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Abstract

Bank voles are uniquely susceptible to a wide range of prion strains isolated from many different species. To determine if
this enhanced susceptibility to interspecies prion transmission is encoded within the sequence of the bank vole prion
protein (BVPrP), we inoculated Tg(M109) and Tg(I109) mice, which express BVPrP containing either methionine or isoleucine
at polymorphic codon 109, with 16 prion isolates from 8 different species: humans, cattle, elk, sheep, guinea pigs, hamsters,
mice, and meadow voles. Efficient disease transmission was observed in both Tg(M109) and Tg(I109) mice. For instance,
inoculation of the most common human prion strain, sporadic Creutzfeldt-Jakob disease (sCJD) subtype MMI1, into
Tg(M109) mice gave incubation periods of ~200 days that were shortened slightly on second passage. Chronic wasting
disease prions exhibited an incubation time of ~250 days, which shortened to ~150 days upon second passage in
Tg(M109) mice. Unexpectedly, bovine spongiform encephalopathy and variant CJD prions caused rapid neurological
dysfunction in Tg(M109) mice upon second passage, with incubation periods of 64 and 40 days, respectively. Despite the
rapid incubation periods, other strain-specified properties of many prion isolates—including the size of proteinase K-
resistant PrP°¢, the pattern of cerebral PrP*® deposition, and the conformational stability—were remarkably conserved upon
serial passage in Tg(M109) mice. Our results demonstrate that expression of BVPrP is sufficient to engender enhanced
susceptibility to a diverse range of prion isolates, suggesting that BVPrP may be a universal acceptor for prions.
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Introduction

Prions, or proteinaceous infectious particles, are self-propagat-
ing protein conformations that cause a variety of fatal neurode-
generative illnesses. Prions composed of the prion protein (PrP)
cause Creutzfeldt-Jakob disease (CJD) in humans, scrapie in sheep,
chronic wasting disease (CWD) in cervids, and bovine spongiform
encephalopathy (BSE) [1,2,3]. In these diseases, cellular PrP
(PrPC), which is a glycosylphosphatidylinositol (GPI)-anchored
membrane protein, undergoes a conformational conversion into a
B-sheet-rich, aggregation-prone isoform, termed PrP% [4,5].
Accumulation of PrP® within the central nervous system (CNS)
results in profound neurological dysfunction as well as neuropath-
ological changes, which include spongiform (vacuolar) degenera-
tion, astrocytic gliosis, and neuronal loss. In contrast to PrPC,
which is sensitive to protease digestion, the most commonly
encountered forms of PrPS¢ are partially resistant to digestion with
proteases, producing a truncated fragment referred to as PrP 27—
30 [6]. Distinct strains of prions can be distinguished and classified
by the incubation periods upon inoculation of laboratory animals,
differences in neuroanatomic target areas and patterns of PrPSe
deposition within the brain, and biochemical properties, including
the molecular weight of PrP 27-30 [7,8]. It is believed that the
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properties of distinct prion strains are enciphered within the
conformation of PrP [9,10]. In some instances, it is more
appropriate to refer to prion strains as “isolates” if they have not
been serially passaged.

The intraspecies transmission of various prion strains or isolates
is generally an efficient process, in which 100% of the inoculated
animals develop CNS disease, the incubation period is relatively
uniform, neuropathologic patterns are similar, and biochemical
properties of PrP% are maintained. In contrast, the interspecies
transmission of prions is usually an inefficient process, in which
only a fraction of inoculated animals develop signs of neurologic
dysfunction, resulting in more variable and prolonged incubation
periods [11,12]. Furthermore, the properties of prion strains or
1solates are frequently altered upon initial passage in a different
species [13]. Upon second passage, the incubation periods are
shorter, and the biochemical and neuropathological properties of
the prion isolate are stabilized. This phenomenon is what is
referred to as the “species barrier” for prion replication [14]. At
the molecular level, the species barrier was initially believed to be
governed entirely by the sequence of PrP, with interspecies
differences in the amino acid sequence of PrP hindering disease
transmission [15]. For instance, transgenic (T'g) mice expressing
hamster or human PrP are susceptible to hamster or human
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Author Summary

Prions are infectious proteins that cause devastating
neurodegenerative diseases in both humans and animals.
Unlike other rodents, bank voles are highly susceptible to
prions from many different species, suggesting that bank
voles do not impose a “species barrier,” which normally
restricts the transmission of prions from one species to
another. We were curious as to whether the unprecedent-
ed promiscuity of bank voles for prions is due to the
specific prion protein sequence expressed, or to some
other factor inherent to bank vole physiology. To answer
this question, we inoculated transgenic mice that express
bank vole prion protein [Tg(BVPrP) mice] with a diverse set
of prions deriving from eight different species. Like bank
voles, Tg(BVPrP) mice were highly susceptible to prions
from all species tested, demonstrating that the BVPrP
sequence mediates the enhanced susceptibility of bank
voles to prions. Because the amino acid sequences of
mouse and BVPrP differ at only eight positions, our results
demonstrate that alterations to a small subset of residues
within PrP can have a profound effect on the susceptibility
of an organism to prions from another species.

prions, respectively, whereas wild-type (wt) mice are largely
resistant to prions from either species [16,17].

With further study, it became clear that the initially monastic
view of the species barrier was incomplete: in particular, differences
in the sequences of PrP® in the inoculum and PrP® in the host were
insufficient to explain all aspects of prion transmission from one host
to another. For example, the MM1 subtype of sporadic (s) CJD
prions transmitted to Tg mice expressing the M129 variant of
human PrP in ~200 days while variant (v) GJD prions required
more than 600 days [18]. Conversely, Tg mice expressing bovine
PrP exhibited signs of neurological dysfunction at ~270 days after
inoculation with vCJD prions, but remained well for greater than
500 days after inoculation with sCGJD(MMI) prions [19,20,21].
Importantly, the proteins comprising vGJD and sCJD(MM1) prions
had the same amino acid sequence, arguing that an additional
“barrier” must be invoked to explain the differences in transmission
efficiency described above, which might best be called a “strain
barrier” to reflect distinct conformations of PrP* molecules.
Together, the species and strain barriers have been called
“ransmission barriers,” where a given PrP% sequence is capable
of propagating only a distinct subset of PrP5° conformations [20,22].
When the PrP® and PrP*® conformations are compatible, efficient
disease transmission occurs.

Unlike other rodents, bank voles (Myodes glareolus) are susceptible
to prions from a diverse range of species, including humans
[23,24,25,26,27]. This suggests that species and possibly strain
barriers are greatly attenuated in bank voles, an observation that has
been recapitulated i vitro using protein misfolding cyclic amplifi-
cation (PMCA) [28]. Two explanations seem plausible for the
promiscuity of bank voles for replicating prions originating in
diverse species: first, the presence of an especially permissive prion
replication cofactor [17,29,30,31,32] and second, a broadly
compatible bank vole PrP (BVPrP) sequence. The latter would
seem to be the more parsimonious explanation where the amino
acid sequence of BVPrP facilitates adoption of self-propagating
conformations both spontaneously and upon exposure to exogenous
prions [24,33]. The sequence of the mature processed form of
BVPrP, in which the N- and C-terminal signal peptides have been
removed, differs from that of mouse PrP at only eight positions [25].
Notably, the high-resolution structure of bank vole PrP“ revealed
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the presence of a “rigid loop” but no remarkable characteristics that
might confer its unique replication behavior [34].

To determine the range of prion susceptibility conferred by
BVPrP expression, we challenged Tg mice expressing BVPrP with
16 prion isolates from 8 different species. BVPrP is polymorphic at
codon 109, where either a methionine (M) or isoleucine (I) residue
can be present [35]. Tg(BVPrP) mice expressing either the M109
or 1109 polymorphic variant of BVPrP were susceptible to a wide
range of prion isolates derived from many species, confirming that
the enhanced susceptibility of bank voles to prions with different
PrP sequences is mediated by the sequence of BVPrP.

Results

Transmission of prions to Tg(M109) mice

Because Tg mice that express the 1109 allotype of BVPrP develop
age-dependent signs of spontaneous neurologic illness [33], we
initially focused our studies on Tg mice expressing the M109
allotype. Tg(BVPrP,M109)22019 mice, denoted Tg(M109) mice,
express BVPrP at ~5 times the level of PrP expression found in wt
mice and did not develop any signs of spontaneous neurologic illness
up to 500 days of age [33]. We inoculated the Tg(M109) mice with
16 different prion isolates derived from humans, cattle, elk, sheep,
guinea pigs, hamsters, mice or meadow voles (MV) (Table 1). The
following prion isolates were tested: sGJD (three subtypes: MMI,
MM2, and VV2); vCJD; sCJD(MM1) prions passaged in Tg mice
expressing the M129 variant of human PrP [Tg(HuPrP) mice];
cattle BSE; elk CWD; sheep scrapie isolate SSBP/1; sGJD(MMI1)
prions passaged in guinea pigs; hamster-adapted scrapie strain
Sc237; mouse-adapted scrapie strain RML; mouse-adapted BSE
strain 301V [maintained in mice expressing either the PrP-A or PrP-
B allotype of mouse PrP and denoted 301V(A) and 301V(B),
respectively]; MV-adapted RML; and MV-adapted Sc237 prions.
Remarkably, 119 of 120 inoculated Tg(M109) mice developed signs
of neurologic dysfunction consistent with prion disease, with mean
incubation periods ranging from 50 days to just under 400 days
(Table 1). The relatively short incubation periods and high
transmission efficiencies for this diverse set of prion isolates in
Tg(M109) mice suggest that these mice, like bank voles, do not
mmpose a barrier for interspecies prion transmission. To determine
the reproducibility of these findings, we utilized another Tg line
denoted Tg(BVPrP,M109)3118 mice, which express BVPrP at
~2.5 times the level of PrP expression in wt mice. Like the
Tg(M109)22019 mice, the Tg(M109)3118 mice were also suscep-
tible to MV-, mouse-, hamster-, and human-derived prion isolates
(Table S1). Tg(MoPrP) mice, which overexpress mouse PrP at ~4—
5 times the level in wt mice, did not exhibit a general susceptibility to
prions (Table 82), arguing that the increased susceptibility of
Tg(M109) mice to diverse prion isolates cannot be attributed to PrP
overexpression.

