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Introduction
Human prion diseases such as Creutzfeldt-Jakob disease (CJD) are 
caused by misfolding of the cellular prion protein (PrPC) into PrPSc,  
a pathological conformation that aggregates and deposits in the 
brain (1). In addition to PrPSc deposition, the neuropathological 
hallmarks of prion disease include spongiform degeneration of the 
brain parenchyma as well as prominent astrocytic gliosis (2). PrPC 
is expressed at its highest levels in neurons and astrocytes, can 
be modified by the addition of up to two N-linked glycans, and is 
attached to the outer leaflet of the plasma membrane by a glyco-
sylphosphatidylinositol (GPI) anchor. While PrPC is predominantly 
α-helical, PrPSc aggregates adopt a parallel in-register β-sheet struc-
ture and are partially resistant to degradation by proteases such as 
proteinase K (PK) (3–6). Structural variation within PrPSc aggregates 
encodes distinct prion strains, which produce unique disease phe-
notypes (7–10). Aggregates of PrPSc can act as seeds to template 
the conformational conversion of PrPC into additional PrPSc, allow-
ing prions to spread from cell to cell within the brain and from the 
periphery into the central nervous system.

The ability of PrPSc to self-propagate underlies the infectious 
nature of the prion diseases. However, most cases of prion dis-

ease in humans do not manifest due to an infectious etiology. 
Instead, spontaneous misfolding of PrPC into PrPSc within the 
brain is thought to be the initiating event in sporadic prion diseas-
es, such as sporadic CJD (sCJD). Similarly, in genetic prion dis-
eases such as familial CJD (fCJD), fatal familial insomnia (FFI), 
and Gerstmann-Sträussler-Scheinker disease (GSS), mutations 
within the PRNP gene encoding PrP are believed to promote the 
spontaneous formation of PrPSc. Different disease-causing muta-
tions in human PrP can lead to the formation of distinct prion 
strains that exhibit differential susceptibility to cleavage by PK 
(11). The biochemical hallmark of sCJD, fCJD, and FFI is “clas-
sical” protease-resistant PrP (PrPres), also called PrP27-30, which 
is a C-terminal fragment characterized by multiple PK-resistant 
glycoforms with molecular weights between 19 and 30 kDa (12, 
13). In contrast, “atypical” N- and C-terminally truncated PrPres 
fragments with molecular weights between about 6 and 11 kDa 
are found in most cases of GSS (14–16).

Although about 99% of human prion disease cases arise due 
to the spontaneous generation of PrPSc within the brain, little is 
known about the molecular mechanisms that govern this process. 
Inoculation of WT or transgenic mice with prions induces a neu-
rodegenerative disorder that recapitulates all the biochemical and 
pathological hallmarks of human prion diseases (17). However, it 
remains unknown whether the earliest events that occur in spo-
radic and genetic prion diseases are the same as those in infectious 
prion diseases, which require a preexisting source of PrPSc. Thus, 
there has been considerable interest in developing mouse models 
that exhibit spontaneous prion formation within the brain. While 
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spontaneous prion formation in the brain, we used the I109 poly-
morphic variant of BVPrP, since transgenic mice overexpressing 
WT BVPrP(I109) develop spontaneous disease much more rap-
idly than mice overexpressing BVPrP with methionine at codon 
109 (M109) (52, 56). We have previously found that adding the 
D178N and E200K mutations to BVPrP(I109) hastens the onset of 
spontaneous neurological illness in transgenic mice (53). Thus, we 
generated knockin mice expressing either WT, D178N-mutant, or 
E200K-mutant BVPrP(I109), which will be referred to as kiBVIWT,  
kiBVID178N, and kiBVIE200K mice, respectively. All mice were homo-
zygous for the knockin alleles and thus expressed only WT or 
mutant BVPrP(I109). The E200K mutation causes fCJD when 
paired with either methionine (M) or valine (V) at polymorphic 
codon 129 in human PrP (57, 58). In contrast, the D178N mutation 
typically causes FFI if it occurs in cis to M129 or fCJD if it occurs in 
cis to V129 (59). However, the D178N-M129 haplotype can occa-
sionally cause a CJD-like phenotype (60, 61). Since BVPrP contains 
methionine at codon 129, the kiBVID178N mice are potentially more 
reflective of FFI than fCJD.

BVPrP(I109) expression levels in the brain differed among the 
3 lines, with relative levels dependent on the anti-PrP antibody 
used for detection by immunoblotting (Figure 1B and Supplemental 
Figure 1A; supplemental material available online with this article; 
https://doi.org/10.1172/JCI176344DS1). PrP levels in kiBVIE200K 
mice were similar to or slightly lower than levels in kiBVIWT mice, 
whereas levels in kiBVID178N mice were considerably lower. Quan-
tification of relative BVPrP(I109) expression levels in the brain 
by ELISA revealed that PrP levels were approximately 50%–60% 
lower in kiBVID178N mice than in kiBVIWT mice but similar between 
kiBVIE200K and kiBVIWT mice (Figure 1C). This is consistent with 
results from MoPrP-based knockin mice and our previous finding 
that D178N-mutant BVPrP(I109) has a shorter half-life than either 
WT or E200K-mutant BVPrP(I109), resulting in lower steady-state 
levels (31, 53). Brain BVPrP(I109) levels in kiBVIWT mice were com-
parable to MoPrP levels in the brains of WT C57BL/6 mice, and PrP 
was not detected in any of the knockin lines when an antibody that 
recognizes MoPrP but not BVPrP was used (Figure 1D). Following 
the removal of N-linked glycans, endoproteolytic processing of 
BVPrP(I109) to produce the C1 and C2 fragments was observed in 
all 3 lines (Figure 1E and Supplemental Figure 1B). This indicates 
that PrPC synthesis and processing occur similarly in WT mice and 
the BVPrP(I109)-expressing knockin lines.

Mutant BVPrP–knockin mice develop spontaneous disease. Groups 
of kiBVIWT, kiBVID178N, and kiBVIE200K mice were monitored longitu-
dinally for the development of signs of spontaneous neurological 
illness consistent with prion disease. Mice were analyzed up to 20 
months of age since nonspecific causes of morbidity or mortality 
in aged mice appear more frequently after this point. Whereas all 
kiBVIWT mice remained free of neurological illness for the dura-
tion of the experiment, a subset of kiBVID178N and kiBVIE200K mice 
developed progressive signs of neurological disease beginning 
around 400 days of age (Figure 2A and Supplemental Table 1). 
Approximately 60% of kiBVID178N and kiBVIE200K mice developed 
spontaneous disease by 20 months of age, and there was no differ-
ence in the kinetics of disease onset between the 2 mutant BVPrP- 
expressing lines, nor was the age of disease onset sex-dependent 
(Figure 2B). Even accounting for mice that developed intercurrent 

some success has been achieved, no existing model fully recapit-
ulates the key features present in the human prion diseases (18, 
19). Certain lines of transgenic mice overexpressing mouse PrP 
(MoPrP) containing prion disease–causing pathogenic mutations 
develop spontaneous neurological illness but fail to generate 
infectious PrPSc that is highly resistant to PK digestion (20–29). 
Similarly, knockin mouse models of fCJD, FFI, and GSS do not 
exhibit overt signs of neurological illness nor highly PK-resistant 
PrP despite the presence of prion disease–specific neuropatholog-
ical changes within the brains of certain lines (30–32). Interesting-
ly, transgenic mice overexpressing mutant human PrP also fail to 
develop neurological illness, suggesting that sequence elements 
within human PrP prevent spontaneous misfolding within the 
lifespan of a mouse (33, 34).

In recent years, bank voles (Myodes glareolus) have been 
increasingly used in prion disease research, since they are sus-
ceptible to prion strains from several different species, including 
humans (35–40). Bank vole PrP (BVPrP) facilitates prion replica-
tion and formation in various in vitro, cellular, and animal para-
digms, indicating that BVPrP is a highly permissive substrate for 
conversion into PrPSc (41–51). Moreover, transgenic mice overex-
pressing WT BVPrP containing isoleucine at polymorphic codon 
109 (I109) develop a spontaneous and transmissible neurological 
illness characterized by prion disease–specific neuropatholog-
ical changes as well as the presence of a highly PK-resistant PrP 
fragment in the brain (52–54). Addition of the D178N or E200K 
mutations, which are common causes of genetic prion disease, to 
the sequence of BVPrP(I109) hastens the onset of neurological 
disease in transgenic mice (53). Collectively, these findings sug-
gest that BVPrP(I109) is intrinsically prone to adopting misfolded, 
infectious conformations, potentially making it an ideal substrate 
for studying spontaneous prion formation under conditions of 
physiological protein expression.

In this study, we sought to generate improved mouse mod-
els of spontaneous prion formation by taking advantage of the 
unique misfolding propensity of BVPrP as well as the more trans-
lational features of knockin mice, including physiological levels 
of PrP expression with the correct spatiotemporal pattern within 
the brain. Whereas knockin mice expressing WT BVPrP(I109) 
remained healthy for their entire lifespan, knockin mice expressing 
either D178N- or E200K-mutant BVPrP(I109) developed progres-
sive signs of neurological illness, which were accompanied by the 
emergence of atypical PrPres within the brain. Furthermore, brain 
extracts from spontaneously ill mutant BVPrP(I109)–expressing 
knockin mice transmitted disease to knockin mice expressing 
WT BVPrP(I109), confirming the generation of authentic prion 
infectivity. Surprisingly, stark differences in disease phenotype 
were not observed between the D178N- and E200K-mutant lines, 
implying that both mutations may initially promote the formation 
of a similar, perhaps identical, atypical prion strain.

Results
Generation of BVPrP-knockin mice. To generate mice expressing 
physiological levels of WT or mutant BVPrP, we replaced the open 
reading frame encoding MoPrP, which is located entirely within the 
third exon of the Prnp gene, with that of BVPrP using a CRISPR/ 
Cas9–based gene editing approach (Figure 1A) (55). To promote 



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

3J Clin Invest. 2024;134(15):e176344  https://doi.org/10.1172/JCI176344

scratching/overgrooming of the head region, and this was more 
common in the kiBVID178N line. Progressive weight loss tended to 
begin approximately 3–4 weeks before terminal disease (Supple-
mental Figure 2B).

