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Abstract
Prion diseases are fatal neurodegenerative disorders that can be idiopathic,
associated with genetic mutations, or acquired by infection with misfolded
prion protein. We developed two complementary transgenic mouse models to
investigate how the L108I substitution in mouse prion protein (PrP) influences
spontaneous prion formation and transmission characteristics. The transgenic
mouse model overexpressing the variant at approximately three times wild-
type (WT) PrP levels (TgMo(L108I)3x) consistently developed a spontaneous
neurodegenerative disorder between 219 and 536 days of age with 100% pene-
trance. This spontaneous disease exhibited biochemical and neuropathological
characteristics of atypical prion disorders, featuring a distinctive 7–10 kDa
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protease-resistant PrP fragment and pathology comparable to small rumi-
nants’ atypical scrapie and certain forms of Gerstmann–Sträussler–Scheinker
syndrome (GSS). In contrast, the knock-in model expressing the same variant
at physiological levels (TgMo(L108I)1x) showed no spontaneous disease
beyond 600 days, demonstrating that both the specific amino acid substitution
and elevated expression levels are necessary for spontaneous prion formation.
The spontaneously generated prions transmitted efficiently to models expres-
sing the I108 variant and to Tga20 mice overexpressing WT PrP but encoun-
tered a robust transmission barrier toward WT mice, indicating strain-specific
replication requirements. The TgMo(L108I)3x model demonstrated excep-
tional versatility as a universal acceptor for heterogeneous prion isolates, dem-
onstrating superior efficiency in propagating atypical variants like GSS A117V
(57 ± 0.6 days) and rapid propagation of classical scrapie-derived mouse prion
strains, including Rocky Mountains Laboratory mouse prion strain (RML)
(85 ± 3.8 days) and 22L (95 ± 1 days). Comparative analysis revealed that the
L108I substitution differentially impacts strain propagation, with greater
acceleration of RML (�33% shorter incubation) than 22L (�0.5% shorter)
compared to WT mice. These complementary systems offer powerful experi-
mental platforms for investigating the molecular determinants of spontaneous
prion formation, strain selection and transmission barriers, providing insights
into idiopathic prion pathogenesis and developing therapeutic interventions.

KEYWORDS
atypical prions, CRISPR-Cas, L108I polymorphism, prion diseases, prion strains, prion
transmission, spontaneous neurodegeneration, transgenic mice

1 | INTRODUCTION

The conversion of the cellular prion protein (PrPC) to its
pathogenic, misfolded form (PrPSc) defines prion dis-
eases, a group of invariably fatal neurodegenerative dis-
orders [1]. Research into these conditions has progressed
significantly through the creation of diverse transgenic
mouse models, each contributing valuable insights into
transmission dynamics and disease mechanisms. Early
studies with wild-type (WT) mice carrying different PrP
genotypes laid important groundwork [2], subsequently
enhanced by studies using mice with targeted genetic
modifications [3]. Despite these advances, current models
fall short of capturing spontaneous prion formation that
fully mimics natural disease processes. Most notably, we
lack models that spontaneously generate classical prion
strains characterized by the signature three-band pattern
of protease K-resistant fragments and efficient transmis-
sibility to WT hosts—key features for studying disease
mechanisms accurately.

While perfect models remain elusive, researchers have
created systems that partially recapitulate spontaneous
prion formation. Interestingly, these experimental models
primarily generate “atypical” prion conformers rather
than classical strains [4–7]. This distinction mirrors natu-
ral prion diseases, which occur spontaneously in sheep,
goats, deer, cattle, and humans [8]. The atypical idio-
pathic forms are most clearly defined in sheep with
Nor98, characterized by a distinctive �12 kDa protease-