In the Tg(M109) mice, two cases of sCGJD(MMI) prions
produced incubation times of ~200 days; on second passage,
the incubation period decreased modestly to 175 days. Relatively
larger reductions in the incubation times on second passage were
observed with other prion isolates. For example, sCJD(MM2)
prions gave an incubation time of ~240 days on first passage,
which decreased to 90 days on second passage, and sGJD(VV2)
prions decreased from ~400 days on first passage to ~100 days on
second passage. Most interesting among the human isolates was
vCJD, with an initial incubation time of 330 days, which decreased
to 40 days on second passage in Tg(M109) mice, an 8-fold
reduction upon serial transmission. Notably, BSE prions, from
which vCJD prions are derived, exhibited an incubation time of
~370 days on first passage and decreased to ~65 days on second
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passage. GWD prions from elk produced neurological dysfunction
in ~250 days on first passage and ~150 days on second passage in
TgM109) mice. Sc237 prions from Syrian hamsters inoculated
into Tg(M109) mice produced an incubation time of ~95 days on
first passage, which decreased to ~75 days on second passage.
When RML prions from wt mice were inoculated into Tg(M109)
mice, the incubation time was ~75 days but decreased to ~50
days on second passage. These results suggest that transmission
barriers still exist for some strains despite a general susceptibility of
Tg(M109) mice to many different prion isolates.

Proteinase K (PK)-resistant PrP>° was found in the brains of all
clinically ill Tg(M109) mice inoculated with each of the prion
isolates tested (Figure 1A). Furthermore, spongiform degenera-
tion and prominent astrocytic gliosis were found in the brains of
Tg(M109) mice inoculated with each of the different isolates
(Figure S1), confirming that these mice developed prion disease.
However, levels of PK-resistant PrP> were much lower in RML-
moculated Tg(M109) mice than in RML-inoculated wt mice or in
RML-infected Tg(MoPrP) mice (Figure S2A). Similarly, levels of
PK-resistant PrP> following challenge of Tg(M109) mice with
Sc237 prions were much lower than in Sc237-infected hamsters or
in  Sc237-inoculated Tg mice overexpressing hamster PrP
[Tg(SHaPrP) mice] (Figure $2B). Levels of PK-resistant PrPS
remained low upon second passage of RML or Sc237 prions in
Tg(M109) mice. However, this was not true for all the prion
isolates analyzed: substantially higher levels of PK-resistant Prps
were observed in the brains of BSE- and vCJD-inoculated
Tg(M109) mice (Figure S2C).

Strain-specified molecular weights of protease-resistant
Prp>*

Prion strains can be classified according to the electrophoretic
mobility of the unglycosylated band of PK-resistant PrP,
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Table 1. Transmission of diverse prion isolates to Tg(BVPrP,M109)22019 mice.*

Prion isolate PrP5< sequence 1 passage
Mean incubation
period = SEM (d)

RML — MV meadow vole 50+3

RML mouse (PrP-A) 73*1

301V(A) mouse (PrP-A) 124*4

301V(B) mouse (PrP-B) 138=+5

Sc237 — MV meadow vole 82+3

Sc237 hamster 96+5

Scrapie SSBP/1 sheep 383+26

CWD elk 249+25

BSE cattle 368*10

vCJD human 330*15

sCJD(MM1) case i human 196+4

sCJD(MM1) case ii human 204+2

sCJD(MM1) — Tg(HuPrP) human 240*+4

sCJD(MM1) — GP guinea pig 193+15

sCJD(MM2) human 244+30

sCJD(VV2) human 394+18

*n, number of positive mice; ny, number of inoculated mice; nd, not determined.

TOne mouse remained free of clinical signs at 503 days postinoculation.

doi:10.1371/journal.ppat.1003990.t001

migrating to either ~21 kDa or ~19 kDa, respectively termed
type 1 and type 2 strains, similar to the nomenclature for sCJD
prions [8]. In Tg(M109) mice, type 1 strains migrated to ~20 kDa
and type 2 strains migrated to ~19 kDa (Figure 1A). In general,
the electrophoretic mobilities observed for the original prion
1solates were conserved upon transmission to Tg(M109) mice
(Figure 1B-K). For instance, RML, Sc237, CWD, scrapie SSBP/
1, and sCJD(MMI) are type 1 strains and exhibited a type 1
pattern upon transmission to Tg(M109) mice. Similarly, BSE,
sCJD(MM2), sCJD(VV2), and vCJD are type 2 strains and
generated type 2 strains following transmission to Tg(M109) mice.
Slight alterations in the size of PK-resistant PrP* were observed
for the sCGJD(MM]1), CWD, and SSBP/1 isolates upon propaga-
tion in Tg(M109) mice (Figure 1B, G=H), and type 2 PrP* in
Tg(M109) mice had a slightly larger molecular mass compared to
the type 2 PrP* in the original human inocula (Figure 1C-F).
However, of the 11 isolates analyzed, only 2 clearly changed strain
type upon passage in Tg(M109) mice: both the 301V(A) and
301V(B) isolates exhibited a type 2 pattern in Tg(M109) mice
whereas the original isolates were type 1 strains (Figure 1K).
Thus, Tg(M109)-passaged 301V prions more closely resembled
the BSE isolate from which the 301V strain was originally derived.

Another method for discriminating prion strains is the compar-
ison of the relative abundances of di-, mono-, and unglycosylated
PK-resistant PrP*. The most abundant glycoform for all prion
isolates was diglycosylated Prp* following passage in Tg(M109)
mice (Figure 1A). For prion isolates with high levels of
diglycosylated PrP* (such as Sc237, 301V, CWD, BSE, and
vC]D), the glycoform ratios appeared to be conserved upon serial
passage in Tg(M109) mice (Figure 1E-G, I, K). In contrast, for
prion isolates that did not exhibit high levels of diglycosylated PrP®,
such as sCJD(MM1), sCJD(MM?2), sCJD(VV2), SSBP/1, and
RML, the relative abundance of diglycosylated PrP increased
upon propagation in Tg(M109) mice (Figure 1B-D, H, J).
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Figure 1. Analysis of PK-resistant PrP5¢ in Tg(M109) mice inoculated with diverse prion isolates. Except for one undigested lane (),
brain samples were digested with PK (+ in panel A). All inoculation experiments resulted in the generation of PK-resistant PrP%<. (A) Detergent-
extracted brain homogenates from Tg(M109) mice that were inoculated with the indicated prion isolates. Brain homogenate from an uninoculated,
97-d-old mouse (None) is shown as a control. (B-K) PK-resistant PrP in the inocula (Inoc.), and after 1 and 2"¢ passages in Tg(M109) mice. Inocula
were sCJD(MM1) (B); sCJID(MM2) (C); sCID(VV2) (D); vCJD (E); BSE (F); CWD (G); scrapie SSBP/1 (H); Sc237 (1); RML (J); 301V(A) or 301V(B) (K) prions.
With the exception of 301V, the electrophoretic mobility of PK-resistant PrP*¢ for each strain following passage in Tg(M109) mice was similar to the
original isolate. In all panels, loading quantities were adjusted prior to immunoblotting to give similar signal intensities across all samples. Molecular
weight measurements are shown in kDa. PrP was detected using the antibody HuM-P.

doi:10.1371/journal.ppat.1003990.g001

Strain-specific neuropathological patterns of PrP> PrP®¢ deposition was also observed in RML-inoculated Tg(M109)
deposition mice (Figure 20). Similarly, plaque-like Prp%° aggregates in the
corpus callosum, which is the hallmark of the Sc237 strain, were
observed in Sc237-inoculated Tg(M109) mice (Figure 2M), and
the thalamic plaque-like PrP* deposits in CWD-inoculated

To further investigate whether the properties of the prion
1solates were conserved upon transmission in Tg(M109) mice, we
examined the patterns of PrP*° deposition in the brains of prion- i !
inoculated Tg(M109) mice. PrP5 deposition was found in the Tg(M109) mice (Figure 2I) resembled those present in GWD-
brains of all clinically ill Tg(M109) mice inoculated with each of ~ noculated Tg mice expressing elk PrP [39]. We conclude that for
the prion isolates tested (Figure 2A-R), although the level of the él’laJOrlt}/- of prion isolates, the neuropathological signatures of
PrP* deposition in Tg(M109) mice was typically less than what is PrP” deposition were maintained upon transn;\ission to Tg(M109)
observed in other experimentally inoculated laboratory animals. mice. Additionally, the pattern of cerebral PrP™ deposition on first

Generally, the characteristic pattern of PrP%° deposition for a given passage was indiStifllgUiShable for Eltach i.solate when compared to
prion isolate was conserved following one or two passages in tl}e second passage in Tg(M109) mice (Figure 2, compare left and
TgM109) mice. right columns).