Progressive accumulation of misfolded PrP species in mutant 
BVPrP–knockin mice. The brains of spontaneously ill transgenic mice 
overexpressing WT or mutant BVPrP(I109) contain atypical PrPres 

illness (Supplemental Table 2), all-cause mortality was significant-
ly increased in aged kiBVID178N and kiBVIE200K mice compared with 
kiBVIWT mice (Supplemental Figure 2A). In spontaneously sick 
kiBVIE200K and kiBVID178N mice, the most common signs of illness 
were prominent kyphosis and weight loss with the variable pres-
ence of limb abnormalities and ataxia (Figure 2C). Some mice also 
exhibited a severe dermatitis phenotype characterized by neurotic 

Figure 1. Generation and characterization of knockin mice expressing WT or mutant bank vole PrP. (A) Schematic of the gene-targeted alleles in knockin 
mice expressing either WT (kiBVIWT), E200K-mutant (kiBVIE200K), or D178N-mutant (kiBVID178N) BVPrP(I109). The 8 amino acid residue differences between 
the mature forms of bank vole and mouse PrP are shown, as are the approximate epitopes for the anti-PrP antibodies used in this study. (B) Immunoblots 
for PrP in brain extracts from 3 mice each for the indicated knockin lines. BVPrP was detected using the antibodies HuM-P and HuM-D18, and both blots 
were reprobed with an anti-actin antibody. (C) ELISA-based quantification of relative BVPrP levels (mean ± SD) in brain extracts from knockin mice (n = 3 
per line). Statistical significance was assessed using Welch’s ANOVA followed by Dunnett’s T3 multiple-comparison test. (D) Immunoblots for PrP in brain 
extracts from the indicated mouse lines probed with antibodies that recognize both mouse and bank vole PrP (POM1) or only mouse PrP (HuM-R1). Both 
blots were reprobed with an antibody against actin. (E) Immunoblots for PrP in PNGase F–treated brain extracts from 3 mice each for the indicated knockin 
lines. BVPrP was detected using the antibodies HuM-P and HuM-D18. Full-length BVPrP as well as the C1 and C2 endoproteolytic products are indicated. In 
all panels, the molecular weight markers indicate kilodaltons.
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over, brains from asymptomatic kiBVID178N mice collected at 20 
months of age also contained TL-resistant PrP (Supplemental Fig-
ure 4). The presence of TL-resistant PrP was more variable in the  
kiBVIE200K line, with only 64% of brains examined exhibiting clear 
evidence of TL-resistant species (Supplemental Table 1). The 
brains from some kiBVIE200K mice that developed spontaneous 
neurological illness did not possess TL-resistant PrP (Figure 3D), 
possibly because of misdiagnosis, and TL-resistant PrP was vari-
ably present in brains from asymptomatic kiBVIE200K mice collect-
ed at 20 months of age (Supplemental Figure 4). The main TL- 
resistant PrP species appeared to be similar in molecular weight 
to undigested PrP (Figure 3, C and D), and the slight difference 
in appearance between the kiBVIE200K and kiBVID178N lines could 
reflect differences in N-glycosylation efficiency, which were also 
observed in PrPC species from young mice (Figure 1B), or muta-
tion-specific differences in protein charge.

For all 3 knockin lines, total PrP levels remained largely 
unchanged between young and old mice (Supplemental Figure 
5A), whereas levels of detergent-insoluble PrP were modest-
ly increased in spontaneously ill kiBVIE200K and kiBVID178N mice 
compared with younger mice (Supplemental Figure 5, B and C). 
TL-resistant PrP was absent in kiBVIE200K and kiBVID178N mice up 
to 12 months of age, suggesting that it may arise relatively late in 
the disease course (Figure 3E). The brains of mice with high levels 
of TL-resistant PrP were also examined for the presence of PK- 
resistant PrP species. A subset of mice examined exhibited a 
PK-resistant PrP fragment with a molecular weight of approxi-
mately 10 kDa (Figure 3D). As with TL digestion, PK-resistant PrP 

species (53). Thus, we analyzed brain extracts from the knockin 
mice for the presence of detergent-insoluble and protease-resistant 
PrP (Figure 3A). Initially, we used the protease thermolysin (TL), 
which has been shown to effectively discriminate between normal 
and aggregated forms of proteins in prion disease and other protein 
misfolding disorders (28, 62–64). In brains from healthy 3-month-
old knockin mice, full-length PrP species were fully degraded by TL 
concentrations higher than 2 μg/mL, whereas complete digestion of 
the C1 endoproteolytic fragment in the kiBVIWT and kiBVIE200K lines 
required TL concentrations of at least 20 μg/mL (Supplemental Fig-
ure 3, A and B). To ensure complete digestion of all properly folded 
PrP species, we used TL at a concentration of 100 μg/mL in all sub-
sequent protease digestion experiments.

Despite expressing similar or lower levels of BVPrP, levels of 
detergent-insoluble PrP species were substantially elevated in the 
brains of 3-month-old kiBVIE200K and kiBVID178N mice compared 
with kiBVIWT mice (Figure 3B). At this age, all detergent-insoluble 
PrP species were sensitive to TL digestion. Compared with asymp-
tomatic 20-month-old kiBVIWT mice, increased amounts of deter-
gent-insoluble PrP species were also present in brain extracts from 
spontaneously ill kiBVIE200K and kiBVID178N mice, and these species 
were resistant to TL digestion (Figure 3C). TL-resistant PrP was 
not detected in any of the brains from asymptomatic 20-month-
old kiBVIWT mice (Figure 3, C and D, and Supplemental Table 1), 
even when lower concentrations of TL were used (Supplemen-
tal Figure 3C). In contrast, 100% of the brains from kiBVID178N 
mice that developed spontaneous neurological illness displayed 
TL-resistant PrP (Figure 3D and Supplemental Table 1). More-

Figure 2. Knockin mice express-
ing mutant bank vole PrP develop 
spontaneous neurological illness. (A) 
Kaplan-Meier curves for the development 
of signs of neurological illness in kiBVIWT 
(black, n = 22), kiBVIE200K (red, n = 23), and 
kiBVID178N (blue, n = 23) mice. Statistical 
significance was assessed using the 
log-rank test. (B) Analysis of sex-specific 
effects on the age of onset of sponta-
neous neurological illness (mean ± SD) in 
kiBVIE200K (left graph; n = 11 for males, n = 
3 for females) and kiBVID178N (right graph; 
n = 8 for males, n = 7 for females) mice. 
Statistical significance was assessed 
using unpaired, 2-tailed Mann-Whitney  
tests. (C) Heatmaps for commonly 
observed signs of neurological illness 
in kiBVIE200K (left, n = 14) and kiBVID178N 
(right, n = 15) mice that developed spon-
taneous disease at the indicated ages. 
Each row represents a single mouse, and 
symptoms were designated as absent 
(white; score = 0), moderate (light blue; 
score = 1), or severe (dark blue; score = 2).
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resistant PrP fragment but with an intact N-terminus, since there 
are no potential TL cleavage sites in the N-terminal domain of 
PrP (Supplemental Figure 3A). Collectively, these results suggest 
that PrPres progressively accumulates with age in the brains of  
kiBVIE200K and kiBVID178N mice, but not kiBVIWT mice.

Prion disease–specific neuropathological changes in mutant 
BVPrP–knockin mice. Brains from spontaneously ill kiBVIE200K and 

species were more commonly found in brains from the kiBVID178N 
line than the kiBVIE200K line (Supplemental Table 1). A less abun-
dant approximately 17-kDa TL-resistant fragment was occasion-
ally observed in spontaneously ill kiBVIE200K and kiBVID178N mice 
(Figure 3C). As this TL-resistant fragment was only observed 
in mice that also exhibited PK-resistant PrP, we speculate that it 
possesses a similar C-terminus to the approximately 10-kDa PK- 

Figure 3. Protease-resistant PrP in brains from spontaneously ill knockin mice expressing mutant bank vole PrP. (A) Schematic of protocols used for 
the analysis of detergent-insoluble and protease-resistant PrP species in the brains of knockin mice. (B) Immunoblots for detergent-insoluble PrP species, 
with (+) or without (–) digestion with thermolysin (TL), in brain homogenates from 3-month-old kiBVIWT, kiBVIE200K, and kiBVID178N mice. (C) Immunoblots for 
detergent-insoluble PrP species, with or without TL digestion, in brain homogenates from asymptomatic 20-month-old kiBVIWT mice and spontaneously 
ill kiBVIE200K and kiBVID178N mice. The bottom panel displays a longer exposure of the blot shown in the top panel. In the immunoblots in C and D, 10 times 
more material was loaded for the TL-digested samples than for the undigested samples. (D) Immunoblots for detergent-insoluble PrP species in brain 
extracts from aged asymptomatic kiBVIWT mice as well as spontaneously ill kiBVIE200K and kiBVID178N mice following digestion with either TL (top panel) or 
proteinase K (PK; bottom panel). (E) Immunoblots for detergent-insoluble, TL-resistant PrP species in brain extracts from kiBVIWT (left), kiBVIE200K (middle), 
and kiBVID178N (right) mice at the indicated ages. Two independent mice per age are shown. For the kiBVIWT line, a sample without TL digestion is also 
shown. In all panels, PrP was detected using the antibody HuM-D13, and molecular weight markers indicate kilodaltons.
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kiBVID178N mice exhibited prominent gray matter vacuolation in the 
hippocampus, cortex, and thalamus, whereas no vacuolation was 
observed in the brains of asymptomatic 20-month-old kiBVIWT 
mice (Figure 4, A and B). Other than age-related white matter vac-
uolation, which was present in the brains of older mice regardless 
of symptomatic status or genotype (Supplemental Figure 6), vacu-
olation was absent in other brain regions. There was no difference 
in the extent or localization of vacuolation between symptomatic 
kiBVIE200K and kiBVID178N mice (Figure 4B). The brains of symptom-
atic kiBVIE200K and kiBVID178N mice also exhibited increased astro-
cytic gliosis compared with aged asymptomatic kiBVIWT mice in the 
brain regions with vacuolation, as evidenced by GFAP immunola-
beling (Figure 4, C and D). Although the increase in GFAP staining 
was less prominent for the kiBVID178N line, there were no statisti-
cally significant differences in the extent of GFAP immunolabel-
ing between kiBVIE200K and kiBVID178N mice (Figure 4D). Increased 
GFAP levels in aged symptomatic kiBVIE200K and kiBVID178N mice 
compared with aged asymptomatic kiBVIWT mice and young 
asymptomatic kiBVIE200K and kiBVID178N mice were also observed 
by immunoblotting (Figure 4E and Supplemental Figure 7).