resistant fragment and primarily cortical rather than
brainstem pathology [9], and in humans with variably
protease sensitive prionotpathy, which shows multiple
proteinase K (PK)-resistant PrP fragments in a ladder
pattern distinctly different from typical Creutzfeldt-jakob
disease [10]. Both classical and atypical prion strains
share the defining property of transmissibility, though
their molecular and pathological characteristics differ sig-
nificantly. Creating models that spontaneously generate
classical prions has proven particularly difficult, whereas
several systems now effectively model atypical strains.
Notable examples include mice expressing mutant PrP
that causes GSS syndrome in humans (P102L and
A117V variants) [11, 12], bank vole PrP transgenic
models [4], and transgenic mice replicating key features
of Nor98 atypical scrapie [6]. These systems share several
common elements: they produce PrP conformers with
unusual fragmentation patterns after protease digestion,
they show a dose-dependent relationship between expres-
sion level and disease onset, and the resultant prions typi-
cally propagate efficiently within the same model but,
with some exceptions [6], poorly in WT animals. A key
feature across these models is the requirement for either a
pathogenic mutation or a specific polymorphic variant of
PrP that enhances misfolding propensity. The pioneering
work of Watts and colleagues with bank vole PrP estab-
lished a crucial model system [4]. Bank voles are remark-
ably susceptible to prions from various species, but
Watts’ research highlighted the specific role of the I109
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polymorphism in promoting spontaneous disease. Posi-
tion 109 in bank vole PrP (corresponding to position
108 in mouse PrP) appears to be a critical determinant
of protein stability and misfolding propensity. Although
isoleucine at this position is not unique to bank voles
[13, 14]—appearing naturally in at least six other mam-
malian species—it does not cause apparent spontaneous
disease in those other species. Building on these find-
ings, among the most significant recent developments
was the work by Vidal et al., who created mice expres-
sing sheep PrP carrying isoleucine at position 112 [6].
This single amino acid substitution, which occurs natu-
rally in Tibetan sheep, resulted in spontaneous neuro-
logical disease with molecular and pathological features
identical to Nor98 atypical scrapie. Together with bank
vole studies, this work demonstrated that a single natu-
rally occurring polymorphism, when overexpressed, can
drive spontaneous formation of infectious atypical
prions that precisely match those found in natural dis-
ease. Position 108 has long held significance in mouse
prion biology, as the classical Prnp(a) and Prnp
(b) genotypes differ at this position (leucine vs. phenylal-
anine, respectively). This natural variation influences
strain propagation characteristics and has been used for
strain typing for decades [2, 15, 16]. The differential sus-
ceptibility patterns observed between these genotypes
established position 108 as a critical determinant of
prion-host interactions, with Prnp(a) mice (L108) show-
ing greater susceptibility to various scrapie isolates com-
pared to Prnp(b) mice (F108) [2, 15, 16]. Recent in vitro
experiments by Pérez-Castro et al. have provided molec-
ular insights into this position’s importance. Through
systematic replacement of the native leucine at position
108 in mouse PrP with each of the 20 standard amino
acids, they demonstrated that isoleucine uniquely accel-
erates spontaneous misfolding compared to all other
substitutions [17]. This finding offers a biochemical
explanation for the enhanced misfolding propensity
observed in transgenic models expressing I108 variants
and suggests specific structural consequences of this sub-
stitution that facilitate the transition from PrPC to path-
ological conformers.

Here, we systematically examine how the L108I sub-
stitution affects prion biology in mice under different
expression conditions. By creating both an overexpres-
sion transgenic line and a CRISPR-Cas generated knock-
in model with physiological expression levels, we dissect
the relative contributions of amino acid identity and
expression level to spontaneous prion formation. Our
results demonstrate that L108I substitution alone is insuf-
ficient to cause spontaneous disease without overexpres-
sion, highlighting the dual requirements for both
sequence susceptibility and elevated protein levels. The
L108I overexpression model exhibits exceptional versatil-
ity in propagating diverse prion strains, including both
classical and atypical conformers, and shows strain-

specific transmission barriers. These properties make it
an ideal system for investigating strain adaptation,
cross-species transmissibility, and potential therapeutic
approaches targeting prion diseases.

2 | MATERIALS AND METHODS

2.1 | Ethics statement—animal welfare
approvals and regulatory compliance

This study was conducted following strict adherence to
European Union directives and Spanish national legislation
regarding the protection of animals used for scientific
purposes. All procedures received prior authorization
from the corresponding institutional animal welfare
ethics committees.

2.1.1 | Transgenic mouse generation

Both TgMo(L108I)3x and TgMo(L108I)1x mouse lines
were developed at the Transgenic Facility of the IBSAL,
University of Salamanca, Spain, under ethical approval
code JCyL-1084 from the Institutional Animal Welfare
Ethics Committee.

2.1.2 | Multi-institutional experimental
procedures

Animal studies were carried out across several Spanish
research centers, including CIC bioGUNE, University of
Santiago de Compostela (Centre for Experimental Bio-
medicine [CEBEGA]), Neiker—Basque Institute for
Agricultural Research and Development, and IRTA-
CReSA Animal Health Research Center. Each institu-
tion obtained independent ethical approval through their
respective animal welfare committees under the following
authorization codes: CIC bioGUNE (P-CBG-CBBA-
0314 and 15005/16/006), CEBEGA (15012/2023/002),
and Neiker (NEIKER-OEBA-2021-003).

2.1.3 | Regulatory framework

Experimental procedures conducted prior to 2013 were
performed under the regulatory framework established
by “Real Decreto 1201/2005 de 10 de Octubre” and “Real
Decreto 214/1997 de 30 de Julio” governing animal wel-
fare in experimental research. Subsequent studies (2013
onwards) were conducted in compliance with “Real
Decreto 53/2013 de 1 de febrero” on the protection of
laboratory animals, which implements European Direc-
tive 2010/63/EU on Laboratory Animal Protection into
Spanish national law.
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2.2 | Generation and characterization of
transgenic mice

2.2.1 | Development of TgMo(L108I)3x
mice via conventional transgenesis

Vector construction and molecular cloning
The mouse PrP (MoPrP) open reading frame (ORF) orig-
inally encoding leucine at codon 108 (GenBank accession
number NM_011170) was obtained and subjected to site-
directed mutagenesis using standard molecular biology
techniques to introduce the leucine-to-isoleucine substitu-
tion at position 108. The modified sequence was subse-
quently cloned into the MoPrP.Xho vector [18], which
harbors the murine Prnp regulatory elements, including
the promoter, exon-1, intron-1, exon-2, and 30 untrans-
lated regions that ensure neuronal-specific transgene
expression. Prior to microinjection procedures, the trans-
genic construct was released from the vector backbone
through NotI digestion (New England Biolabs, USA) fol-
lowed by purification. The microinjection-ready DNA
fragment was isolated using the Qiagen gel extraction
system (Qiagen, Germany) and resuspended in TE buffer
(10 mM Tris, 0.25 mM ethylenediamine tetraacetic acid
[EDTA], pH 7.5) at a final concentration of 5 ng/μL.