For the human inocula, the ‘“synaptic” pattern of Prp5°
deposition observed with the sCJD(MMI) subtype and the Conformational stabilities of prion strains
plaque-like deposition of PrP* commonly observed with The conformational stability of PrPS molecules, which is a
sCJD(VV2) were both recapitulated in TgMI109) mice measure of their ability to resist denaturation by guanidine
(Figure 2A, C). PrP* plaques were observed in the vicinity of hydrochloride (GdnHCI) [40], was used to characterize the prion
vacuolation in vCJD-inoculated Tg(M109) mice (Figure 2E), strains transmitted to Tg(M109) mice. We performed conforma-

which is somewhat reminiscent of the “florid” PrP> plaques tional stability assays on the original inocula and after serial
present in the brains of vCJD patients [36]. Notably, the presence transmission through Tg(M109) mice by titrating the stability of
of florid plaques in vCJD-inoculated animals is species-dependent protease-resistant PrP* using GdnHCI denaturation (Figure 3).
and their absence does not necessarily imply lack of strain fidelity Before and after two passages in Tg(M109) mice, sGJD(MMI),
[37,38]. vCJD, BSE, and Sc237 prions exhibited GdnHCI, 5 values of

The neuropathological signature of RML prions in mice is the ~2 M (Figure 3A, C, D, F) while sCJD(VV2) prions had
diffuse deposition of PrP* in the hippocampus; this pattern of GdnHCI, /9 values of ~2.8 M (Figure 3B). CWD prions, either
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Figure 2. Patterns of cerebral PrP*¢ deposition in Tg(M109)
mice inoculated with diverse prion isolates. Patterns of PrP>c
deposition in the brain following first (left column) and second (right
column) passage of sCJD(MM1) (A, B); sCJD(VV2) (C, D); vCID (E, F); BSE
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(G, H); CWD (1, J); scrapie SSBP/1 (K, L); Sc237 (M, N); RML (O, P); or
301V(A) (Q, R) prions in Tg(M109) mice. For individual prion isolates,
patterns of PrP>¢ deposition were maintained upon serial passage in
Tg(M109) mice and were generally reminiscent of the PrP>° deposition
characteristics of the original isolates. Brain regions with characteristic
Prpc deposition for the inoculum are shown: Bs, brainstem; FC, frontal
cortex; Mb, midbrain; Th, thalamus; Hp, hippocampus. Prpsc deposits
were detected using the antibody HuM-D18. Scale bar in A represents
50 um and applies to all panels.
doi:10.1371/journal.ppat.1003990.9002

before or after passaging in Tg(M109) mice, were intermediate
with GdnHCl, /o values of 2.4 M (Figure 3E), whereas RML
prions exhibited the lowest conformational stability of ~1.5 M,
which was unchanged upon propagation in Tg(M109) mice
(Figure 3G). These findings argue that the conformations of these
seven prion isolates were unaltered upon serial passage in
Tg(M109) mice.

Retrotransmission of prion strains

As a fourth test to assess the fidelity of prion strain replication
upon passage in Tg(M109) mice, we performed retrotransmission
experiments for the sCJD(MMMI), CWD, Sc237, RML, and
301V(A) isolates. In these experiments, Tg(M109)-passaged prions
were reintroduced into Tg mice expressing the PrP sequence of the
species from which the prion isolate was originally derived.
Inoculation of Tg(HuPrP) mice with Tg(M109)-passaged
sCJD(MM1) prions, Tg(SHaPrP) mice with Tg(M109)-passaged
Sc237 prions, and Tg(MoPrP) mice with Tg(M109)-passaged
RML or 301V(A) prions resulted in clinical signs of prion disease
in all of the inoculated animals (Table 2). In contrast, none of the
Tg mice expressing elk PrP developed signs of neurologic illness
following challenge with Tg(M109)-passaged CWD prions, sug-
gesting that a substantial species barrier exists when attempting to
convert elk PrP® using bank vole PrP*. For the experiments in
which successful retrotransmission was achieved, the PK-resistant
PrP® in ill recipient mice was identical to that of the original
isolate passaged into the same respective Tg line, as judged by the
electrophoretic  mobilities and relative glycoform  ratios
(Figure 4A-D). Furthermore, the patterns of cerebral Prp*
deposition from the original isolate were recapitulated following
retrotransmission (Figure 4E-]J). Based on the conservation of
biochemical, neuropathological, and conformational properties of
the prion isolates upon transmission to Tg(M109) mice and upon
retrotransmission after passage into Tg(M109) mice, we conclude
that prion strain fidelity was often maintained upon transmission
to Tg(M109) mice.

Transmission of prions to Tg(1109) mice

We inoculated Tg(BVPrP,1109)3574 mice, denoted Tg(I109),
with 7 prion isolates from 5 different species: sCGJD(MM1) [2
human cases and 1 case passaged in Tg(HuPrP) mice], CWD (elk),
Sc237 (hamster), and RML (mouse and MV-passaged). Hemizy-
gous Tg(I109) mice express PrP at ~4 times the level of PrP
expression found in wt mice and developed spontaneous signs of
neurological dysfunction at a mean age of ~340 days [33]. Similar
to the results obtained in Tg(M109) mice, all inoculated Tg(I109)
mice developed signs of progressive neurologic dysfunction
(Figure 5A), with mean incubation periods ranging from ~50
days for MV-passaged RML prions to ~260 days for each of the 3
sGJD(MM1) 1solates (Table 3). The mean incubation periods
were slightly longer in Tg(I109) mice than in Tg(M109) mice on
first passage of these isolates, which was likely due to the lower
level of PrP expression in the Tg(I109) line. PK-resistant PrP%°
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Figure 3. Conformational stability measurements of Tg(M109)-passaged prion isolates. Conformational stability assays were performed
on the original prion isolates used as inocula (Inoc.) and on brain homogenates from clinically ill Tg(M109) mice following two passages of sCJD(MM1)
(A), sCID(VV2) (B), vCJD (C), BSE (D), CWD (E), Sc237 (F), or RML (G) prions. The calculated GdnHCl, , values for each isolate remained similar. For all
panels, molecular weight measurements are shown in kDa. PK-resistant PrP*® was detected using the antibody HuM-P.

doi:10.1371/journal.ppat.1003990.g003

(Figure 5B), vacuolation (Figure S3A-E), astrocytic gliosis
(Figure S3F-]), and cerebral Prps deposition (Figure S3K-O)
were observed in the brains of the ill Tg(I109) mice, which
confirmed the diagnosis of prion disease. The ages at which the
sCGJD(MM1)- and CWD-inoculated Tg(I109) mice developed
neurologic disease partially overlapped with the onset of sponta-
neous illness in this line (Figure 5A). However, we could
distinguish the spontaneous disease phenotype from the inoculated
disease because the spontaneously ill animals did not exhibit PrP
27-30 in their brains [33]. Thus, any inoculated animal that
developed signs of neurologic illness but lacked detectable levels of
PrP 27-30 in its brain was excluded from the study. Importantly,
only four such mice were found, and the vast majority of
inoculated animals (49 of 53) exhibited PrP 27-30 in their brains
(Figure 5C-H).

PLOS Pathogens | www.plospathogens.org

We next sought to determine whether the biochemical and
neuropathological properties of the various prion isolates were
conserved upon transmission to Tg(I109) mice. Tg(I109) mice
inoculated with two cases of sCJD(MMI1) prions or with
sCJD(MM1) prions previously passaged in Tg(HuPrP) mice
exhibited considerable prion strain diversity among individual
animals (Figure 5C—-E). Whereas some of the animals exhibited
type 1 PrP similar to that observed in Tg(MI109) mice
(Figure 5C, lanes “a” and “e”), others displayed a type 2 pattern
(Figure 5C, lane “b”) or even a mixed type 1/type 2 phenotype
(Figure 5C, lanes “c” and “d”). Similarly, passage of CWD into
Tg(I109) mice resulted in 6 of 7 animals harboring PK-resistant
PrP® similar to that observed in CWD-inoculated Tg(M109) mice
(Figure 5F, lane “a”); one Tg(I109) mouse showed PrP%¢ of
slower electrophoretic mobility (Figure 5F, lane “b”). In contrast
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Table 2. Retrotransmission of Tg(BVPrP,M109)-passaged prion isolates.*

Mean incubation period = SEM (d)

Signs of neurologic dysfunction (n/ng)

Inoculum Recipient Line

RML — Tg(M109) Tg(MoPrP) 16918
301V(A) — Tg(M109) Tg(MoPrP) 184+5
Sc237 — Tg(M109) Tg(SHaPrP) 710
CWD — Tg(M109) Tg(EIkPrP) >523
sCJD(MM1) — Tg(M109) Tg(HuPrP) 1661

8/8
7/7
8/8
0/6
7/7

*n, number of positive mice; no, number of examined mice.
doi:10.1371/journal.ppat.1003990.t002

to replication in Tg(I109) mice, neither sCJD(MM1) nor CWD
prions underwent any detectable biochemical changes in PrP*
during multiplication in Tg(M109) mice (Figure S4). The PK-
resistant PrP% present in the brains of RML- and Sc237-
moculated Tg(I109) mice were similar to the those observed in
Tg(M109) mice inoculated with the same isolates (Figure 5G, H),
as judged by glycoform ratios and type 1 electrophoretic mobility.
The patterns of cerebral PrP* deposition in the brains of
sCGJD(MM1)-, Sc237-, and RML-inoculated Tg(I109) mice were
similar to those observed in Tg(M109) mice inoculated with the
same prion isolates (compare Figure S3K, M, N with Figure 2A,
M, O). In contrast, a Tg(I109) mouse infected with CWD (also
shown in Figure 5F, lane “a”) harbored small amounts of diffuse
PrP* in the thalamus (Figure S3L) whereas CWD-inoculated
Tg(M109) had large plaque-like deposits of PrP

mice

A M1 —> B

M Sc Sc237—> o
Inoculum: MM1 Tg(M109)

237 Tg(M109)

ML—

R
RML Tg(M109)

(Figure 2I). Collectively, these results argue that passage of
sCGJD(MM1) and CWD prions through Tg(I109) mice resulted in
alterations to these prion strains.

