which CWD has been detected has con-
tinued to expand in the last decade (http://www.nwhc.usgs.gov).
While the factors that influence CWD spread remain incompletely
understood, direct and indirect/environmental exposure to shed
prions remains the leading hypothesis. To better understand the
magnitude and mechanisms of CWD spread, we analyzed the lon-
gitudinal shedding of prions in saliva and urine of white-tailed
deer exposed to CWD by mucosal exposure routes. We docu-
mented prion shedding as early as 3 months postexposure and
estimated that an infected deer would excrete thousands of prion
infectious doses over its disease course. We also found little differ-
ence in prion shedding between deer of the more susceptible
96G/G and more resistant 96G/S genotypes (30) (although our
sample size was small). However, after CWD infection was estab-
lished in G/S deer, they displayed shedding kinetics and levels
similar to those of G/G deer. Perhaps due to selective pressures
imposed by CWD in nature, G/S deer are more prominently rep-
resented in older age classes (34). In theory, a slower disease pro-
gression combined with a larger population fraction could lead to
a larger environmental contamination impact attributable to
CWD-infected G/S deer (34).

Interestingly, we observed that persistent environmental expo-
sure to presumed low levels of excreted CWD prions was associ-
ated with prominent prion seeding activity detected in the saliva
and urine of a deer so exposed (Fig. 4 to 6 and Tables 1 to 3).
Perhaps exposure to repeated low prion doses in nature may in

FIG 2 Similar levels of CWD seeding activity were observed in terminal
obex samples from orally and aerosol-inoculated deer. The average amy-
loid formation rate (1/CT) was plotted for the orally inoculated group (A)
and the aerosol-inoculated group (B). The reaction rate (1/CT) was deter-
mined by dividing by the time in hours until an RT-QuIC reaction crossed
the experimental threshold (5 standard deviations [SD] from the initial
fluorescence value) (y axis). Larger numbers signify higher amyloid forma-
tion rates. The dilution factor represents a series of 10-fold dilutions of a
10% homogenate of a terminal obex/brain stem sample (x axis). Error bars
represent 1 SD for all averaged rates for all animals in each inoculation
group. Amyloid formation rates were calculated for at least two experi-
ments and at least four replicates (per experiment) of each serial dilution
from 10�2 to 10�8 for each brain sample.

FIG 3 Frequencies of prion shedding in CWD-exposed deer. Saliva and urine data are shown in blue and red, respectively. (A) Percentages of total positive
samples in which shedding was detected for the orally inoculated deer (�2 of 8 replicates were positive). (B) Percentages of samples wherein shedding was
detected for the aerosol-inoculated deer (�2 of 8 replicates were positive). Bars that meet zero (horizontal dotted line) are time points where no shedding was
detected, and samples that were not available have no bar.
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turn lead to more consistent prion shedding by animals so
infected, as has previously been inferred for subinfectious
doses of scrapie (35), although substantially more data would
be needed to support this extrapolation. Additional informa-
tion is needed to assess the infectivity of excreta deposited in
the environment; however, prion shedding of this magnitude
in a free-ranging species would seem to pose a substantial chal-
lenge to eradication of CWD. The risk to humans and other

species posed by florid dissemination of CWD prions into the
environment, while unclear, cannot be discounted in light of
more recent evidence that barriers to cross-species infection
may not be absolute (36–39).

We have made significant progress in detection of prion
amyloid seeding activity in excreta, saliva, and blood (11, 14,
27); however, assay inhibitors of these complex biological ma-
terials may yet remain. Thus, our quantitative estimation of
prion shedding may be understated (Fig. 1 to 4 and Tables 1 to
3). Moreover, due to the presence of inhibitors, our sampling
of excreta was restricted to small volumes (100 �l for saliva and
500 �l for urine) compared to what is actually shed in the
environment. It seems likely that temporal gaps in our detec-
tion of CWD prions in excreta reflect limits in our ability to
detect seeding activity rather than natural oscillations in prion
shedding. Thus, we continue to explore more practical and
effective means of enrichment and/or enhancement to better
address the needle-in-the-haystack aspect of prion detection in
excreted and environmental samples.

Prion shedding from mucosal surfaces is not limited to CWD.
Prion seeding activity has been detected in body fluids or excreta
of scrapie-infected sheep and hamsters (40–44), as well as bovine
spongiform encephalopathy (BSE)-infected cattle (45). Amyloid
seeding activity has also been detected in cerebrospinal fluid of
human patients with sporadic Creutzfeldt-Jakob disease (sCJD)

FIG 4 Analysis of environmentally exposed animal terminal disease state. IHC results and representative RT-QuIC data for deer E-1 and E-2 are displayed.
Results are for one replicate each for serial dilutions of obex (10�3 to 10�6), retropharyngeal lymph node (10�2 to 10�4), and tonsil (10�2 to 10�4) samples. Each
serial dilution was repeated in two experiments, with four replicates in each experiment. The number of total positive replicates for each dilution is noted. IHC
staining for PrPCWD is characterized by red granular deposits in the neuropil of the obex and in germinal centers of lymphoid follicles in the tonsil and
retropharyngeal lymph node. IHC staining was performed with the antibody F99/97.6.1. Magnification, �20.

FIG 5 Quantitation of obex sample data for environmentally exposed deer.
Amyloid formation rates in serially diluted obex samples from deer E-1 (dot-
ted line) and E-2 (dashed-dotted line) and an average amyloid formation rate
for the entire CWD� aerosol-inoculated group (solid line) are compared. The
amyloid formation rate was calculated as previously described. Larger num-
bers signify higher amyloid formation rates. Error bars represent 1 standard
deviation from the mean.
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(46), highlighting the potential mucosal egress of prions in hu-
mans with sCJD.

While directly comparable assay methods have not been ap-
plied to the study of sheep scrapie, our estimations of shed infec-
tivity in saliva and urine in CWD appear to be consistent with the
studies of Maddison et al. (40), Gough et al. (47), and others, using
serial protein misfolding cyclic amplification (sPMCA) and bio-
assays. Again, estimating the infectious prion loads deposited in
the environment is complicated by both the potential intermittent
nature of shedding and uncertainties about the stability of prion
infectivity in environmental niches and surfaces (9, 20). Neverthe-
less, the importance of environmental contamination in CWD is
supported by the studies of Miller et al. (18, 48), wherein naive
deer repopulating pastures that previously housed prion-infected
deer also became infected. Evidence that soil-bound prions retain
infectivity has been supplied by the studies of Seidel et al. (49).

The species barrier limiting transmission of CWD prions to
humans appears to be substantial (50, 51), as no case of human
prion disease has yet been linked to CWD (52, 53). However,
works by Castilla et al. (38), Barria et al. (36, 39), Cassard et al.
(37), and others show that the species barrier may be more
dynamic than previously estimated. It remains unknown
whether natural passage of excreted CWD prions through gen-
erations of outbred cervids in nature may ultimately alter its
species/transmission barrier. Thus, a more complete under-
standing of the transmission, excretion, environmental con-
tamination, and species barrier for this emergent prion disease
is warranted.
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