Immunohistochemical staining of brain sections from spon-
taneously ill kiBVID178N and kiBVIE200K mice for PrP failed to detect 
any extracellular PrPSc deposition in brain regions exhibiting spon-
giform degeneration. However, intracellular PrP deposition within 
glial cells was selectively present in the striatum of sick kiBVID178N 
and kiBVIE200K mice (Figure 4F), and there were no apparent differ-
ences in PrP deposition patterns between the 2 lines. We hypoth-
esize that this intracellular staining may represent the uptake of 
misfolded PrP species by glial cells and subsequent failure of the 
endosomal/lysosomal system to effectively clear the aggregates.

Transmission and seeding properties of spontaneously formed pri-
ons. To test whether prion infectivity was present in the brains of 
spontaneously ill kiBVIE200K and kiBVID178N mice, we performed 
transmission studies in kiBVIWT mice, which do not themselves 
develop spontaneous disease (Figure 5A). Two inocula each from 
spontaneously ill kiBVIE200K and kiBVID178N mice were selected 
based on the presence of high amounts of TL-resistant PrP in brain 
extracts (Figure 5B). These samples also contained PK-resistant PrP 
(Supplemental Figure 8). As a negative control, kiBVIWT mice were 
inoculated with brain extracts prepared from either of 2 distinct 
asymptomatic 20-month-old kiBVIWT mice. All the mice inoculated 
with kiBVIWT extract remained free of neurological illness for up to 
18 months after inoculation (Figure 5C and Supplemental Table 3). 
In contrast, 100% of kiBVIWT mice inoculated with brain extracts 
from spontaneously ill kiBVIE200K mice developed neurological ill-
ness with mean incubation periods of about 10–11 months. Disease 
transmission was less efficient when using inocula prepared from 
spontaneously ill kiBVID178N mice, possibly because of a transmis-
sion barrier introduced by the D178N mutation.

The brains of kiBVIWT mice inoculated with kiBVIE200K or 
kiBVID178N extract also contained neuropathological indicators of 
prion disease such as vacuolation and astrocytic gliosis as well as 
increased GFAP levels (Figure 5, D and E, and Supplemental Fig-
ure 9). Vacuolation in the kiBVIWT mice inoculated with kiBVIE200K 
or kiBVID178N samples was largely restricted to the hippocampus. 
GFAP staining in the hippocampus was less pronounced in the 
mice inoculated with samples from kiBVID178N mice, likely reflect-

ing the reduced rate of symptomatic transmission. Intracellular 
PrP deposition within striatal glial cells was observed in kiBVIWT 
mice inoculated with brain extract from kiBVIE200K or kiBVID178N 
mice (Figure 5D). There were no obvious differences in the neuro-
pathological signatures of kiBVIWT mice inoculated with kiBVIE200K 
or kiBVID178N samples. Whereas brains from kiBVIWT mice inocu-
lated with kiBVIWT extract did not contain PrPres, TL- and PK-resis-
tant PrP species reminiscent of those present in spontaneously ill  
kiBVIE200K and kiBVID178N mice were detected in the brains of all  
kiBVIWT mice inoculated with kiBVIE200K extract (Figure 5F and Sup-
plemental Table 3). Similar TL- and PK-resistant PrP species were 
found in the brains of some, but not all, kiBVIWT mice inoculated 
with kiBVID178N extract. Surprisingly, of the 5 kiBVIWT brains that 
displayed TL-resistant PrP following inoculation with kiBVID178N  
extract, 4 were from mice collected at 540 days after inoculation 
without any clinical signs of neurological illness.

We also checked whether brain extracts from spontaneously ill 
kiBVIE200K and kiBVID178N mice exhibit prion seeding activity in the 
real-time quaking-induced conversion (RT-QuIC) assay. Recombi-
nant BVPrP was used as the substrate as it can detect atypical PrPres 
species (42). Robust seeding activity was observed in the brains 
of spontaneously ill kiBVIE200K and kiBVID178N mice, whereas rare 
or no seeding activity was detected in the brains of asymptomatic 
20-month-old kiBVIWT mice (Figure 6A and Supplemental Table 
4). The lag phases and plateau fluorescence values were indistin-
guishable for reactions seeded with kiBVIE200K or kiBVID178N brain 
extract (Figure 6, B and C). Consistent results were obtained when 
brain extracts from inoculated kiBVIWT mice were used as seeds 
(Figure 6, D–F, and Supplemental Table 5). Interestingly, high lev-
els of prion seeding activity were present in brain extract from a 
spontaneously sick kiBVID178N mouse, approaching levels present in 
the brain of a C57BL/6 mouse infected with the RML strain of pri-
ons (Supplemental Figure 10). Collectively, these results demon-
strate that infectious prion seeds form spontaneously in the brains 
of kiBVIE200K and kiBVID178N mice, but not in kiBVIWT mice.

Conformational characterization of spontaneous and transmitted 
prions. To characterize the conformational properties of the prions 
formed spontaneously in the brains of kiBVIE200K and kiBVID178N 
mice, we used a conformational stability assay that measures 
the relative resistance of protein aggregates to denaturation with 
guanidine hydrochloride (Supplemental Figure 11) (65). This assay 
is commonly used to discriminate between different prion strains 
(66, 67). There was no difference in the conformational stability 
of the TL-resistant PrP aggregates in the brains of spontaneously 
ill kiBVIE200K and kiBVID178N mice (Figure 7, A and B). Similarly, no 
differences in conformational stability were observed following 
transmission to kiBVIWT mice (Figure 7, C and D).

Discussion
Here, we demonstrate that kiBVID178N and kiBVIE200K mice reca-
pitulate many features of human prion disease without requiring 
the use of PrP overexpression, a non-native promoter, or injection 
with a preexisting source of PrPSc. The mice developed progres-
sive signs of neurological illness, prion disease–specific neuro-
pathological changes such as spongiform degeneration and astro-
cytic gliosis, and TL- and PK-resistant PrP species in their brains. 
Interestingly, despite lower steady-state levels of PrP expression 
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Figure 4. Spontaneously ill knockin mice expressing mutant bank vole PrP exhibit prion disease–specific neuropathology. (A) Representative H&E-
stained brain sections of the hippocampus, cortex, and thalamus from spontaneously ill kiBVIE200K and kiBVID178N mice as well as 20-month-old asymp-
tomatic kiBVIWT mice. Scale bar: 100 μm (applies to all sections). (B) Quantification of percentage area covered by vacuolation (mean ± SD) in the indicated 
brain regions from aged knockin mice (n = 5–6 samples per line). (C) Representative GFAP-stained brain sections of the hippocampus, cortex, and thala-
mus from spontaneously ill kiBVIE200K and kiBVID178N mice as well as 20-month-old asymptomatic kiBVIWT mice. Scale bar: 100 μm (applies to all sections). 
(D) Quantification of percentage area covered by GFAP staining (mean ± SD) in the indicated brain regions from aged knockin mice (n = 5–6 samples per 
line). (E) Immunoblot of GFAP levels in brain homogenates from the 3 lines of knockin mice at the indicated ages. The blot was reprobed with an antibody 
against actin. (F) Representative PrP-stained brain sections of the striatum from spontaneously ill kiBVIE200K and kiBVID178N mice as well as 20-month-old 
asymptomatic kiBVIWT mice. Scale bar: 100 μm (applies to all sections). Molecular weight markers in E indicate kilodaltons. In B and D, statistical signifi-
cance was assessed using a Kruskal-Wallis test followed by Dunn’s multiple-comparison test.
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mutant BVPrP(I109) exhibited prion seeding activity and trans-
mitted disease to kiBVIWT mice, confirming the generation of 
authentic prion infectivity in the kiBVID178N and kiBVIE200K lines. A 
limitation of our study is that while the D178N and E200K muta-
tions are usually heterozygous in cases of genetic prion disease 
(i.e., WT and mutant PrP are simultaneously present), we used 
mice that were homozygous for the mutations and thus expressed 

in the kiBVID178N line, the age of spontaneous disease onset was 
similar for the kiBVID178N and kiBVIE200K lines, and TL-resistant 
PrP was more prevalent in kiBVID178N mice than in kiBVIE200K mice. 
This may potentially be explained by a higher misfolding pro-
pensity conferred by the D178N mutation, perhaps related to the 
decreased stability of D178N-mutant BVPrP(I109) (53). Impor-
tantly, brain extracts from spontaneously sick mice expressing 

Figure 5. Transmission of prions from the brains of spontaneously ill knockin mice expressing mutant bank vole PrP to knockin mice expressing WT 
bank vole PrP. (A) Schematic of transmission experiments in kiBVIWT mice. (B) Immunoblot of detergent-insoluble TL-resistant PrP levels in the 6 brain 
extracts used for transmission studies. (C) Kaplan-Meier curves for the development of neurological illness in kiBVIWT mice inoculated with brain extract 
from aged, asymptomatic kiBVIWT mice (black, n = 17), symptomatic kiBVIE200K mice (red, n = 16), or symptomatic kiBVID178N mice (blue, n = 13). Statistical 
significance was assessed using the log-rank test. (D) Representative H&E- and GFAP-stained sections of the hippocampus and PrP-stained sections of 
the striatum from kiBVIWT mice at the indicated days post-inoculation (DPI) with brain extract from either spontaneously ill kiBVIE200K or kiBVID178N mice or 
20-month-old asymptomatic kiBVIWT mice. Scale bars: 100 μm. (E) Quantification of percentage hippocampal area covered by vacuolation or GFAP staining 
(mean ± SD) in the inoculated kiBVIWT mice (n = 7 samples per line). Statistical significance was assessed using a Kruskal-Wallis test followed by Dunn’s 
multiple-comparison test. (F) Immunoblots for detergent-insoluble PrP species in brain extracts from kiBVIWT mice at the indicated DPI with brain extract 
from kiBVIWT mice, symptomatic kiBVIE200K mice, or symptomatic kiBVID178N mice following digestion with either TL (top panel) or PK (bottom panel). In B 
and F, TL- and PK-resistant PrP species were detected using the antibody HuM-D13, and molecular weight markers indicate kilodaltons.
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of spontaneous disease by 600 days 
of age and the variability in age of 
disease onset create logistical issues 
when designing therapeutic studies. 
Thus, these knockin models may be 
best employed when testing a drug 
with a known mechanism of action 
or when performing confirmatory 
studies on drugs that have already 
proven efficacious in a faster prion 
disease model, such as RML prion–
inoculated mice.