Discussion

Here we demonstrate that Tg mice expressing BVPrP are highly
susceptible to a diverse range of prion isolates derived from eight
different species, arguing that the susceptibility of bank voles to a
wide array of prions is encoded within the amino acid sequence of
BVPrP itself. Although we did not challenge Tg(BVPrP) mice with
every known prion isolate, we speculate that BVPrP may be a
“universal acceptor” for prions. Moreover, prion strain fidelity, as
judged by the molecular signatures of PK-resistant Prp*,
patterns of cerebral PrP5 deposition, conformational stability,

D

301V(A)—>
301V(A) Tg(M109)

30- 30— 30— '
‘
Tg(HuPrP) g(SHaPrP) g(MoPrP) Tg(MoPrP)
sCJD(MM1)> Sc237 > RML=>
Tg(HuPrP) Tg(SHaPrP) Tg(MoPrP)
SRR B L30T A

RML - Tg(M109)
=>Tg(MoPrP)

sCJD(MM1) > Tg(M109) Sc237 > Tg(M109)
- Tg(HuPrP) ->Tg(SHaPrP)

Figure 4. Analysis of PK-resistant PrP¢ and cerebral PrP*¢ deposition following retrotransmission of Tg(M109)-passaged prion
isolates. Following retrotransmission of Tg(M109)-passaged prion isolates, the biochemical characteristics (A-D) and deposition patterns (E-J) of
PrP>° were similar. sCJD(MM1) (A, E, F); Sc237 (B, G, H); RML (C, I, J); and 301V(A) (D) prions were respectively injected into Tg(HuPrP), Tg(SHaPrP),
Tg(MoPrP), and Tg(MoPrP) mice. The same inocula were also passaged once in Tg(M109) mice, then injected into the same respective lines. In the
immunoblots, the electrophoretic mobility and glycosylation profile are identical in mice infected with the original inoculum and with the inoculum
passaged in Tg(M109) mice. Each of the duplicate lanes for the retrotransmission samples represents an individual mouse. PK-resistant PrP>° was
detected using the antibody HuM-P. In the micrographs, PrP*° was detected in the brainstem using antibody 3F4 (E-F) and in the hippocampus
using antibody HUM-D18 (G-J). In panels A-D, molecular weight measurements are shown in kDa. Scale bar in E represents 50 um and applies to
panels F-J.

doi:10.1371/journal.ppat.1003990.9g004
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Figure 5. Prion strain diversity following passage of sCJD(MM1) and CWD prions in Tg(1109) mice. (A) Age-adjusted Kaplan-Meier
survival curves for Tg(1109) mice inoculated with sCJD(MM1) prions (two independent cases) or sCJD(MM1) prions that were passaged in Tg(HuPrP)
mice (green lines, n=6-7 each); CWD prions (blue line, n=7); Sc237 prions (orange line, n=7); or RML prions (red line, n=28). There was substantial
overlap between the appearance of spontaneous signs of neurologic illness in uninoculated Tg(1109) mice (black line, n=13) and the survival of
Tg(1109) mice inoculated with CWD and sCJD(MM1) prions. For all inoculation experiments, the mice were inoculated at ~60 days of age. (B-H)
Analysis of PK-resistant PrP>¢ in the brains of Tg(1109) mice inoculated with sCJD(MM1) (C, D); sCJD(MM1) prions that were passaged in Tg(HuPrP)
mice (E); CWD (F); Sc237 (G); and RML prions (H). With the exception of one lane in panel B (=), all samples were digested with PK. All inoculation
experiments resulted in the generation of PK-resistant PrP*“. Brain homogenate from an uninoculated, 171-d-old asymptomatic Tg(1109) mouse
(None) is shown as a control. In panels C-H, each lane represents the PK-resistant PrP>¢ in the brain of an individual animal within the experiment. For
each prion isolate, PK-resistant PrP*¢ in the brain of an infected Tg(M109) mouse is shown for comparison. Whereas inoculation of Tg(I109) mice with
RML or Sc237 prions resulted in PK-resistant PrPS¢ conformers with the same electrophoretic mobility as those present in Tg(M109) mice (black
arrows), inoculation with CWD or sCJD(MM1) isolates resulted in the emergence of novel PK-resistant PrP> conformers with different electrophoretic
mobilities (red arrows) in some animals. For all immunoblots, loading quantities were adjusted prior to immunoblotting to give similar signal
intensities across all samples. Lowercase letters below blots identify samples referred to in the main text. In panels B-H, molecular weight
measurements are shown in kDa. PrP was detected using the antibody HuM-P.

doi:10.1371/journal.ppat.1003990.g005

and retrotransmission experiments, was largely maintained upon
transmission of many isolates to Tg(M109) mice, despite the rapid
incubation periods observed upon serial passage. We note several
caveats to this conclusion: (1) similarities in PrP® molecular
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signatures or histopathological staining patterns do not always
correlate with conservation of prion strain features [41]; (2)
restoration of prion strain properties following retrotransmission
has also been observed in cases where strain properties were
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Table 3. Transmission of diverse prion isolates to Tg(BVPrP,1109)3574 mice.*

Prion isolate PrP5¢ sequence

Mean incubation period = SEM (d)

Signs of neurologic dysfunction (n/n,)

RML — MV meadow vole 49+2
RML mouse (PrP-A) 87+2
Sc237 hamster 129+6
CWD elk 224+13
sCJD(MM1) case i human 243+12
sCJD(MM1) case ii human 266+13
sCJD(MM1) — Tg(HuPrP) human 269+11

8/8
8/8
7/7
7/7
6/6
7/7
6/6

*n, number of positive mice; n,, number of examined mice.
doi:10.1371/journal.ppat.1003990.t003

clearly altered upon primary passage in animals [42,43] or
following extensive selection in cultured cells [44]; and (3) the
dramatic reduction in incubation period observed for several
isolates upon second passage in Tg(M109) mice implies that a
substantial transmission barrier had been crossed, which often
causes a change in strain properties [13].

The incubation periods upon primary passage for certain prion
isolates, such as BSE, sCJD(MM?2), sCJD(VV2), and 301V, in
Tg(M109) mice were shorter than in M109 bank voles [24,25],
which is likely explained by the overexpression of BVPrP in
TgM109) mice. In contrast, the incubation periods for
sCJD(MM1) and CWD prions were similar in both Tg(M109)
mice and bank voles [24,27] whereas the incubation period for
sheep scrapie prions was actually shorter in bank voles than in
TgM109) mice [25]. Although it is difficult to make accurate
comparisons between the data obtained in Tg(M109) mice and
bank voles because the specific prion isolates used were different in
most cases, we suggest that the generation of neurotoxic prion
conformers may be limited by the PrP® concentration for some
prion strains (such as BSE) but not for others [such sGJD(MMI)
and CWD].

Using Tg(M109) mice to study sporadic and variant CJD
prions

The study of human prions in mice has been hindered
traditionally by long incubation periods. For example,
sCGJD(MM1) prions transmit poorly to wt mice; only a few
inoculated mice ever develop prion disease and those that do
exhibit incubation times of 600 days or more [12]. In Tg(HuPrP)
mice, the incubation periods were ~160 days for sCGJD(MM]1)
prions [45] and ~700 days for vCJD prions [18]. Reductions in
the incubation times were achieved when human-specific residues
in PrP were reverted to those of the mouse. For instance, in Tg
mice expressing a chimeric human/mouse PrP containing 7
human residues, the incubation times for sCJD(MM1) and vCJD
prions were ~110 and ~360 days, respectively [45]. Reversion of
an additional human-specific residue to its mouse equivalent in
Tg1014 mice further reduced the incubation periods to ~80 days
for sCJD(MM1) prions and ~200 days for vGJD prions, but a
change in strain type was apparent in some vCJD-inoculated
animals [21]. Incubation times of ~200 days on first passage and
~175 days on serial passage for sCGJD(MMI) prions were
substantially longer in the Tg(M109) mice compared to Tgl014
mice. Notably, vCJD prions transmitted disease in ~40 days on
second passage in Tg(M109) mice, and the fidelity of the vCJD
strain was maintained. To the best of our knowledge, this is the
most rapid human prion strain isolated to date. The incubation
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periods for the MM2 and VV2 subtypes of sGJD prions upon
serial passage in Tg(M109) mice were also considerably more
rapid than those observed in mice expressing human PrP or
chimeric human/mouse PrP [45,46,47]. We speculate that
Tg(M109) mice inoculated with BVPrP-adapted sCJD or vCJD
prions may constitute an excellent system for performing initial
assessments of the i viwo efficacy of candidate CJD therapeutics,
although weak therapeutic effects may be harder to discern in mice
with such rapid incubation periods and positive results would need
to be confirmed in Tg mice expressing human PrP. Based on the
studies with chimeric human/mouse PrP described above,
constructing chimeric human/bank vole PrP transgenes may lead
to even shorter incubation times for CJD prions.

