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Chronic wasting disease (CWD) is a prion disease of cervids that causes neurodegeneration and death.
Susceptibility to prion infections, including CWD, can be dependent on the amino acid sequence of the host
prion protein (PrP). Here, CWD agent obtained from a deer expressing the 96SS genotype, associated with
partial resistance to CWD, was used to infect transgenic (tg) mice expressing either 96GG or 96SS deer PrP.
Transgenic mice expressing 96GG deer PrP succumbed to this agent, but tg mice expressing 96SS deer PrP did
not. Additional studies using inocula from 96GG deer showed no transmission to 96SS PrP mice and delayed
disease in 96GS mice. Thus, 96S PrP played an inhibitory role in disease progression in tg mice.

Chronic wasting disease (CWD) is a transmissible spongi-
form encephalopathy (TSE) or prion disease of North Amer-
ican cervids that causes progressive neurodegeneration and
death (24, 26). Disease occurs when the normal (sensitive) host
prion protein (PrPsen) is converted to an abnormal, disease-
associated, protease-resistant form (PrPres). The incidence of
CWD continues to increase in wild and captive cervids of
North America, most likely via direct animal-to-animal contact
or exposure to CWD agent-contaminated environments. It is
known that the sequence of the host prion protein gene
(PRNP) can affect susceptibility to TSE diseases, including
scrapie in sheep (4) and laboratory mice (2), sporadic
Creutzfeldt-Jakob disease (sCJD) (1, 6, 17), variant CJD (25)
and kuru (11) in humans, and CWD in cervids (23). Suscepti-
bility to the CWD agent has been shown to correlate with
specific amino acids at defined locations within the PRNP gene,
including codon 96 in white-tailed deer (9, 12, 15, 27), codons
20 and 225 in mule deer (7, 27), and codon 132 in elk (5).
Approximately 55% of white-tailed deer are homozygous for
glycine at position 96 (96GG), �35% have glycine/serine at
this position (96GS), and �10% are serine homozygotes
(96SS), depending on geographic location (9, 15, 27). Strong
evidence exists to show that both the 96GS and 96SS genotypes
are underrepresented among populations of CWD agent-in-
fected white-tailed deer (8, 9, 15, 27). It is unclear if the low
incidence of disease in 96GS and 96SS deer reflects only re-
sistance to a particular CWD agent strain or is in fact a pro-
tective factor provided by cervid 96S prion protein.

In some situations in which TSE occurs in an animal with a
previously resistant genotype or a new species, agent adapta-
tion and selection can occur with greater efficiency in the
subsequent spread to additional individuals with similar geno-

types (14, 19). By analogy, in cervids, PrPres from a few CWD
agent-positive 96SS individuals might adapt to become more
infectious for additional 96SS deer. To test this possibility, we
developed transgenic (tg) mice that express various PRNP ge-
notypes at codon 96 to model the situation in deer. Transgenic
mice that express deer PrP with glycine at position 96 (96GG)
(described previously as tg33 [12, 18]) expressed PrPsen at
levels comparable to the physiologic levels found in deer (12,
18). A second tg mouse line which expressed serine at position
96 (96SS) (described previously as tg60 [12]) expressed PrPsen
at 70% of the level seen in 96GG mice. In our current study, we
tested whether the CWD agent from a 96SS deer could infect
tg mice expressing either the 96SS or the 96GG genotype. All
mice were housed at the Rocky Mountain Laboratories (RML)
in an AAALAC International-accredited facility, and experi-
mentation followed NIH RML Animal Care and Use Com-
mittee-approved protocols.

Transgenic mice were inoculated intracerebrally with the
CWD agent from a 96SS genotype white-tailed deer (W104).
Deer W104 was infected orally with a pool of seven 96GG
white-tailed deer brains (WTD-1) containing the CWD
agent(s) (20). At 477 days postinoculation, a tonsil biopsy spec-
imen was collected from deer W104 and tested PrPres positive
based on immunohistochemistry (IHC) (28). Deer W104 was
later euthanized at 993 days postinoculation due to illness
unrelated to CWD. The retropharyngeal lymph node (RPLN)
collected at necropsy from deer W104 was positive for PrPres
by IHC (Fig. 1) (13) but negative by Western blotting. The
obex was PrPres negative by both IHC and Western blot anal-
ysis (data not shown). 96SS and 96GG tg mice were inoculated
intracerebrally with 50 �l of either 1% or 0.01% tissue homog-
enates from either the obex or RPLN of deer W104.