We used the I109 polymorphic 
variant of BVPrP for our studies 
because it more readily forms pri-
ons spontaneously when overex-
pressed in transgenic mice than 
the M109 polymorphic variant 
(52). Indeed, transgenic mice that 
display modest overexpression of 
sheep PrP with isoleucine at posi-
tion 112, which is analogous to posi-
tion 109 in BVPrP, also develop a 
spontaneous and transmissible pri-
on disease (73). Transgenic mice 
that overexpress other WT PrPs, 
including BVPrP(M109), can devel-
op a proteinopathy that resembles 
prion disease but is non-transmissi-
ble (56, 74, 75). Thus, the presence 
of isoleucine at codon 109 of BVPrP 
may be critical for permitting the 
formation of PrP assemblies that 
are able to self-propagate. How-
ever, we did not observe any signs 
of spontaneous prion formation in 

aged kiBVIWT mice. Therefore, PrP overexpression is required to 
initiate spontaneous prion formation in mice expressing WT PrP, 
even when a permissive substrate such as BVPrP is used. Besides 
I109, the sequence determinants of BVPrP that allow it to func-
tion as a permissive substrate for studying spontaneous prion for-
mation remain incompletely defined. BVPrP-specific C-terminal 
residues (E227 and S230) seem to influence templated and spon-
taneous PrP misfolding, as do asparagine residues 155 and 170 
within the α-helical domain (39, 56, 76–78). How any of these spe-
cific residue differences may promote spontaneous prion forma-
tion is unclear, since the structure of bank vole PrPC is very similar 
to that of PrPC from other mammals, other than the existence of a 
more rigid loop immediately prior to the second α-helix (79). The 
presence of a rigid loop in the structure of PrPC has been linked to 
the appearance of spontaneous prion generation in certain lines of 
transgenic mice (80, 81).

While brains from most aged knockin mice expressing mutant 
BVPrP exhibited TL-resistant PrP, a smaller fraction contained 
PK-resistant PrP. This suggests that a spectrum of PrP assemblies 
develops in the knockin mice, with the formation of TL-resistant 
species likely preceding the generation of potentially larger or 

higher relative levels of mutant PrP. However, it should be noted 
that individuals with homozygous E200K mutations have been 
identified and develop typical fCJD but at a younger age than 
those with a heterozygous mutation (68, 69).

The fact that kiBVID178N and kiBVIE200K mice develop sponta-
neous neurological illness without requiring PrP overexpression 
makes them attractive models for interrogating the biological 
mechanisms governing spontaneous prion formation in the brain 
during genetic prion disease as well as uncovering therapeutic 
strategies for counteracting these processes. Small molecules 
known to interfere with the templated propagation of certain clas-
sical PrPSc strains do not prolong the onset of spontaneous disease 
in either the kiBVID178N or kiBVIE200K lines, suggesting that inhibit-
ing spontaneous prion formation may require a distinct therapeu-
tic approach (70). To this end, the kiBVID178N and kiBVIE200K lines 
will be particularly useful for assessing gene editing or PrPC-low-
ering treatments for spontaneous prion disease, which would be 
challenging in transgenic models with artificially high PRNP gene 
dosage. However, as with other animal models of prion disease 
(71, 72), assessing therapeutic efficacy in kiBVID178N and kiBVIE200K 
lines will be challenging. In particular, the incomplete penetrance 

Figure 6. Prion seeding activity in spontaneously ill and inoculated bank vole PrP–knockin mice. (A) 
RT-QuIC assays on brain extracts (10–4 dilution) from spontaneously ill kiBVIE200K and kiBVID178N mice as well as 
asymptomatic 20-month-old kiBVIWT mice (n = 6 each). Brain extract from a PrP–/– mouse was included as a 
negative control. Three technical replicates were performed for each brain sample. (B and C) Quantification of 
lag phases (B) and plateau ThT fluorescence values (C) for RT-QuIC assays on spontaneously ill kiBVIE200K and 
kiBVID178N mice. (D) RT-QuIC assays on brain extracts (10–4 dilution) from kiBVIWT mice inoculated with brain 
homogenate from spontaneously sick kiBVIE200K or kiBVID178N mice or brain homogenate from asymptomatic 
aged kiBVIWT mice (n = 6 for each group of inoculated mice). Two to three technical replicates were performed 
for each brain sample. (E and F) Quantification of lag phases (E) and plateau ThT fluorescence values (F) for 
RT-QuIC assays on inoculated kiBVIWT mice. All graphs display mean ± SD. Statistical significance in B, C, E, 
and F was assessed using unpaired, 2-tailed Mann-Whitney tests.
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atypical short PrPres fragments 
upon transmission of Nor98 scra-
pie, Nor98-inoculated M109 bank 
voles exhibit classical PrPres (86). 
Intriguingly, cases of GSS caused 
by the P102L mutation exhibit 
an approximately 8-kDa PrPres 
fragment, either alone or in com-
bination with classical PrPres (89, 
90). Therefore, classical PrPres 
may emerge from atypical PrPres, 
potentially due to the selection of 
rare conformational species with-
in a mixture or deformed templat-
ing (91, 92).

The striking similarities in the 
neuropathological profiles, PrPres 
signatures, conformational sta-
bilities, behavior in the RT-QuIC 
assay, and transmission properties 
of the prions present in kiBVID178N 
and kiBVIE200K mice imply that 
both lines spontaneously develop 
a highly similar, if not identical, 
atypical prion strain. This was 
unexpected given that transgen-
ic models expressing E200K-  
or D178N-mutant BVPrP(I109) 
exhibit mutation-specific patho-
logical signatures, although this 
could potentially be an artifact 
of PrP overexpression or differ-
ences in spatial expression pat-
terns (53). Despite the absence of 

robust clinical illness and PrPres, MoPrP-based knockin models of 
the E200K and D178N mutations also exhibit different patholog-
ical phenotypes, perhaps since the sequence of MoPrP contains 
leucine at the residue corresponding to I109 of BVPrP (30, 31). 
However, translatome studies have shown that the molecular phe-
notypes in the MoPrP-based E200K and D178N knockin lines are 
more similar than expected (93). Although we cannot rule out a 
scenario in which the properties of BVPrP(I109) override muta-
tion-specific strain generation, our data raise the possibility that 
the D178N and E200K mutations may uniformly act to promote 
the initial misfolding of PrP into a similar self-propagating species 
(Figure 8). The key properties of this initial misfolded species are 
likely determined by its atypical PK-resistant core rather than by 
the specific mutation, since similar PrP fragments are known to be 
both N- and C-terminally truncated and do not contain either res-
idue 178 or 200 (9, 83, 87). The mechanism by which the D178N 
and E200K mutations promote the accumulation of misfolded 
BVPrP remains to be established. The mutations may directly pro-
mote spontaneous misfolding of BVPrP, stabilize the formation of 
prion assemblies, and/or reduce the clearance rates of aggregates.

In humans, disease-causing mutations within PrP clearly 
influence prion strain generation in the brain, even though a giv-
en mutation can specify formation of multiple prion strains (13). 

more densely packed PK-resistant aggregates (Figure 8). Where-
as FFI and fCJD patients develop classical PrPres with a molecular 
weight of 19–21 kDa following removal of N-linked glycans (11, 
82), the brains of spontaneously sick kiBVID178N and kiBVIE200K mice 
exhibited an atypical PK-resistant PrP fragment with a molecular 
weight of about 10 kDa, which is more reminiscent of those found 
in GSS (14–16). Short PK-resistant PrP fragments can also be found 
in Nor98/atypical scrapie in sheep and variably protease-sensitive 
prionopathy in humans (83–85). Interestingly, these atypical prion 
diseases, all of which are thought to result from spontaneous mis-
folding of PrP, can be efficiently transmitted to bank voles with the 
I109 polymorphism (37, 38, 86), and 7-kDa non-fibrillar PrPres spe-
cies purified from GSS brains are sufficient for disease transmis-
sion (87). Thus, the presence of the I109 residue may selectively 
stabilize these misfolded PrP species, allowing them to propagate 
and spread within the brain.

Potential relationships between atypical PrPres and the classi-
cal PrPres species found in most animal and human prion diseases 
remain to be fully investigated. Repeated passage of Nor98/atyp-
ical scrapie in transgenic mice expressing bovine PrP leads to a 
molecular phenotype indistinguishable from bovine spongiform 
encephalopathy, which is typified by the presence of classical PrPres 
(88). Moreover, whereas I109 bank voles faithfully propagate the 

Figure 7. Conformational characterization of spontaneously formed and transmitted prions. (A) Representa-
tive immunoblots of detergent-insoluble, TL-resistant PrP species following treatment of brain extracts from 
spontaneously ill kiBVIE200K mice (top) or kiBVID178N mice (bottom) with the indicated concentrations of guanidine 
hydrochloride (GdnHCl). (B) Quantification of residual detergent-insoluble, TL-resistant PrP levels (mean ± SD) 
in brain extracts from spontaneously ill kiBVIE200K mice (red, n = 3) or kiBVID178N mice (blue, n = 3) treated with 
the indicated concentrations of GdnHCl. (C) Representative immunoblots of detergent-insoluble, TL-resistant 
PrP species in brain homogenates from kiBVIWT mice inoculated with either kiBVIE200K (top) or kiBVID178N (bottom) 
brain extract treated with the indicated concentrations of GdnHCl. (D) Quantification of residual detergent- 
insoluble, TL-resistant PrP levels (mean ± SD) in brain homogenates from kiBVIWT mice inoculated with brain 
extract from either kiBVIE200K (red, n = 3) or kiBVID178N (blue, n = 3) mice following treatment with the indicated 
concentrations of GdnHCl. In A and C, PrP was detected using the antibody HuM-D13. In B and D, the calculated 
[GdnHCl]50 values are shown.
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[B6.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/RainJ, The Jackson Laboratory 
009086] to remove the selection cassette and then backcrossed with 
WT C57BL/6 mice to remove the Flp transgene. Mice that were pos-
itive for the BVPrP knockin allele and negative for the Flp transgene 
were then intercrossed to create homozygous BVPrP-knockin mice. 
All knockin lines were maintained by crossing of homozygous female 
with homozygous male mice.