BSE prions in Tg(M109) mice

The rapid incubation periods and apparent strain fidelity
observed for most prion isolates upon serial passage in Tg(M109)
mice should greatly facilitate the study of the biochemical and
structural basis of prion strains. For instance, the incubation
periods for BSE prions in T'g mice expressing bovine PrP is ~250
days [19], but merely ~60 days upon second passage in Tg(M109)
mice. Thus, Tg(M109) mice may be useful for rapidly producing
BSE prions for structural studies. Tg(M109) mice should also
facilitate accurate comparisons between various prion strains or
isolates. For instance, there has been considerable debate as to
whether the conformational stability of a given prion strain is
related to its incubation period. Although some of us (S. J. D. and
S. B. P.) as well as others found that there was a direct correlation
between conformational stability and incubation period, with less
stable strains propagating more rapidly [48,49], another study
found the opposite, namely that strains with short incubation
periods exhibited higher conformational stabilities [50]. We did
not observe a definitive relationship between conformational
stability and incubation period for seven different prion isolates
serially propagated in Tg(M109) mice. One caveat of this
conclusion is that we did not include any synthetic or anchorless
prion strains in our study, which exhibit the highest conforma-
tional stabilities [48,49,51,52].

BVPrP and neurotoxic prion conformers

Although Tg(M109) mice developed signs of neurologic illness
following challenge with a diverse range of prion isolates, for many
of the strains tested, levels of PK-resistant PrP%, cerebral PrP%
deposition, and vacuolation were lower than those generally found
in prion-infected rodents. Similarly low levels of PrP were
reported in 1109 bank voles inoculated with CWD prions [27].
Several explanations seem plausible: one possibility might be that
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BVPrP* replicates in a few critical regions in the CNS that
produce progressive neurological deficits before widespread
accumulation of BVPrP*® occurs [53,54]. A second possibility is
that the amino acid sequence of BVPrP favors protease-sensitive
conformations more readily than most other PrPs, similar to the
predominance of protease-sensitive prions in the brains of CJD
patients [55]. A third possible explanation is that during prion
replication, BVPrP®® may exhibit a greater propensity for
generating highly neurotoxic PrP conformers, such as the
hypothetical PrPt entity [22,56], compared to PrPs from other
species. The rapid production of highly neurotoxic but PK-
sensitive BVPrP™ conformers may be sufficient to elicit signs of
neurological deficits prior to the extensive accumulation of PK-
resistant PrP% in the brain. Indeed, Tg(I109) mice developed
spontaneous signs of neurologic disease and prion-specified
neuropathological changes in the absence of detectable levels of
PrP 27-30 [33], suggesting that BVPrP may be inherently prone
to adopting neurotoxic conformations.

Features of a universal prion acceptor

Although BVPrP is overexpressed in the brains of Tg(BVPrP)
mice, protein overexpression is insufficient to explain the general
susceptibility of these mice to prions because bank voles, which
express physiological levels of BVPrP, are also highly susceptible to
a diverse range of prion isolates [24,25,27]. Therefore, an
important unanswered question is what structural feature of
BVPrP® makes it so susceptible to forming PrP* when exposed to
PrP* molecules from many other species? Because the mature
forms of BVPrP and MoPrP differ at only eight positions [25], our
results argue that at most, eight residues in PrP mediate this
phenomenon. At these eight positions, six of the BVPrP residues
are also found in the sequence of hamster PrP (Figure S5).
Because hamsters do not exhibit a bank vole-like general
susceptibility to prions [57,58], it seems reasonable to speculate
that the other two residues (Glu227 and Ser230) in BVPrP may
play an important role in its unique behavior, especially because
Glu227 is not found in other mammalian PrPs (Figure S5).
Indeed, these two residues are located near the C-terminal end of
the protein, in proximity to the GPI anchor attachment site.
Although it is unclear how these residues influence the behavior of
BVPrP, two possibilities include perturbation of PrP shedding
from the membrane by ADAM proteases [59] and modulation of
the interaction of BVPrP with other proteins or membrane lipids
[32,60,61].

Although C-terminal residues in BVPrP may contribute to its
unique properties, other BVPrP residues, either alone or in
combination, may also be important. For example, unlike mouse
PrP€, the structure of BVPrP® includes a so-called “rigid loop™ in
the region connecting P-strand 2 to o-helix 2 [34]. Tg mice
expressing either a chimeric elk/mouse PrP, a chimeric horse/
mouse PrP, or the 1109 variant of BVPrP, all of which contain a
rigid loop, develop a spontaneous neurologic illness reminiscent of
prion disease [33,62,63], suggesting that the presence of a rigid
loop may render PrP more prone to misfolding. However,
although the existence of a rigid loop in the structure of Prp©
can modulate the interspecies transmission of prions in some
instances [64], it does not in other cases [65]. Thus, while the rigid
loop in BVPrP may contribute to its unique promiscuity for
diverse prion strains, it is unlikely to be the sole factor.

Although the mechanism by which BVPrP® scems to act as a
“universal acceptor” of prions is unknown, the structure of
BVPrP® might permit it to bind promiscuously to PrPS molecules
from many different species, enabling prion replication. An
alternate explanation is that a misfolding intermediate on the
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pathway to PrP> formation is more readily populated or is
stabilized by the BVPrP sequence [66,67]. Such a replication
intermediate may be partially unfolded and thus exhibit a lower
encrgy barrier to conversion by PrP from different species. This
hypothesis would also explain the increased propensity for BVPrP
to spontancously adopt an infectious, neurotoxic conformation

[33].

The codon 109 polymorphism and prion strain selection

The mechanism by which some prion isolates, such as
sCGJD(MM1) and CWD, underwent changes upon propagation
in Tg(I109) mice remains enigmatic. One possibility is that the
simultaneous presence of injected prions and spontanecously
formed prions in Tg(I109) mice could alter the properties of the
mnoculated prion isolates, because the incubation periods for CWD
and sCGJD(MM1) prions overlapped substantially with the occur-
rence of spontaneous disease in this line (Figure 5A). However,
this explanation seems unlikely for CWD prions because their
properties were also clearly altered upon serial propagation in 1109
bank voles [27], which do not develop spontaneous neurologic
disease. A second possibility is that the natural CWD and
sCGJD(MM1) isolates used in transmission experiments are not
homogeneous and that less abundant conformers present in the
inocula may preferentially propagate in Tg(I109) mice. Mixtures
of strains have been described in both sCJD patients and in CWD-
infected cervids [68,69,70]. In this scenario, these substrains fail to
emerge as the dominant species in Tg(M109) mice or in Tg mice
expressing homotypic PrP due to prion strain interference effects.
Indeed, there are documented examples in which the replication
of a faster but less abundant prion strain is suppressed by the
presence of a slower, but more abundant strain [71,72]. Thus, the
presence of isoleucine at codon 109 of BVPrP may hinder prion
interference effects, allowing less abundant but more rapid strains
to gradually emerge upon serial passage. Still another hypothesis is
that prion strains are actually “quasi-species” that are composed of
a collection of substrains that can interconvert [73]. The energy
landscape of prion replication may be very different for
BVPrP(I109), allowing substrains that are not densely populated
in the original host to emerge.

Concluding remarks

The extraordinary promiscuity of BVPrP demonstrates that a
small number of amino acid differences in PrP can profoundly
alter the properties of prions. It is interesting to consider whether
BVPrP-like versions of other aggregation-prone proteins may exist
in certain species. With the recent convergence of scientific
evidence that many, if not most, neurodegenerative diseases are
caused by proteins that become prions [74,75], the identification
of organisms expressing AP, tau, or o-synuclein proteins that
exhibit an increased propensity to misfold may facilitate studies on
the transmissibility of Alzheimer’s disease and Parkinson’s disease.

Materials and Methods

Ethics statement

All mouse studies were carried out in accordance with the
recommendations of the Guide for the Care and Use of Laboratory
Anmimals (Institute of Laboratory Animal Resources, National
Academies Press, Washington, DC); protocols were reviewed
and approved by the UCSF Institutional Animal Care and Use
Committee: “Breeding colony and production of transgenic rats
and mice” (AN084871) and “Incubation periods of prion and
other neurodegenerative diseases” (AN084950).
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Mouse lines
Hemizygous Tg(BVPrP,M109)22019 [“TgM109)],
Tg(BVPrP,M109)3118  mice, and  TgBVPrP,I109)3574

[“Tg(I109)”] mice express BVPrP under the control of the
hamster PrP promoter [33] and were maintained by backcrossing
to FVB mice lacking murine PrP expression (PmpO/O mice) [76].
Tg(SHaPrP)7  mice that express hamster PrP  [16],
Tg(ElkPrP)12584 mice expressing elk PrP  [39], and
Tg(HuPrP)2669 mice expressing human PrP containing the
MI129 polymorphism [77] were also maintained on a Pmp®’°
background. Tg(MoPrP)4053 mice expressing the PrP-A allotype
of mouse PrP [78] were maintained on a wild-type (Pmp*’™)
background.

Prion isolates

The following prion isolates were used in this study: mouse-
adapted scrapie strain RML (maintained in wild-type CD-1 mice
expressing the PrP-A allotype); hamster-adapted scrapie strain
Sc237; MV-passaged RML or Sc237 prions [79]; mouse-adapted
BSE strain 301V (passaged in mice expressing either PrP-A or
PrP-B); SSBP/1 sheep scrapie prions derived from a pool of
scrapie-infected sheep brains, which were a generous gift from Dr.
Nora Hunter; CWD prions derived from the brain of a naturally
infected elk [Elk] isolate; [39]]; BSE prions derived from the brain
of a naturally-infected cow and then passaged 4 times in T'g mice
expressing bovine PrP; human sCJD prions obtained from the
brains of patients exhibiting either the MM1, MM2, or VV2
disease subtypes; sCJD(MM1) prions that were passaged in either
Tg(HuPrP) mice or in guinea pigs [80]; and human prions
obtained from the brain of a variant CJD patient, provided by the
UK National CJD Surveillance Unit.