Interestingly, RPLN and the obex from deer W104 did not
cause disease in any 96SS mice but did cause disease in 96GG
mice (Fig. 2A and B). RPLN from W104 caused clinical dis-
ease in 100% of 96GG mice receiving a 1% tissue homogenate
but had only a 50% attack rate when a 0.01% tissue homoge-
nate was inoculated (Fig. 2A). Compared to the incubation
period for our 0.01% 96GG positive-control inoculum
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(WTD-1) containing 2.0 � 108 50% lethal doses (LD50) per ml
of 100% homogenate (18), the incubation period for 0.01%
RPLN was much longer, likely due to a low titer of infectivity.
The W104 obex had even lower levels of infectivity than W104
RPLN, as indicated only by a partial attack rate and longer
incubation periods in 96GG mice inoculated with a 1% tissue
homogenate (Fig. 2B). No infectivity could be detected in the
0.01% obex inoculum by 700 days postinoculation in 96SS tg
mice (Fig. 2B). Confirmation of CWD agent infection and
screening for subclinical infections was done by Western blot
detection of PrPres in brains (12) using anti-PrP antibody 6H4
(Fig. 2C). Each lane was loaded with 1 mg tissue equivalents.
As expected, 96GG tg mice showing clinical disease had de-
tectable PrPres. PrPres was not detected in any 96SS tg mice at
the conclusion of the study. These data suggested that the
CWD agent from an infected 96SS deer retained the ability to
infect 96GG tg mice but did not adapt during replication in a
96SS deer to more easily infect tg mice with a 96SS genotype.

To evaluate the effect of heterogeneity at position 96 on
CWD susceptibility, we challenged 96SS, 96GS, 96GG, and
96G� tg mice with high-titer 96GG CWD agents. Transgenic
mice with the 96G� genotype are hemizygous for the 96G
transgene and express approximately half the level of PrPsen
as 96GG mice. Transgenic 96GS mice were created by breed-
ing 96GG mice with 96SS mice. All tg mice were inoculated
intracerebrally with one of three different 1% CWD agent
brain homogenate pools containing the following lethal doses
per inoculum, as measured previously by endpoint titration in
96GG tg mice: WTD-1, 100,000; MD-2, 6,500; and Elk-1,
65,000 (18). Mice were monitored for disease onset, and ob-
servation of clinical CWD was confirmed by Western blotting
for PrPres in the brains of sick mice. All three inocula caused
disease in 96GS mice, but disease was delayed in onset com-

pared to that in both 96GG and 96G� mice (Fig. 3). In con-
trast, none of the inocula caused disease in 96SS mice during
600 days of observation (data not shown). The presence of the
S allele in 96GS mice delayed disease by 40 to 50 days com-
pared to that of 96GG mice. If the S allele did not inhibit prion
infection, we would have expected the GS mice to have incu-
bation periods similar to those of G� mice. However, the
96GS mice were in fact slower to develop disease than 96G�
mice, despite having higher overall PrPsen levels. These data
suggested that the 96S allele confers resistance when it is
expressed alone and provides an inhibitory effect when it is
coexpressed with 96G PrP. These results were similar to results
of CWD in 96GS deer, where extended incubation periods
have been observed (9, 10, 28). We did not test to see if our
96SS inocula could infect 96GS tg mice since our 96SS inocula
appeared to have low levels of infectivity. We hypothesize that
the 96GS mice are susceptible, although likely with extended
incubation periods due to the inhibitory nature of the S allele
and the apparent failure of 96SS inocula to adapt to 96SS mice.

The reason for the lack of clinical disease in CWD agent-
inoculated 96SS mice is not clear. This result is in contrast to
field data showing that 96SS deer are in fact susceptible to
CWD, albeit with a much lower incidence than that in 96GG
and 96GS deer (9, 15, 27). Possibly, 96SS mice are infected
with CWD agents, but disease progression is so slow that
neither clinical disease nor detection of PrPres is observed
during the life span of the mouse (Fig. 2A and B). Data from
deer W104 and others in the same study cohort suggest that
CWD progresses slowly in 96SS white-tailed deer. Deer W104
was PrPres positive by tonsil biopsy specimen at 477 days
postinoculation (dpi) but had no clinical CWD signs at 993 dpi
or detectable PrPres in the obex following euthanasia. Two
additional 96SS deer in the study cohort with W104 also had
extended incubation periods (28).

The low titer of the 96SS inoculum used in our experiments
might also explain the lack of disease in 96SS mice. In our
experiments, we used tissues from a preclinical 96SS deer, and
PrPres could not be detected by Western blot analysis in the
samples used for inoculation. The combination of preclinical
status, negative Western blot results, and extended incubation
periods in 96GG tg mice suggest that the 96SS tissues had a
low titer of infectivity and may not have been sufficient to cause
disease in 96SS tg mice. Unfortunately, higher-titer tissues
from terminal CWD agent-infected 96SS deer were not avail-
able at the time that we initiated the study.