Mice were housed at 4–5 animals per cage and were maintained 
on a 12-hour light/12-hour dark cycle, while being given unlimited 
access to food and water. Mice were assessed 3 times per week up to 
approximately 600 days of age for the presence of spontaneous signs 
of neurological illness consistent with experimental prion disease in 
rodents, including visible weight loss, aggression, ataxia, head bob-
bing or tilting, convulsion, circling behavior, kyphosis, limb abnor-
malities (paralysis, clasping, and/or reduced grip strength), loss of 
righting reflex, tail rigidity, bradykinesia, blank stare, and tremor. 
After 2 or more symptoms became apparent, mice were assessed 
daily and then euthanized upon progression to end-stage symptoms 
that included overt weight loss (~20% of body weight) accompanied 
by a reduced ability to ambulate and obtain food or water. Disease 
progression typically occurred over a period of 3–4 weeks. Some mice 
were euthanized before the onset of prominent weight loss because 
of extreme overgrooming/dermatitis in the neck or scalp area. Mice 
that were found dead in their cage in the absence of prior symptoms 
or were euthanized because of age-related intercurrent illness were 
excluded from the study (Supplemental Table 2). The brains of sponta-
neously ill mice, mice that remained asymptomatic at the experimen-
tal endpoint, or mice that were euthanized at defined ages were divid-
ed parasagitally and then either snap-frozen using dry ice and stored 
at –80°C or immersed in 10% neutral-buffered formalin for fixation. 
Mice were not perfused before brain collection.

Brain homogenization and detergent extraction. Frozen mouse 
hemibrains from BVPrP-knockin mice, non-transgenic C57BL/6 mice, 
or PrP–/– mice (94) were homogenized using a Minilys bead beater 

We propose a dual-hit model in which PrP mutations play 2 roles 
in genetic prion disease. First, they act by promoting the accu-
mulation of an atypical misfolded PrP species; and second, later 
in the disease course, they bias the emergence of classical PrPres 
toward conformations that are compatible with the specific muta-
tion. Given that this latter phase might require a rare secondary 
misfolding event, our 2-phase model can provide insights into 
why genetic prion diseases manifest later in life, even though the 
mutations exist from birth. Facilitated by the inherent misfolding 
propensity of BVPrP and the capacity of I109 to stabilize atypical 
PrPSc, kiBVID178N and kiBVIE200K mice may effectively recapitulate 
pivotal early PrP misfolding events that occur in the brain during 
genetic prion disease.

Methods
Sex as a biological variable. Our study examined male and female ani-
mals, and similar findings are reported for both sexes.

Generation and characterization of knockin mice. Gene targeting in 
V6.5 embryonic stem cells was performed at the DZNE/Bonn Univer-
sity using CRISPR/Cas9 as described previously (55). Plasmids con-
taining the open reading frames (ORFs) of either WT, D178N-mutant, 
or E200K-mutant BVPrP(I109) were used as a starting point (53). Tar-
geting constructs were generated by ligation of the respective variants 
of the BVPrP ORF between EagI and ClaI sites of the intermediate 
vector pWJPrP101 (55) containing homology regions and a neomycin 
selection cassette removable by Flp recombinase. The Cas9 vector 
used for double-strand break generation in the Prnp gene is avail-
able from Addgene (plasmid 78621) (55). Expansion of gene-edited 
embryonic stem cells and aggregation with diploid CD-1(ICR) mouse 
embryos were performed at The Centre for Phenogenomics (Toron-
to, Canada). Chimeric mice were identified by their mixed coat colors 
and then bred with B6(Cg)-Tyrc-2J/J mice (“B6-albino mice,” The Jack-
son Laboratory 000058) to identify those that underwent germline 
transmission events. Chimeras were crossed with a Flp deleter strain 

Figure 8. Model for the spontaneous generation of prions in kiBVIE200K and kiBVID178N mice. (1.) Properly folded PrP is present in the brains of young, 
healthy knockin mice expressing mutant BVPrP(I109). (2.) As the mice age, the E200K and D178N mutations promote the generation of an identical or very 
similar misfolded BVPrP species. (3.) Polymerization of this misfolded species results in BVPrP aggregates that are resistant to thermolysin digestion and 
the appearance of clinical signs of neurological illness in the knockin mice. (4.) As the disease progresses, the BVPrP aggregates undergo conformational 
maturation to produce aggregates that contain a core region that is resistant to proteinase K digestion, producing an atypical PrPres fragment of approxi-
mately 10 kDa. This PrPres fragment does not contain either the D178N- or E200K-mutant residues.
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of EDTA to a final concentration of 5 mM. Sarkosyl was then added 
to a final concentration of 2% (vol/vol). This was followed by ultra-
centrifugation at 100,000g for 1 hour at 4°C. Finally, the supernatant 
was gently removed, and the pellet was resuspended in 1× Bolt LDS 
sample buffer containing 2.5% (vol/vol) β-mercaptoethanol, boiled, 
and analyzed by immunoblotting. Alternatively, detergent-extracted 
brain homogenate was treated with different concentrations of TL at 
37°C for 1 hour and then analyzed directly by immunoblotting without 
isolation of the insoluble fraction. For PK digestions, a similar protocol 
to that used for TL digestions was used, except that 1 mg of detergent- 
extracted brain homogenate was digested with 50 μg/μL PK (Thermo 
Fisher Scientific EO0491) in a volume of 400 μL for a final PK/protein 
ratio of 1:50, and the reaction was stopped by addition of PMSF to a 
final concentration of 2 mM.

Immunoblotting. Proteins were separated on 10% Bolt Bis-Tris 
gels (Thermo Fisher NW00100BOX or NW00102BOX) and then 
transferred onto 0.45 mm Immobilon-P polyvinylidene fluoride 
membranes (MilliporeSigma IPVH00010) using Tris-glycine transfer 
buffer containing 20% (vol/vol) methanol. Membranes were blocked 
in 5% (wt/vol) skim milk prepared in 1× Tris-buffered saline con-
taining 0.05% (vol/vol) Tween-20 (TBST) overnight at 4°C or for at 
least 1 hour at 22°C. The following day, membranes were incubated 
with primary antibody for 1 hour at 22°C. The primary antibodies that 
were used include anti-PrP antibodies HuM-D18 (1:5,000 dilution) 
(95), HuM-P (1:10,000 dilution) (96), HuM-D13 (1:10,000 dilution) 
(95), POM1 (MilliporeSigma MABN2285; 1:5,000 dilution), HuM-R1 
(1:10,000 dilution) (95), EP1802Y (Abcam ab52604; 1:10,000 dilu-
tion), and SAF-32 (Cayman Chemical 189720; 1:5,000 dilution); and 
an anti-GFAP antibody (Thermo Fisher Scientific A-21282; 1:10,000 
dilution). The HuM-D18 and HuM-P antibodies were produced 
in-house, whereas HuM-D13 and HuM-R1 were provided by Stanley 
Prusiner (University of California, San Francisco, California, USA). 
Blots were washed 3 times with TBST (10 minutes each), incubated 
with horseradish peroxidase–linked (HRP-linked) secondary anti-
bodies (Bio-Rad 172-1011 or 172-1019 or Thermo Fisher Scientific 
31414) diluted in blocking buffer for 1 hour at 22°C, and then washed 
an additional 3 times with TBST. Membranes were developed using 
Western Lightning ECL Pro (Revvity NEL122001EA) or SuperSignal 
West Dura Extended Duration Substrate (Thermo Fisher Scientific 
34075), and the signal was detected by exposure to x-ray films or using 
the LI-COR Odyssey Fc system. For reprobing, blots were washed with 
TBST and then incubated in blocking buffer containing 0.05% (wt/
vol) sodium azide overnight at 4°C to inactivate the HRP. The next day, 
blots were reprobed with anti-actin 20-33 antibody (MilliporeSigma 
A5060; 1:10,000 dilution).

Enzyme-linked immunosorbent assays. Relative BVPrP expres-
sion levels in the knockin mice were determined by enzyme-linked 
immunosorbent assay (ELISA). Various amounts of recombinant 
BVPrP(I109) (44) and detergent-extracted brain homogenates from 
kiBVIWT mice were used as standards. Immulon 4 HBX 96-well plates 
(VWR 62402-959) were coated with the anti-PrP antibody HuM-D18 
at 5 μg/mL in coating buffer (200 mM NaH2PO4, pH 7.5) overnight at 
4°C. The plate was blocked with 1% BSA diluted in PBS with 0.05% 
Tween-20 (PBS-T) at 22°C for more than 2 hours, followed by wash-
ing with PBS-T. Thereafter, the standards and test samples prepared 
in PBS containing 0.5% Triton-X were added in triplicates, and the 
plate was incubated overnight at 4°C with shaking. After 4 washes with 

(Precellys) to generate 10% (wt/vol) brain homogenates in Dulbecco’s 
phosphate-buffered saline (DPBS). For the preparation of detergent- 
extracted protein samples, 9 parts of 10% brain homogenate were 
mixed with 1 part of 10× detergent extraction buffer (5% [wt/vol] 
sodium deoxycholate and 5% [vol/vol] NP-40 prepared in DPBS). The 
samples were incubated on ice for 20 minutes with vortexing every 5 
minutes and then centrifuged at 5,000g for 5 minutes at 4°C. The pro-
tein concentration in the supernatant was determined using the bicin-
choninic acid (BCA) assay (Thermo Fisher Scientific 23227).