Prion inoculations and mouse bioassays

Brain homogenates [10% (wt/vol) in calcium- and magnesium-
free PBS] were diluted to 1% (wt/vol) using 5% bovine serum
albumin (BSA). Weanling mice (~2-month-old) were anesthetized
with isoflurane and then inoculated with 30 pL of the 1% brain
homogenate into the right parietal lobe using a 27-gauge syringe.
Inoculated animals were assessed daily for routine health and
checked three times weekly for the presence of signs of neurologic
illness. Mice were euthanized once two or more neurologic signs
were apparent, using the standard diagnostic criteria for assessing
prion disease in mice [81]. Brains were then removed, and either
snap-frozen on dry ice and then stored at —80°C for biochemical
analyses or fixed in 10% buffered formalin for neuropathological
studies.

Proteinase K digestions

Ten percent (wt/vol) brain homogenates in calcium- and
magnesium-free PBS were generated using either an OmniTip
(Omni International) with a PowerGen homogenizer (Fisher
Scientific) or with a bead beater (Precellys). Nine volumes of
10% brain homogenate were added to one volume of 10x
detergent buffer [5% (vol/vol) NP-40, 5% (wt/vol) sodium
deoxycholate in PBS] and then incubated on ice for 20 min
followed by centrifugation at 1,000 x g for 5 min to remove
cellular debris. Protein concentrations in the supernatant were
then determined using the BCA assay (Thermo Scientific). One
mg of detergent-extracted protein was diluted to a final volume of
398 uL using 1 x detergent buffer [0.5% (v/v) NP-40, 0.5% (w/v)
sodium deoxycholate in PBS.] Two pL of a 10 mg/mL PK stock
solution (Fermentas) was then added to samples to be digested,
resulting in a final PK concentration of 50 pg/mL (a PK:protein
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ratio of 1:50). Samples were then incubated at 37°C with vigorous
shaking for 1 h. PK digestions were terminated by the addition of
phenylmethylsulfonyl fluoride (PMSF) to a final concentration of
2 mM. One hundred pL of a 10% (vol/vol) solution of sarkosyl
was then added to bring the final sarkosyl concentration to 2%.
Samples were then ultracentrifuged at 100,000 x g for 1 h at 4°C,
and the supernatants removed by aspiration. Pellets were
resuspended in 1x NuPAGE loading buffer (Life Technologies)
containing 2.5% (vol/vol) B-mercaptocthanol by vortexing, boiled
for 10 min, and then analyzed by immunoblotting.

Immunoblotting

PK-digested brain homogenate samples (containing 200-500 pg
of digested total protein) were prepared as described above and
then loaded onto 10% NuPAGE gels (Life Technologies).
Undigested samples (typically 10 pg total protein) were prepared
by diluting detergent-extracted brain homogenate directly into 1 x
NuPAGE loading buffer containing B-mercaptoethanol and then
boiling for 5 min. SDS-PAGE was performed using the MES
buffer system, and gels were subsequently transferred to PVDF
membranes using a wet blotting system. Membranes were blocked
for 2 h at room temperature using blocking buffer [5% (w/v)
nonfat milk in Tris-buffered saline containing 0.05% (v/v) Tween-
20 (TBST)] and then incubated with horseradish peroxidase
(HRP)-conjugated primary antibody overnight at 4°C. Blots were
washed three times with TBST, developed using the enhanced
chemiluminescent detection system (GE Healthcare) and then
exposed to x-ray film. PrP was detected using the antibody HuM-P
[82].

Conformational stability assays

Twenty uL of detergent-extracted brain homogenate was mixed
with 2 x stocks of GdnHCI to give final concentrations of 1, 1.5, 2,
2.5, 3, 3.5, or 4 M GdnHCI. For the 4.5- and 5-M samples, only
10 pL of brain homogenate was used. Samples were incubated at
22°C with shaking (800 rpm) for 2 h and then diluted to 0.4 M
GdnHCI in 1x detergent buffer. PK was added to a final
concentration of 20 pug/mlL, and the samples were digested at
37°C with shaking for 1 h. Digestions were then terminated by
adding PMSF to a final concentration of 2 mM. One hundred pL
of a 12% (vol/vol) sarkosyl solution was then added to give a final
concentration of 2%. Samples were then ultracentrifuged at
100,000 g for 1 h at 4°C, and the supernatants removed by
gentle aspiration. Pellets were resuspended in 1x NuPAGE
loading buffer containing B-mercaptoethanol, boiled for 10 min,
and then analyzed by immunoblotting as described above. Films
were scanned using a CCD camera (FluorChem 880; Alpha
Innotech) and then densitometry performed using Image J.
GdnHCI, /5 values were calculated using the variable slope (four
parameter) function in Prism 5.

Neuropathology

Brains were removed, immersion-fixed in 10% buffered
formalin, and then embedded in paraffin. Sections were cut at
8 nwm, mounted on glass slides, deparaffinized, and then processed
for immunohistochemistry or stained with hematoxylin and eosin
(H&E). Endogenous tissue peroxidases were inhibited by incubat-
ing the slides in a 3% hydrogen peroxide solution (prepared in
methanol) for 30 min. Sections to be stained with anti-PrP
antibodies were subjected to hydrolytic autoclaving (121°C for
10 min in citrate buffer). Slides were then blocked with 10% (vol/
vol) normal goat serum for 1 h and then incubated with primary
antibody overnight at 4°C.. The following primary antibodies were
used: anti-GFAP rabbit polyclonal antibody Z0334 (Dako, 1:500
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dilution) to detect astrocytic gliosis, and anti-PrP antibodies 3F4
(1:1,000 dilution) [83] or HuM-D18 (1:500 dilution) [84] to detect
PrP®° deposition. Bound antibody was detected using a Vectastain
ABC peroxidase kit (Vector Laboratories) and visualized using 3-
3'-diaminobenzidine (DAB). Slides were counterstained with
hematoxylin and then photographed using an Axiolmager.Al
microscope (Carl Zeiss).

Supporting Information

Figure S1 Vacuolation and astrocytic gliosis in the
brains of Tg(M109) mice inoculated with diverse prion
isolates. Cerebral vacuolation (H&E staining, A-T) and astrocytic
gliosis (GFAP immunostaining, J-R) following inoculation of
Tg(M109) mice with sCJD(MM1) (A, J); sCJD(VV2) (B, K); vC]D
(C, L); BSE (D, M); CWD (E, N); scrapie SSBP/1 (F, O); Sc237
(G, P); RML (H, Q); or 301V(A) (I, R) prions. The hippocampus is
shown in panels C, H, L, P, and Q; the brainstem in panels A, I, J,
N, and R; the thalamus in panels D-G, K, M, and O; and the
cortex in panel B. Scale bar in A represents 50 um and applies to
all panels.

(TIF)

Figure $2 Inoculation of Tg(M109) mice with RML or
Sc237 prions leads to low levels of PK-resistant PrPSe.
Low levels of PK-resistant PrPS were observed in Tg(M109) mice
inoculated with RML prions (1*" or 2™ passage) compared to levels
in RML-inoculated wild-type FVB or Tg(MoPrP) mice (A) or with
Sc237 prions (1% or 2™ passage) compared to levels in Sc237-
inoculated hamsters (Ha) or Tg(SHaPrP) mice (B). In contrast,
comparable amounts of PK-resistant PrP™ were observed in
Tg(M109) mice inoculated with BSE or vGJD prions (2" passage)
and in RML-inoculated wild-type mice (G). Equal amounts of PK-
digested total protein were loaded in each lane. Molecular weight
measurements are shown in kDa. PrP was detected using the
antibody HuM-P.

(TTF)

Figure $3 Vacuolation, astrocytic gliosis, and PrP°
deposition in the brains of Tg(I109) mice inoculated
with diverse prion isolates. Cerebral vacuolation (H&E
staining, A-E); astrocytic gliosis (GFAP immunostaining, F-J);
and PrP% deposition (PrP immunostaining, K=0) following
inoculation of Tg(I109) mice with sGJD(MM]1) [A, F, K; isolate
“e” from Figure 5C is shown]; CWD [B, G, L; isolate “a” from
Figure 5F is shown]; Sc237 (C, H, M); RML (D, I, N); or MV-
passaged RML (E, J, O) prions. The brainstem is shown in panels
A, G, F, H, and K; the hippocampus in panels D, E, I, J, M, N,
and O; and the thalamus in panels B, G, and L. PrpP5¢ deposition

References

1. Watts JC, Balachandran A, Westaway D (2006) The expanding universe of prion
diseases. PLoS Pathog 2: ¢26.

2. Colby DW, Prusiner SB (2011) Prions. Cold Spring Harb Perspect Biol 3:
2006833.

3. Aguzzi A, Rajendran L (2009) The transcellular spread of cytosolic amyloids,
prions, and prionoids. Neuron 64: 783-790.

4. Prusiner SB (1982) Novel proteinaceous infectious particles cause scrapie.
Science 216: 136-144.

5. Prusiner SB (1998) Prions. Proc Natl Acad Sci USA 95: 13363-13383.

6. McKinley MP, Bolton DC, Prusiner SB (1983) A protease-resistant protein is a
structural component of the scrapie prion. Cell 35: 57-62.

7. DeArmond SJ, Sanchez H, Yehiely F, Qiu Y, Ninchak-Casey A, et al. (1997)
Selective neuronal targeting in prion disease. Neuron 19: 1337-1348.

8. Parchi P, Giese A, Capellari S, Brown P, Schulz-Schaeffer W, et al. (1999)
Classification of sporadic Creutzfeldt-Jakob disease based on molecular and
phenotypic analysis of 300 subjects. Ann Neurol 46: 224-233.

PLOS Pathogens | www.plospathogens.org

12

Prion Replication in Tg Mice Expressing BVPrP

was detected using the antibody HuM-D18. Scale bar in A
represents 50 um and applies to all panels.