Alternatively, some studies have shown that there may be
many strains of CWD agents (16, 21, 22). It is possible that a
specific strain of prion disease may be more virulent or specific
to a particular PrP genotype (3). In our current study, we
inoculated 96SS tg mice with CWD agent(s) from four sources,
including two brain homogenate pools representing 7 white-
tailed deer (WTD-1), 4 mule deer (MD-2), and two individual
brain homogenates (Elk-1 and W104). If different strains of
CWD agents were present in these inocula, they did not appear
to affect the susceptibility of our 96SS tg mice. This was some-
what surprising given the fact that deer W104 had a 96SS
genotype. While we cannot rule out the possibility that a 96SS-
tropic CWD agent exists, our current data suggest that 96SS
provides a protective effect against most CWD agents.

Expression levels of PrPsen in mammals can affect incuba-

FIG. 1. Immunohistochemistry of retropharyngeal lymph node
from 96SS white-tailed deer W104. Monoclonal antibody F99/97.6.1
(13) was used to detect PrPres deposition (red). Scale bar, 50 �m.
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tion periods and susceptibility to TSE infections and might also
be a factor in our experiments. The 96SS tg mice inoculated in
our experiments expressed 30%-lower PrPsen levels than the
susceptible 96GG tg mice (12). However, additional lines of
96GG tg mice and hemizygous (G�) mice expressed lower
levels of PrP than the 96SS mice used here, and all these lines
were susceptible to CWD agent infection (12). Therefore, we
believe that it is unlikely that the slightly lower levels of PrPsen
expression in our 96SS tg mice can explain the lack of observed
disease or detectable PrPres.

The fact that the 96SS PrP genotype provides some level of
resistance to CWD agents may be useful in situations where
white-tailed deer are raised in captivity. Recently, the inci-
dence of sheep scrapie has been markedly reduced by careful
selection of replacement stock that carried resistant genotypes.
In a similar manner, deer farmers could retain and breed
individuals that were serine homozygotes at codon 96. Unfor-
tunately, the 96SS genotype is not 100% resistant to CWD, and
the high density of animals on some game farms may overcome
the resistance effect of the 96SS genotype. This could result in
CWD agent-infected 96SS deer that become subclinical, long-
term carriers and could possibly expose additional deer over a
long period of time. In addition, long incubation periods in
96SS deer may provide sufficient time for adaptation to a 96SS
tropism in some individuals.

FIG. 2. Column graphs indicating parameters and test results for
96GG and 96SS mice inoculated with deer W104 RPLN (A) or W104
obex (B). Inoculum dilutions and recipient tg mice are shown beneath
the x axis in each graph. WTD-1 was used as a positive control and is
shown in both panels A and B. Solid symbols indicate tg mice that were
confirmed positive for PrPres by Western blotting, and open symbols
indicate mice that did not develop CWD and were euthanized for
other reasons or at the termination of the experiment. Each symbol
represents an individual mouse. All inoculations were intracerebral in
a volume of 50 �l. Note that none of the 96SS mice were susceptible
to either 96SS inoculum. (C) Western blot detection of PrPres found
in tg mice inoculated with W104 tissue homogenates. Lane 1 was
loaded with 0.4 mg wet-tissue equivalents, and lanes 2 to 8 were loaded
with 1.0 mg tissue equivalents. All samples were proteinase K (PK)
digested, except that in lane 1. AA, amino acid genotype of recipient

mice at residue 96; Inoc, inocula, which were either retropharyngeal
lymph node (LN) or obex (Ob); Amt, the percentage of tissue homoge-
nate inoculated (wt/vol); DPI, number of days postinoculation of the
recipient mouse shown in the blot; Clin, mice that showed (Y) or did
not show (N) clinical signs of CWD. The blot was developed using
anti-PrP antibody 6H4 (Prionics) at a 1:10,000 dilution and enhanced-
chemiluminescence detection with a 1-min film exposure.

FIG. 3. Inhibitory effects of the 96S allele on CWD incubation
periods. tg mice expressing 96SS, 96GS, 96GG, or 96G� were inocu-
lated intracerebrally with CWD agent brain homogenates (WTD-1,
MD-2, or Elk-1) and euthanized when they developed clinical signs of
CWD. Each solid circle indicates one PrPres-positive mouse. Statisti-
cal analysis was done using a Kruskal-Wallis test with a Dunn’s mul-
tiple-comparison posttest on the groups inoculated with WTD-1 or
MD-2. Mann-Whitney analysis was performed on the group inoculated
with Elk-1. Bars with an asterisk indicate a P value of �0.05. Group
differences with P values of �0.05 are not shown. None of the 96SS
mice inoculated with the three inocula used in this experiment devel-
oped disease, and they are not shown in the figure.
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