Prion transmission assays. Groups of 7–9 kiBVIWT mice at approx-
imately 6 weeks of age were anesthetized using isoflurane gas and 
then intracerebrally inoculated with 30 μL of 1% brain homogenate 
prepared from frozen hemibrains and diluted in PBS containing 5%  
(wt/vol) BSA. Inoculations were performed into the right cerebral 
hemisphere to a depth of approximately 3 mm using a tuberculin 
syringe with an attached 27-gauge, 0.5-inch needle (BD Biosciences 
305945). Inoculated mice were housed in groups of 3–4 animals in 
disposable cages and monitored for the development of neurological 
illness as described above. Once the inoculated mice reached disease 
end stage, they were euthanized, and then their brains were removed 
and divided into hemispheres using the sagittal plane. Alternatively, 
the brains of asymptomatic mice were collected at the experimental 
endpoint (540 days after inoculation). The left hemisphere was fro-
zen and stored at –80°C, while the right hemisphere was fixed in 10% 
neutral-buffered formalin and stored at 22°C (room temperature) for 
neuropathological examination. Mice were not perfused before brain 
collection. All inoculation experiments used roughly equal numbers of 
male and female mice, except for 1 experiment involving inoculation 
of brain homogenate from an asymptomatic 20-month-old kiBVIWT 
mouse, which used only female mice.

Detergent insolubility assays. Detergent-extracted brain homoge-
nates containing 50–100 μg total protein were diluted in 1× detergent 
extraction buffer (0.5% [wt/vol] sodium deoxycholate, 0.5% [vol/vol] 
NP-40 prepared in DPBS) and then ultracentrifuged at 100,000g for 
1 hour at 4°C using a TLA-55 rotor (Beckman). The supernatant was 
removed, and the pellet was resuspended in 1× Bolt LDS sample buffer 
(Thermo Fisher Scientific B0007) containing 2.5% (vol/vol) β-mer-
captoethanol. The samples were boiled at 95°C for 10 minutes and 
then analyzed by immunoblotting.

Enzymatic digestions. PNGase F digestions (New England Biolabs 
P0704S) were performed according to the manufacturer’s recom-
mendation. Briefly, 50 μg of detergent-extracted brain homogenate 
was mixed with 5 μL of Glycoprotein Denaturing Buffer (10×) and 
incubated at 95°C for 10 minutes. The samples were allowed to cool 
down on ice, and then 5 μL each of 10% NP-40 and GlycoBuffer 2 as 
well as 0.5 μL of PNGase F were added to make a final reaction vol-
ume of 50 μL. After incubation at 37°C for 1–2 hours, the reaction was 
stopped by addition of LDS sample buffer (1× final concentration) 
and incubation of the samples at 95°C for 10 minutes. Samples were 
then analyzed by immunoblotting.

Thermolysin (TL) was purchased from MilliporeSigma (T7902) 
and dissolved in dH2O to generate a stock concentration of 1 mg/mL. 
For TL digestions, 500 μg of detergent-extracted brain homogenate 
was diluted into a final volume of 100 μL 1× detergent extraction buf-
fer containing 100 μg/mL TL for a final TL/protein ratio of 1:50. The 
reaction mixture was incubated in a thermomixer at 37°C for 1 hour 
with 600 rpm shaking, and digestions were stopped by the addition 
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seconds. After rinsing with dH2O, the slides were incubated with Eosin 
515 LT (Leica 3801619) for 2 minutes, washed 3 times with 100% eth-
anol (3 minutes each), incubated with 3 changes of xylenes (5 minutes 
each), and then coverslipped and mounted with Permount (Fisher Sci-
entific SP15-100). For GFAP immunostaining, the Polink-2 Plus HRP 
Rabbit DAB Detection kit (GBI Labs) was used. Slides were treated 
with 3% (vol/vol) hydrogen peroxide for 10 minutes and then washed 
with dH2O. Antigen retrieval was performed using 10 mM sodium 
citrate, pH 6, for 30 minutes at 95°C, and then slides were cooled and 
washed twice (2 minutes each) with TBST. The rabbit polyclonal GFAP 
antibody (Dako Z0334; 1:4,000 dilution) was applied overnight at 4°C. 
After rinsing with TBST, development, and counterstaining with hema-
toxylin, slides were dehydrated and then coverslipped and mounted 
using Permount. For PrP immunohistochemistry, slides were treated 
with 98% formic acid for 10–15 minutes, rinsed 3 times with dH2O (5 
minutes each), and then processed using the M.O.M. kit (Vector Lab-
oratories). Slides were incubated with the mouse monoclonal PrP anti-
body 9A2 (Wageningen Bioveterinary Research; 1:500 dilution) for 
30 minutes at 22°C. Slides were developed using the NovaRed system 
(Vector Laboratories), counterstained with hematoxylin, dehydrated, 
and then coverslipped and mounted using VectaMount. All slides were 
digitized using the Zeiss Axio Scan.Z1 slide scanner, and then represen-
tative images were captured using PMA.start (Pathomation).

For quantification of vacuolation, snapshots of scanned slides 
from H&E-stained tissue were taken and then converted to 8-bit black 
and white images using ImageJ. Freehand regions of interest were 
drawn around the desired brain region, and then the threshold was 
set to 0–210 to reveal areas of the brain without stain. Following con-
version to binary and creation of a binary mask, the Analyze Particles 
function in ImageJ was used to determine the percentage brain area 
covered by vacuolation. A size range of 8 to infinity and a circularity 
of 0.8 to 1.0 were used to ensure that the interiors of cerebral blood 
vessels were not counted as vacuoles.

For quantification of astrocytic gliosis, snapshots of scanned slides 
from GFAP-stained tissue were taken and converted to 8-bit black and 
white images using ImageJ. The H-DAB model in the IHC Toolbox 
plug-in in ImageJ was used to remove non-stained regions. Freehand 
regions of interest were then drawn around the desired brain region, 
and the threshold was set to 0–100. The percentage area covered by 
GFAP staining was then measured.

Statistics. All statistical analysis was conducted using GraphPad 
Prism (version 10.0.0) with a significance threshold of P less than 
0.05. No tests for data normality were performed. Survival curves 
were compared using the log-rank (Mantel-Cox) test. Sex-specific dif-
ferences in the age of spontaneous disease onset as well as RT-QuIC 
parameters were analyzed by the Mann-Whitney test. ELISA measure-
ments were compared using Welch’s ANOVA followed by Dunnett’s T3 
multiple-comparison test. Detergent-insoluble PrP levels were com-
pared using 1-way ANOVA followed by Tukey’s multiple-comparison 
test. Neuropathological indicators were compared using a Kruskal- 
Wallis test followed by Dunn’s multiple-comparison test.

Study approval. All mouse experiments were performed in accor-
dance with the guidelines set by the Canadian Council on Animal Care 
under protocols (AUP 4263.17 and 6322.3) approved by the University 
Health Network Animal Care Committee (Toronto, Ontario, Canada).

Data availability. All data generated or analyzed during this study are 
included in this published article and in the Supporting Data Values file.

PBS-T, the HRP-labeled HuM-P detection antibody (provided by Stan-
ley Prusiner) was added at 1:50,000 dilution in blocking buffer and 
incubated at 22°C for 2 hours with shaking. The plate was thoroughly 
washed 5 times with PBS-T, and 100 μL of TMB-Blue substrate (Bio-
Shop TMB333.100) was added followed by incubation in the dark for 
5–10 minutes. The reaction was stopped by addition of 100 μL of 1 M 
HCl to each well. Finally, the absorbance at 450 nm was read using a 
BMG CLARIOstar microplate reader.

RT-QuIC assays. Recombinant BVPrP (residues 23–231, M109 
isoform) was expressed and purified as described previously (44). 
Recombinant protein was dialyzed in 10 mM sodium phosphate buf-
fer, pH 7.4 (Molecular Toxicology Inc., 26-588), overnight at 4°C and 
then ultracentrifuged at 100,000g at 4°C for 1 hour to remove any 
preformed aggregates. Seeds were prepared by dilution of 10% brain 
homogenates (“10–1 dilution”) from knockin mice or RML prion–inoc-
ulated C57BL/6 mice in 1× PBS with 0.05% SDS and 1× N2 supple-
ment (Thermo Fisher Scientific 17502048). The RT-QuIC reaction 
mixture consisted of 0.1 mg/mL recombinant BVPrP; 10 mM sodium 
phosphate buffer, pH 7.4; 300 mM NaCl; 1 mM EDTA; and 10 μM thio-
flavin T. Reactions were carried out in triplicate in black, 96-well clear- 
bottom plates (Thermo Fisher Scientific 265301). Each well contained 
98 μL of reaction mixture and 2 μL of diluted seed. The sealed plates 
were incubated at 42°C in a BMG CLARIOstar microplate reader with 
cycles of 1-minute shake (700 rpm double orbital) and 1-minute rest/
read for about 70 hours. The fluorescence excitation and emission 
wavelengths were 444 ± 5 nm and 485 ± 5 nm, respectively, with a gain 
setting of 1,600. Lag phases were calculated as previously described 
(97). Plateau fluorescence values were calculated as the mean of the 
readings within the final hour of the assay.

Conformational stability assays. Assays were performed using a 
concentration gradient of guanidine hydrochloride (GdnHCl). Twenty 
microliters of detergent-extracted brain homogenates was added to an 
equal volume of 2× GdnHCl stocks to create final concentrations of 
1, 1.5, 2, 2.5, 3, 3.5, and 4 M GdnHCl. To generate the 0 M sample, an 
equal volume of DPBS was added. The samples were incubated at 22°C 
for 2 hours with shaking (800 rpm). The concentration of GdnHCl was 
then diluted to 0.4 M by addition of detergent extraction buffer (1% 
final concentration) and DPBS. The samples were then subjected to 
TL digestion (100 μg/mL) as described above and ultracentrifuged at 
100,000g for 1 hour at 4°C. The supernatants were gently removed, 
and the pellets were resuspended in 1× Bolt LDS sample buffer con-
taining 2.5% (vol/vol) β-mercaptoethanol and boiled for 10 minutes at 
95°C. Densitometry analysis was carried out using ImageJ (NIH) from 
3 independent replicates, and [GdnHCl]50 values (the concentration 
of GdnHCl at which 50% of the PrP aggregates are solubilized) were 
calculated using a variable slope (4-parameter) dose-response model 
in GraphPad Prism as described previously (65).