(TIF)

Figure S4 Absence of prion strain diversity in Tg(M109)
mice inoculated with various prion isolates. Analysis of
PK-resistant PrPS¢ in the brains of Tg(M109) mice inoculated with
sGJD(MM1) prions (two cases: A, B); sGJD(MM1) prions that were
passaged in Tg(HuPrP) mice (C); or CWD prions (D). Each lane
shows the PK-resistant PrP% in the brain of an individual animal
within the experiment. Unlike in Tg(I109) mice, no prion strain
diversity was observed following inoculation of Tg(M109) mice
with the sGJD(MM]1) or CWD isolates. Prior to immunoblotting,
loading quantities were adjusted to give similar signal intensities
across all samples. Molecular weight measurements are shown in
kDa. PrP was detected using the antibody HuM-P.

(TTF)

Figure S5 Amino acid sequence alignment of the
processed region of BVPrP with other mammalian PrPs.
Within the mature, processed region of BVPrP (residues 23-231),
mouse PrP and BVPrP differ at 8 positions (boxed residues). Of
these 8 residues in BVPrP, 6 are also present in the sequence of
hamster PrP (red boxes) whereas Glu227 and Ser230 (green boxes)
are not. Glu227 is unique to BVPrP whereas Ser230 is also present
in human PrP. The location of BVPrP polymorphic residue 109,
where either methionine or isoleucine is encoded, is also shown.
The location of the three a-helices and the two short B-strands in
the structure of BVPrPS [34] are shown as blue and gray lines,
respectively. Sequence alignment was performed using Clustal W2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/).

(TIF)

Table S1 Transmission of diverse prion isolates to
Tg(BVPrP,M109)3118 mice.
DOCX)

Table S2 Inoculation of Tg(MoPrP)4053 mice with
diverse prion isolates.

(DOCX)

Acknowledgments

We thank the research staff at the Hunter’s Point animal facility for their
assistance with the animal experiments, Marta Gavidia for performing
mouse genotyping, and Hang Nguyen for editorial expertise.

Author Contributions

Conceived and designed the experiments: JCW KG SBP. Performed the
experiments: JCW SP AO. Analyzed the data: JCW KG SJD SBP. Wrote
the paper: JCW KG SJD SBP.

9. Bessen RA, Marsh RF (1994) Distinct PrP properties suggest the molecular basis

of strain variation in transmissible mink encephalopathy. J Virol 68: 7859-7868.

Telling GC, Parchi P, DeArmond SJ, Cortelli P, Montagna P, et al. (1996)

Evidence for the conformation of the pathologic isoform of the prion protein

enciphering and propagating prion diversity. Science 274: 2079-2082.

. Dickinson AG (1976) Scrapie in sheep and goats. In: Kimberlin RH, editor.
Slow Virus Discases of Animals and Man. Amsterdam: North-Holland
Publishing Company. pp. 209-241.

. Tateishi J, Kitamoto T, Hoque MZ, Furukawa H (1996) Experimental
transmission of Creutzfeldt-Jakob disease and related diseases to rodents.
Neurology 46: 532-537.

. Peretz D, Williamson RA, Legname G, Matsunaga Y, Vergara J, et al. (2002) A

change in the conformation of prions accompanies the emergence of a new prion

strain. Neuron 34: 921-932.

Pattison TH (1965) Experiments with scrapie with special reference to the nature

of the agent and the pathology of the disease. In: Gajdusek DC, Gibbs CJ, Jr.,

April 2014 | Volume 10 | Issue 4 | e1003990


http://www.ebi.ac.uk/Tools/msa/clustalw2/

21.

22.

23.

26.

27.

28.

29.

30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

Alpers MP, editors. Slow, Latent and Temperate Virus Infections, NINDB
Monograph 2. Washington, D.C.: U.S. Government Printing. pp. 249-257.
Scott M, Foster D, Mirenda C, Serban D, Coufal F, et al. (1989) Transgenic
mice expressing hamster prion protein produce species-specific scrapie infectivity
and amyloid plaques. Cell 59: 847-857.

. Prusiner SB, Scott M, Foster D, Pan K-M, Groth D, et al. (1990) Transgenetic

studies implicate interactions between homologous PrP isoforms in scrapie prion

replication. Cell 63: 673-686.

. Telling GC, Scott M, Mastrianni J, Gabizon R, Torchia M, et al. (1995) Prion

propagation in mice expressing human and chimeric PrP transgenes implicates
the interaction of cellular PrP with another protein. Cell 83: 79-90.

. Asante EA, Linchan JM, Desbruslais M, Joiner S, Gowland I, et al. (2002) BSE

prions propagate as either variant CJD-like or sporadic CJD-like prion strains in
transgenic mice expressing human prion protein. EMBO J 21: 6358-6366.
Scott MR, Will R, Ironside J, Nguyen H-OB, Tremblay P, et al. (1999)
Compelling transgenetic evidence for transmission of bovine spongiform
encephalopathy prions to humans. Proc Natl Acad Sci USA 96: 15137-15142.
Scott MR, Peretz D, Nguyen H-OB, DeArmond SJ, Prusiner SB (2005)
Transmission barriers for bovine, ovine, and human prions in transgenic mice.
J Virol 79: 5259-5271.

Giles K, Glidden DV, Patel S, Korth C, Groth D, et al. (2010) Human prion
strain selection in transgenic mice. Ann Neurol 68: 151-161.

Collinge J, Clarke AR (2007) A general model of prion strains and their
pathogenicity. Science 318: 930-936.

Chandler RL, Turfrey BA (1972) Inoculation of voles, Chinese hamsters, gerbils
and guinea-pigs with scrapie brain material. Res Vet Sci 13: 219-224.

. Nonno R, Di Bari MA, Cardone F, Vaccari G, Fazzi P, et al. (2006) Efficient

transmission and characterization of Creutzfeldt-Jakob disease strains in bank

voles. PLoS Pathog 2: e12.

. Agrimi U, Nonno R, Dell’lOmo G, Di Bari MA, Conte M, et al. (2008) Prion

protein amino acid determinants of differential susceptibility and molecular
feature of prion strains in mice and voles. PLoS Pathog 4: ¢1000113.

Di Bari MA, Chianini F, Vaccari G, Esposito E, Conte M, et al. (2008) The bank
vole (Mpyodes glareolus) as a sensitive bioassay for sheep scrapie. J Gen Virol 89:
2975-2885.

Di Bari MA, Nonno R, Castilla J, D’Agostino C, Pirisinu L, et al. (2013) Chronic
wasting disease in bank voles: characterisation of the shortest incubation time
model for prion diseases. PLoS Pathog 9: ¢1003219.

Cosseddu GM, Nonno R, Vaccari G, Bucalossi C, Fernandez-Borges N, et al.
(2011) Ulra-efficient PrP> amplification highlights potentialities and pitfalls of
PMCA technology. PLoS Pathog 7: ¢1002370.

Kancko K, Zulianello L, Scott M, Cooper CM, Wallace AC, et al. (1997)
Evidence for protein X binding to a discontinuous epitope on the cellular prion
protein during scrapie prion propagation. Proc Natl Acad Sci USA 94: 10069
10074.

Deleault NR, Lucassen RW, Supattapone S (2003) RNA molecules stimulate
prion protein conversion. Nature 425: 717-720.

Caughey B, Baron GS (2006) Prions and their partners in crime. Nature 443:
803-810.

Deleault NR, Piro JR, Walsh DJ, Wang F, Ma ], et al. (2012) Isolation of
phosphatidylethanolamine as a solitary cofactor for prion formation in the
absence of nucleic acids. Proc Natl Acad Sci USA 109: 8546-8551.

Watts JC, Giles K, Stohr J, Ochler A, Bhardwaj S, et al. (2012) Spontaneous
generation of rapidly transmissible prions in transgenic mice expressing wild-
type bank vole prion protein. Proc Natl Acad Sci USA 109: 3498-3503.
Christen B, Perez DR, Hornemann S, Wiithrich K (2008) NMR structure of the
bank vole prion protein at 20 degrees C contains a structured loop of residues

165-171. J Mol Biol 383: 306-312.

. Cartoni C, Schinina ME, Maras B, Nonno R, Vaccari G, et al. (2005)

Identification of the pathological prion protein allotypes in scrapie-infected
heterozygous bank voles (Clethrionomys glareolus) by high-performance liquid
chromatography-mass spectrometry. J Chromatogr A 1081: 122-126.

Will RG, Ironside JW, Zeidler M, Cousens SN, Estibeiro K, et al. (1996) A new
variant of Creutzfeldt-Jakob disease in the UK. Lancet 347: 921-925.

Crozet C, Bencsik A, Flamant F, Lezmi S, Samarut J, et al. (2001) Florid plaques
in ovine PrP transgenic mice infected with an experimental ovine BSE. EMBO
Rep 2: 952-956.

Bruce ME, Will RG, Ironside JW, McConnell I, Drummond D, et al. (1997)
Transmissions to mice indicate that ‘new variant’ CJD is caused by the BSE
agent. Nature 389: 498-501.

Tamgiiney G, Giles K, Bouzamondo-Bernstein E, Bosque PJ, Miller MW, et al.
(2006) Transmission of elk and deer prions to transgenic mice. J Virol 80: 9104
9114.

Peretz D, Scott M, Groth D, Williamson A, Burton D, et al. (2001) Strain-
specified relative conformational stability of the scrapie prion protein. Protein
Sci 10: 854-863.

Wembheuer WM, Benestad SL, Wrede A, Schulze-Sturm U, Wemheuer WE,
et al. (2009) Similarities between forms of sheep scrapie and Creutzfeldt-Jakob
disease are encoded by distinct prion types. Am J Pathol 175: 2566-2573.