Neuropathology. Formalin-fixed hemibrains were processed using a 
Leica Pearl automated tissue processor and then embedded in paraffin. 
Sections (5 μm) were cut, mounted on positively charged glass slides, 
and then dried overnight at 37°C. Slides were deparaffinized using 
xylene, rehydrated through a graded series of ethanol, and then either 
stained with hematoxylin and eosin (H&E) or processed for immuno-
histochemistry. For H&E staining, slides were stained with Hematoxy-
lin 560 MX (Leica 3801575) for 2 minutes, rinsed with dH2O, incubated 
with Blue Buffer 8 (Leica 3802915) for 90 seconds, rinsed with dH2O, 
and then incubated with Define MX-AQ (Leica 3803595) for 30–45 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2024;134(15):e176344  https://doi.org/10.1172/JCI1763441 4

ing the prion inoculation experiments, as well as Eric Minikel and 
Sonia Vallabh for advice on the RT-QuIC assays. We thank Stanley 
Prusiner for providing the HuM-D13 and HuM-R1 antibodies as 
well as the HRP-labeled HuM-P antibody. Experimental schemat-
ics were generated using BioRender (biorender.com). This work 
was funded by a grant from the Canadian Institutes of Health 
Research (PJT-169048). SM was supported by fellowships from 
Parkinson Canada and the CJD Foundation.

Address correspondence to: Joel C. Watts, Krembil Discovery Tow-
er, Room 4KD481, 60 Leonard Avenue, Toronto, Ontario, Canada 
M5T 0S8. Phone: 416.507.6891; Email: joel.watts@utoronto.ca.

Author contributions
All authors contributed to the study’s conception and design. 
Material preparation and data collection and analysis were per-
formed by SM, MECB, LK, ES, HA, JKG, KLF, DJW, SS, SAB, 
WSJ, and JCW. The first draft of the manuscript was written by 
SM, MECB, and JCW, and all authors commented on previous 
versions of the manuscript. All authors read and approved the 
final manuscript.

Acknowledgments
We are grateful to Sue Plyte and the staff at the University Health 
Network Animal Resources Centre for their assistance in facilitat-

	 1.	Colby DW, Prusiner SB. Prions. Cold Spring Harb 
Perspect Biol. 2011;3(1):a006833.

	 2.	Ritchie DL, Ironside JW. Neuropathology of 
human prion diseases. Prog Mol Biol Transl Sci. 
2017;150:319–339.

	 3.	Riek R, et al. NMR structure of the mouse 
prion protein domain PrP(121-231). Nature. 
1996;382(6587):180–182.

	 4.	Kraus A, et al. High-resolution structure and 
strain comparison of infectious mammalian pri-
ons. Mol Cell. 2021;81(21):4540–4551.

	 5.	Manka SW, et al. 2.7 Å cryo-EM structure 
of ex vivo RML prion fibrils. Nat Commun. 
2022;13(1):4004.

	 6.	McKinley MP, et al. A protease-resistant protein 
is a structural component of the scrapie prion. 
Cell. 1983;35(1):57–62.

	 7.	Hoyt F, et al. Cryo-EM of prion strains from 
the same genotype of host identifies con-
formational determinants. PLoS Pathog. 
2022;18(11):e1010947.

	 8.	Manka SW, et al. A structural basis for prion strain 
diversity. Nat Chem Biol. 2023;19(5):607–613.

	 9.	Hallinan GI, et al. Cryo-EM structures of prion 
protein filaments from Gerstmann-Sträussler- 
Scheinker disease. Acta Neuropathol. 
2022;144(3):509–520.

	 10.	Hoyt F, et al. Cryo-EM structure of anchor-
less RML prion reveals variations in shared 
motifs between distinct strains. Nat Commun. 
2022;13(1):4005.

	 11.	Telling GC, et al. Evidence for the conformation 
of the pathologic isoform of the prion protein 
enciphering and propagating prion diversity.  
Science. 1996;274(5295):2079–2082.

	 12.	Parchi P, et al. Classification of sporadic 
Creutzfeldt-Jakob disease based on molecular 
and phenotypic analysis of 300 subjects. Ann 
Neurol. 1999;46(2):224–233.

	 13.	Baiardi S, et al. Phenotypic diversity of genetic 
Creutzfeldt-Jakob disease: a histo-molecular- 
based classification. Acta Neuropathol. 
2021;142(4):707–728.

	 14.	Piccardo P, et al. Prion proteins with different 
conformations accumulate in Gerstmann- 
Sträussler-Scheinker disease caused by 
A117V and F198S mutations. Am J Pathol. 
2001;158(6):2201–2207.

	 15.	Tagliavini F, et al. Amyloid protein of Gerstmann- 
Sträussler-Scheinker disease (Indiana kin-
dred) is an 11 kd fragment of prion protein with 
an N-terminal glycine at codon 58. EMBO J. 

1991;10(3):513–519.
	 16.	Tagliavini F, et al. A 7-kDa prion protein (PrP) 

fragment, an integral component of the PrP region 
required for infectivity, is the major amyloid pro-
tein in Gerstmann-Sträussler-Scheinker disease 
A117V. J Biol Chem. 2001;276(8):6009–6015.

	 17.	Watts JC, Prusiner SB. Mouse models for study-
ing the formation and propagation of prions.  
J Biol Chem. 2014;289(29):19841–19849.

	 18.	Watts JC, Prusiner SB. Experimental models of 
inherited PrP prion diseases. Cold Spring Harb 
Perspect Med. 2017;7(11):a027151.

	 19.	Brandner S, Jaunmuktane Z. Prion disease: 
experimental models and reality. Acta Neuro-
pathol. 2017;133(2):197–222.

	20.	Hsiao KK, et al. Spontaneous neurodegeneration 
in transgenic mice with mutant prion protein. 
Science. 1990;250(4987):1587–1590.

	 21.	Hsiao KK, et al. Serial transmission in rodents 
of neurodegeneration from transgenic mice 
expressing mutant prion protein. Proc Natl Acad 
Sci U S A. 1994;91(19):9126–9130.

	22.	Telling GC, et al. Interactions between wild-type 
and mutant prion proteins modulate neuro-
degeneration in transgenic mice. Genes Dev. 
1996;10(14):1736–1750.

	 23.	Nazor KE, et al. Immunodetection of disease- 
associated mutant PrP, which accelerates 
disease in GSS transgenic mice. EMBO J. 
2005;24(13):2472–2480.

	24.	Yang W, et al. A new transgenic mouse model 
of Gerstmann-Straussler-Scheinker syndrome 
caused by the A117V mutation of PRNP. J Neuros-
ci. 2009;29(32):10072–10080.

	 25.	Chiesa R, et al. Neurological illness in transgenic 
mice expressing a prion protein with an inser-
tional mutation. Neuron. 1998;21(6):1339–1351.

	26.	Bouybayoune I, et al. Transgenic fatal familial 
insomnia mice indicate prion infectivity- 
independent mechanisms of pathogenesis and 
phenotypic expression of disease. PLoS Pathog. 
2015;11(4):e1004796.

	 27.	Dossena S, et al. Mutant prion protein expression 
causes motor and memory deficits and abnormal 
sleep patterns in a transgenic mouse model. Neu-
ron. 2008;60(4):598–609.

	 28.	Mercer RCC, et al. A novel Gerstmann-Sträussler- 
Scheinker disease mutation defines a precur-
sor for amyloidogenic 8 kDa PrP fragments 
and reveals N-terminal structural changes 
shared by other GSS alleles. PLoS Pathog. 
2018;14(1):e1006826.

	 29.	Friedman-Levi Y, et al. Fatal prion disease in a 
mouse model of genetic E200K Creutzfeldt- 
Jakob disease. PLoS Pathog. 2011;7(11):e1002350.

	30.	Jackson WS, et al. Spontaneous generation of 
prion infectivity in fatal familial insomnia knock-
in mice. Neuron. 2009;63(4):438–450.

	 31.	Jackson WS, et al. Profoundly different prion 
diseases in knock-in mice carrying single 
PrP codon substitutions associated with 
human diseases. Proc Natl Acad Sci U S A. 
2013;110(36):14759–14764.

	 32.	Manson JC, et al. A single amino acid alter-
ation (101L) introduced into murine PrP 
dramatically alters incubation time of trans-
missible spongiform encephalopathy. EMBO J. 
1999;18(23):6855–6864.

	 33.	Asante EA, et al. Absence of spontaneous disease 
and comparative prion susceptibility of transgen-
ic mice expressing mutant human prion proteins. 
J Gen Virol. 2009;90(pt 3):546–558.

	34.	Asante EA, et al. Inherited prion disease A117V 
is not simply a proteinopathy but produces 
prions transmissible to transgenic mice express-
ing homologous prion protein. PLoS Pathog. 
2013;9(9):e1003643.

	 35.	Arshad H, et al. The utility of bank voles for 
studying prion disease. Prog Mol Biol Transl Sci. 
2020;175:179–211.

	 36.	Nonno R, et al. Efficient transmission and char-
acterization of Creutzfeldt-Jakob disease strains 
in bank voles. PLoS Pathog. 2006;2(2):e12.

	 37.	Pirisinu L, et al. Gerstmann-Sträussler-Scheinker  
disease subtypes efficiently transmit in bank 
voles as genuine prion diseases. Sci Rep. 
2016;6:20443.

	 38.	Nonno R, et al. Variable protease-sensitive prion-
opathy transmission to bank voles. Emerg Infect 
Dis. 2019;25(1):73–81.

	 39.	Agrimi U, et al. Prion protein amino acid determi-
nants of differential susceptibility and molecular 
feature of prion strains in mice and voles. PLoS 
Pathog. 2008;4(7):e1000113.

	40.	Di Bari MA, et al. Chronic wasting disease in 
bank voles: characterisation of the shortest 
incubation time model for prion diseases. PLoS 
Pathog. 2013;9(3):e1003219.

	 41.	Cosseddu GM, et al. Ultra-efficient PrP(Sc) 
amplification highlights potentialities and 
pitfalls of PMCA technology. PLoS Pathog. 
2011;7(11):e1002370.

	42.	Orru CD, et al. Bank vole prion protein as an 
apparently universal substrate for RT-QuIC-



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 5J Clin Invest. 2024;134(15):e176344  https://doi.org/10.1172/JCI176344

based detection and discrimination of prion 
strains. PLoS Pathog. 2015;11(6):e1004983.

	 43.	Mok TH, et al. Bank vole prion protein extends 
the use of RT-QuIC assays to detect prions in 
a range of inherited prion diseases. Sci Rep. 
2021;11(1):5231.