Hill AF, Joiner S, Linchan ], Desbruslais M, Lantos PL, et al. (2000) Species-
barrier-independent prion replication in apparently resistant species. Proc Natl

Acad Sci USA 97: 10248-10253.

PLOS Pathogens | www.plospathogens.org

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

Prion Replication in Tg Mice Expressing BVPrP

Kobayashi A, Sakuma N, Matsuura Y, Mohri S, Aguzzi A, et al. (2010)
Experimental verification of a traceback phenomenon in prion infection. J Virol
84: 3230-3238.

Li J, Browning S, Mahal SP, Oelschlegel AM, Weissmann C (2010) Darwinian

evolution of prions in cell culture. Science 327: 869-872.

. Korth C, Kancko K, Groth D, Heye N, Telling G, et al. (2003) Abbreviated

incubation times for human prions in mice expressing a chimeric mouse—
human prion protein transgene. Proc Natl Acad Sci USA 100: 4784-4789.
Bishop MT, Will RG, Manson JC (2010) Defining sporadic Creutzfeldt-Jakob
disease strains and their transmission properties. Proc Natl Acad Sci USA 107:
12005-12010.

Giles K, De Nicola GF, Patel S, Glidden DV, Korth C, et al. (2012)
Identification of 1137M and other mutations that modulate incubation periods
for two human prion strains. J Virol 86: 6033-6041.

Legname G, Nguyen H-OB, Peretz D, Cohen FE, DeArmond SJ, et al. (2006)
Continuum of prion protein structures enciphers a multitude of prion isolate-
specified phenotypes. Proc Natl Acad Sci USA 103: 19105-19110.

Bett C, Kurt TD, Lucero M, Trejo M, Rozemuller AJ, et al. (2013) Defining the
conformational features of anchorless, poorly neuroinvasive prions. PLoS Pathog
9: €1003280.

Ayers JI, Schutt CR, Shikiya RA, Aguzzi A, Kincaid AE, et al. (2011) The
strain-encoded relationship between PrP replication, stability and processing in
neurons is predictive of the incubation period of disease. PLoS Pathog 7:
¢1001317.

Colby DW, Giles K, Legname G, Wille H, Baskakov IV, et al. (2009) Design and
construction of diverse mammalian prion strains. Proc Natl Acad Sci USA 106:
20417-20422.

Ghaemmaghami S, Watts JC, Nguyen H-O, Hayashi S, DeArmond SJ, et al.
(2011) Conformational transformation and selection of synthetic prion strains.
J Mol Biol 413: 527-542.

Kimberlin RH, Hall SM, Walker CA (1983) Pathogenesis of mouse scrapie:
evidence for direct neural spread of infection to the CNS after injection of sciatic
nerve. J Neurol Sci 61: 315-325.

Kimberlin RH, Walker CA (1986) Pathogenesis of scrapie (strain 263K) in
hamsters infected intracerebrally, intraperitoneally or intraocularly. J Gen Virol
67: 255-263.

Safar JG, Geschwind MD, Deering C, Didorenko S, Sattavat M, et al. (2005)
Diagnosis of human prion disease. Proc Natl Acad Sci USA 102: 3501-3506.
Sandberg MK, Al-Doujaily H, Sharps B, Clarke AR, Collinge J (2011) Prion
propagation and toxicity i vivo occur in two distinct mechanistic phases. Nature
470: 540-542.

Gibbs CJ, Jr., Gajdusck DC (1973) Experimental subacute spongiform virus
encephalopathies in primates and other laboratory animals. Science 182: 67-68.
Raymond GJ, Raymond LD, Meade-White KD, Hughson AG, Favara C, et al.
(2007) Transmission and adaptation of chronic wasting disease to hamsters and
transgenic mice: evidence for strains. J Virol 81: 4305-4314.

Taylor DR, Parkin ET, Cocklin SL, Ault JR, Ashcroft AE, et al. (2009) Role of
ADAMs in the ectodomain shedding and conformational conversion of the prion
protein. J Biol Chem 284: 22590-22600.

Watts JC, Huo H, Bai Y, Ehsani S, Jeon AH, et al. (2009) Interactome analyses
identify ties of PrP and its mammalian paralogs to oligomannosidic N-glycans
and endoplasmic reticulum-derived chaperones. PLoS Pathog 5: ¢1000608.
Taylor DR, Whitchouse 1J, Hooper NM (2009) Glypican-1 mediates both prion
protein lipid raft association and disease isoform formation. PLoS Pathog 5:
¢1000666.

Sigurdson CJ, Nilsson KP, Hornemann S, Heikenwalder M, Manco G, et al.
(2009) De novo generation of a transmissible spongiform encephalopathy by
mouse transgenesis. Proc Natl Acad Sci USA 106: 304-309.

Sigurdson CJ, Joshi-Barr S, Bett C, Winson O, Manco G, et al. (2011)
Spongiform encephalopathy in transgenic mice expressing a point mutation in
the beta2-alpha2 loop of the prion protein. J Neurosci 31: 13840-13847.
Sigurdson CJ, Nilsson KP, Hornemann S, Manco G, Fernandez-Borges N, et al.
(2010) A molecular switch controls interspecies prion disease transmission in
mice. J Clin Invest 120: 2590-2599.

. Bett C, Fernandez-Borges N, Kurt TD, Lucero M, Nilsson KP, et al. (2012)

Structure of the beta2-alpha2 loop and interspecies prion transmission. FASEB J
26: 2868-2876.

Hornemann S, Glockshuber R (1998) A scrapie-like unfolding intermediate of
the prion protein domain PrP(121-231) induced by acidic pH. Proc Natl Acad
Sci USA 95: 6010-6014.

Kuwata K, Li H, Yamada H, Legname G, Prusiner SB, et al. (2002) Locally
disordered conformer of the hamster prion protein: a crucial intermediate to
PrP*? Biochemistry 41: 12277-12283.

Polymenidou M, Stoeck K, Glatzel M, Vey M, Bellon A, et al. (2005)
Cocexistence of multiple PrP™ types in individuals with Creutzfeldt-Jakob
disease. Lancet Neurol 4: 805-814.

Cali I, Castellani R, Alshekhlee A, Cohen Y, Blevins J, et al. (2009) Co-existence
of scrapie prion protein types 1 and 2 in sporadic Creutzfeldt-Jakob disease: its
effect on the phenotype and prion-type characteristics. Brain 132: 2643-2658.

Angers RC, Kang HE, Napier D, Browning S, Seward T, et al. (2010) Prion
strain mutation determined by prion protein conformational compatibility and
primary structure. Science 328: 1154-1158.

Kimberlin RH, Walker CA (1985) Competition between strains of scrapie
depends on the blocking agent being infectious. Intervirology 23: 74-81.

April 2014 | Volume 10 | Issue 4 | e1003990



77.

78.

. Bartz JC, Kramer ML, Shechan MH, Hutter JA, Ayers JI, et al. (2007) Prion

interference is due to a reduction in strain-specific PrP™ levels. J Virol 81: 689~
697.

. Weissmann C, Li J, Mahal SP, Browning S (2012) Prions on the move. EMBO

Rep 12: 1109-1117.

. Jucker M, Walker LC (2013) Self-propagation of pathogenic protein aggregates

in neurodegenerative diseases. Nature 501: 45-51.

. Prusiner SB (2012) A unifying role for prions in neurodegenerative diseases.

Science 336: 1511-1513.

. Biieler H, Fisher M, Lang Y, Bluethmann H, Lipp H-P, et al. (1992) Normal

development and behaviour of mice lacking the neuronal cell-surface PrP
protein. Nature 356: 577-582.

Berry DB, Lu D, Geva M, Watts JC, Bhardwaj S, et al. (2013) Drug resistance
confounding prion therapeutics. Proc Natl Acad Sci USA 110: E4160-E4169.
Carlson GA, Ebeling C, Yang S-L, Telling G, Torchia M, et al. (1994) Prion
isolate specified allotypic interactions between the cellular and scrapie prion
proteins in congenic and transgenic mice. Proc Natl Acad Sci USA 91: 5690

5694.

PLOS Pathogens | www.plospathogens.org

14

80.

81.

82.

83.

84.

Prion Replication in Tg Mice Expressing BVPrP

. Watts JC, Stohr J, Bhardwaj S, Wille H, Ochler A, et al. (2011) Protease-

resistant prions selectively decrease shadoo protein. PLoS Pathog 7: ¢1002382.
Safar JG, Giles K, Lessard P, Letessier F, Patel S, et al. (2011) Conserved
properties of human and bovine prion strains on transmission to guinea pigs.
Lab Invest 91: 1326-1336.

Carlson GA, Goodman PA, Lovett M, Taylor BA, Marshall ST, et al. (1988)
Genetics and polymorphism of the mouse prion gene complex: control of scrapie
incubation time. Mol Cell Biol 8: 5528-5540.

Safar JG, Scott M, Monaghan J, Deering C, Didorenko S, et al. (2002)
Measuring prions causing bovine spongiform encephalopathy or chronic wasting
disease by immunoassays and transgenic mice. Nat Biotechnol 20: 1147-1150.
Kascsak RJ, Rubenstein R, Merz PA, Tonna-DeMasi M, Fersko R, et al. (1987)
Mouse polyclonal and monoclonal antibody to scrapie-associated fibril proteins.
J Virol 61: 3688-3693.

Williamson RA, Peretz D, Pinilla C, Ball H, Bastidas RB, et al. (1998) Mapping
the prion protein using recombinant antibodies. J Virol 72: 9413-9418.

April 2014 | Volume 10 | Issue 4 | e1003990