	44.	Arshad H, et al. A single protective polymor-
phism in the prion protein blocks cross-species 
prion replication in cultured cells. J Neurochem. 
2023;165(2):230–245.

	45.	Schwenke KA, et al. Primary glia cells from bank 
vole propagate multiple rodent-adapted scrapie 
prions. Sci Rep. 2022;12(1):2190.

	46.	Watts JC, et al. Evidence that bank vole PrP is 
a universal acceptor for prions. PLoS Pathog. 
2014;10(4):e1003990.

	 47.	Espinosa JC, et al. PrPC governs susceptibil-
ity to prion strains in bank vole, while other 
host factors modulate strain features. J Virol. 
2016;90(23):10660–10669.

	48.	Burke CM, et al. Full restoration of specific 
infectivity and strain properties from pure 
mammalian prion protein. PLoS Pathog. 
2019;15(3):e1007662.

	49.	Fernandez-Borges N, et al. Cofactors influence the 
biological properties of infectious recombinant 
prions. Acta Neuropathol. 2018;135(2):179–199.

	50.	Erana H, et al. Development of a new largely scal-
able in vitro prion propagation method for the 
production of infectious recombinant prions for 
high resolution structural studies. PLoS Pathog. 
2019;15(10):e1008117.

	 51.	Erana H, et al. Understanding the key features of 
the spontaneous formation of bona fide prions 
through a novel methodology that enables their 
swift and consistent generation. Acta Neuropathol 
Commun. 2023;11(1):145.

	 52.	Watts JC, et al. Spontaneous generation of rapidly 
transmissible prions in transgenic mice express-
ing wild-type bank vole prion protein. Proc Natl 
Acad Sci U S A. 2012;109(9):3498–3503.

	 53.	Watts JC, et al. Towards authentic transgenic 
mouse models of heritable PrP prion diseases. 
Acta Neuropathol. 2016;132(4):593–610.

	54.	Otero A, et al. A single amino acid substitution, 
found in mammals with low susceptibility to 
prion diseases, delays propagation of two prion 
strains in highly susceptible transgenic mouse 
models. Mol Neurobiol. 2019;56(9):6501–6511.

	 55.	Kaczmarczyk L, et al. Manipulating the prion 
protein gene sequence and expression levels with 
CRISPR/Cas9. PLoS One. 2016;11(4):e0154604.

	56.	Kobayashi A, et al. A domain responsible for 
spontaneous conversion of bank vole prion pro-
tein. Brain Pathol. 2019;29(2):155–163.

	 57.	Goldfarb LG, et al. Mutation in codon 200 
of scrapie amyloid precursor gene linked to 
Creutzfeldt-Jakob disease in Sephardic Jews 
of Libyan and non-Libyan origin. Lancet. 
1990;336(8715):637–638.

	 58.	Hsiao K, et al. Mutation of the prion protein in 
Libyan Jews with Creutzfeldt-Jakob disease.  
N Engl J Med. 1991;324(16):1091–1097.

	 59.	Goldfarb LG, et al. Fatal familial insomnia and 
familial Creutzfeldt-Jakob disease: disease phe-
notype determined by a DNA polymorphism. 
Science. 1992;258(5083):806–808.

	60.	Zerr I, et al. Phenotypic variability in fatal familial 

insomnia (D178N-129M) genotype. Neurology. 
1998;51(5):1398–1405.

	 61.	Zarranz JJ, et al. Phenotypic variability in familial 
prion diseases due to the D178N mutation. J Neu-
rol Neurosurg Psychiatry. 2005;76(11):1491–1496.

	62.	Cronier S, et al. Detection and characteriza-
tion of proteinase K-sensitive disease-related 
prion protein with thermolysin. Biochem J. 
2008;416(2):297–305.

	 63.	Owen JP, et al. Use of thermolysin in the 
diagnosis of prion diseases. Mol Biotechnol. 
2007;35(2):161–170.

	64.	Lau A, et al. α-Synuclein strains target distinct 
brain regions and cell types. Nat Neurosci. 
2020;23(1):21–31.

	65.	Lau HHC, et al. Discriminating strains of 
self-propagating protein aggregates using a 
conformational stability assay. Methods Mol Biol. 
2018;1777:339–354.

	66.	Peretz D, et al. Strain-specified relative confor-
mational stability of the scrapie prion protein. 
Protein Sci. 2001;10(4):854–863.

	 67.	Legname G, et al. Continuum of prion protein 
structures enciphers a multitude of prion iso-
late-specified phenotypes. Proc Natl Acad Sci  
U S A. 2006;103(50):19105–19110.

	68.	Nitsan Z, et al. Familial Creutzfeldt-Jakob disease 
homozygous to the E200K mutation: clinical 
characteristics and disease course. J Neurol. 
2020;267(8):2455–2458.

	69.	Simon ES, et al. Creutzfeldt-Jakob disease profile 
in patients homozygous for the PRNP E200K 
mutation. Ann Neurol. 2000;47(2):257–260.

	70.	Walsh DJ, et al. Anti-prion drugs do not 
improve survival in novel knock-in mod-
els of inherited prion disease. PLoS Pathog. 
2024;20(4):e1012087.

	 71.	Vallabh SM, et al. Therapeutic trial of anle138b in 
mouse models of genetic prion disease. J Virol. 
2023;97(2):e0167222.

	 72.	Mortberg MA, et al. Analysis of non-human  
primate models for evaluating prion dis-
ease therapeutic efficacy. PLoS Pathog. 
2022;18(8):e1010728.

	 73.	Vidal E, et al. Bona fide atypical scrapie faithfully 
reproduced for the first time in a rodent model. 
Acta Neuropathol Commun. 2022;10(1):179.

	 74.	Westaway D, et al. Degeneration of skeletal mus-
cle, peripheral nerves, and the central nervous 
system in transgenic mice overexpressing wild-
type prion proteins. Cell. 1994;76(1):117–129.

	 75.	Jackson GS, et al. Overexpression of mouse prion 
protein in transgenic mice causes a non-trans-
missible spongiform encephalopathy. Sci Rep. 
2022;12(1):17198.

	 76.	Burke CM, et al. Identification of a homology- 
independent linchpin domain controlling mouse 
and bank vole prion protein conversion. PLoS 
Pathog. 2020;16(9):e1008875.

	 77.	Kurt TD, et al. Asparagine and glutamine ladders 
promote cross-species prion conversion. J Biol 
Chem. 2017;292(46):19076–19086.

	 78.	Arshad H, et al. The molecular determinants of 
a universal prion acceptor [preprint]. https://
doi.org/10.1101/2024.03.01.582976. Posted on 
bioRxiv March 4, 2024.

	 79.	Christen B, et al. NMR structure of the bank 
vole prion protein at 20 degrees C contains a 

structured loop of residues 165-171. J Mol Biol. 
2008;383(2):306–312.

	80.	Sigurdson CJ, et al. De novo generation of a 
transmissible spongiform encephalopathy by 
mouse transgenesis. Proc Natl Acad Sci U S A. 
2009;106(1):304–309.

	 81.	Sigurdson CJ, et al. Spongiform encephalopathy 
in transgenic mice expressing a point mutation 
in the β2-α2 loop of the prion protein. J Neurosci. 
2011;31(39):13840–13847.

	82.	Monari L, et al. Fatal familial insomnia and famil-
ial Creutzfeldt-Jakob disease: different prion 
proteins determined by a DNA polymorphism. 
Proc Natl Acad Sci U S A. 1994;91(7):2839–2842.

	 83.	Pirisinu L, et al. Small ruminant nor98 prions share 
biochemical features with human Gerstmann- 
Sträussler-Scheinker disease and variably 
protease-sensitive prionopathy. PLoS One. 
2013;8(6):e66405.

	84.	Benestad SL, et al. Cases of scrapie with unusual 
features in Norway and designation of a new 
type, Nor98. Vet Rec. 2003;153(7):202–208.

	 85.	Zou WQ, et al. Variably protease-sensitive pri-
onopathy: a new sporadic disease of the prion 
protein. Ann Neurol. 2010;68(2):162–172.

	86.	Pirisinu L, et al. A single amino acid residue in 
bank vole prion protein drives permissiveness 
to Nor98/atypical scrapie and the emergence 
of multiple strain variants. PLoS Pathog. 
2022;18(6):e1010646.

	 87.	Vanni I, et al. Isolation of infectious, non-fibrillar 
and oligomeric prions from a genetic prion dis-
ease. Brain. 2020;143(5):1512–1524.

	88.	Huor A, et al. The emergence of classical BSE 
from atypical/Nor98 scrapie. Proc Natl Acad Sci 
U S A. 2019;116(52):26853–26862.

	89.	Monaco S, et al. Allelic origin of protease- 
sensitive and protease-resistant prion protein 
isoforms in Gerstmann-Sträussler-Scheinker 
disease with the P102L mutation. PLoS One. 
2012;7(2):e32382.

	90.	Parchi P, et al. Different patterns of truncated 
prion protein fragments correlate with distinct 
phenotypes in P102L Gerstmann-Sträussler- 
Scheinker disease. Proc Natl Acad Sci U S A. 
1998;95(14):8322–8327.

	 91.	Makarava N, Baskakov IV. The evolution of trans-
missible prions: the role of deformed templating. 
PLoS Pathog. 2013;9(12):e1003759.

	92.	Collinge J. Medicine. Prion strain mutation and 
selection. Science. 2010;328(5982):1111–1112.

	 93.	Bauer S, et al. Translatome profiling in fatal 
familial insomnia implicates TOR signaling 
in somatostatin neurons. Life Sci Alliance. 
2022;5(11):e202201530.

	94.	Nuvolone M, et al. Strictly co-isogenic C57BL/6J-
Prnp-/- mice: a rigorous resource for prion sci-
ence. J Exp Med. 2016;213(3):313–327.

	95.	Williamson RA, et al. Mapping the prion pro-
tein using recombinant antibodies. J Virol. 
1998;72(11):9413–9418.

	96.	Safar JG, et al. Measuring prions causing bovine 
spongiform encephalopathy or chronic wasting 
disease by immunoassays and transgenic mice. 
Nat Biotechnol. 2002;20(11):1147–1150.

	 97.	Arshad H, et al. The aminoglycoside G418 hin-
ders de novo prion infection in cultured cells.  
J Biol Chem. 2021;297(3):101073.