Pronuclear microinjection and founder screening
Transgenic founder mice were established through pronu-
clear microinjection of the purified transgenic DNA into fer-
tilized oocytes derived from C57BL/6xCBA F1 matings
using established protocols [19]. Following microinjection of
138 embryos and transfer to pseudopregnant recipients,
18 live-born animals were obtained, three of which devel-
oped into independent transgenic founder lines. While one
founder line failed to produce viable offspring, the remaining
two successfully transmitted the transgene through the germ-
line. Transgenic founders were identified through polymer-
ase chain reaction (PCR) screening of tail biopsy-derived
DNA using primer pairs specific for mouse exon-2 and 30

untranslated regions (50-GAACTGAACCATTTCAACC-
GAG-30 and 50-AGAGCTACAGGTGGATAACC-30).
PCR-positive founder animals were subsequently crossed
with Prnp-knockout mice (129/Ola-Prnp0/0 strain) [20] to
eliminate endogenous mouse prion protein expression.
Successful elimination of the endogenous Prnp allele was
verified by PCR amplification using primers 50-ATGGC-
GAACCTTGGCTACTGGC-30 and 50-GATTATGGG-
TACCCCCTCCTTGG-30.

2.2.2 | Development of TgMo(L108I)1x
knock-in mice via CRISPR-Cas9 genome
editing

Guide RNA design and CRISPR components
preparation
For the development of the Prnp (c.322 C>A p.108L>I)
knock-in mouse model, we employed the CRISPR-Cas9

system with chemically synthesized components
(Integrated DNA Technologies), including tracrRNA,
one specific crRNA targeting exon 1, and a designed
200-nucleotide single-stranded DNA template (see
Figure S1). Mature single-guide RNA (sgRNA) was
obtained by annealing equimolar amounts of crRNA and
tracrRNA through a heating and cooling cycle.

Microinjection and founder generation
A solution containing the mature sgRNA (20 ng/μL),
recombinant Cas9 protein (30 ng/μL), and the single-
stranded DNA (ssDNA) (10 ng/μL) were microinjected
into the pronucleus of B6J/CBA mouse zygotes at the
Transgenic Facility of the IBSAL-University of Sala-
manca. Edited founders were identified by PCR amplifi-
cation (Taq polymerase, NZYtech) with primers flanking
the edited region (see Figure S1).

Validation and colony establishment
PCR products were analyzed by direct sequencing or
through subcloning into pBlueScript vectors (Stratagene)
followed by Sanger sequencing. Selected founders carry-
ing the desired allele were backcrossed with B6J/CBA
WT animals to eliminate potential off-target mutations.
Heterozygous offspring were re-sequenced and subse-
quently crossed with B6J/CBA WT animals to establish
the B6J/CBA-PrnP1em1(c322C>A)Msam colony, referred to
throughout this manuscript as TgMo(L108I)1x.

2.2.3 | Common methodological procedures

DNA extraction and quality assessment
Genomic DNA was isolated from tail biopsies using the
QIAamp® DNA Mini Kit (QIAGEN, Germany) accord-
ing to the manufacturer’s tissue purification protocol.
DNA quantification and purity evaluation were per-
formed using ultraviolet spectrophotometry on a Nano-
Vue Plus spectrophotometer (GE Healthcare, USA),
measuring absorbance at 260, 280, and 230 nm wave-
lengths. Sample integrity was assessed through electro-
phoretic separation on 1.5% agarose gels prepared with
1� Tris-acetate-EDTA buffer (Fisher Scientific, USA)
and visualized under ultraviolet (UV) transillumination.

Amplification of a Prnp fragment and sequence
verification
To confirm the leucine-to-isoleucine substitution at resi-
due 108, a specific 339-bp fragment of the murine Prnp
gene was amplified using primers designed with FastPCR
(v.3.3.67) and validated through National Center for Bio-
technology Information Primer-BLAST for optimal ther-
modynamic properties and target specificity. Amplification
primers incorporated M13 sequencing adaptors (shown in
italics) for streamlined sequencing workflows (FM13_PRNP:
50-TGTAAAACGACGGCCAGTCCATAATCAGTGGAA
CAAGC-30; RM13_PRNP: 50-CAGGAAACAGCTATGA
CCCGCTCCATCATCTTCACATC-30). PCR reactions
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were performed in 10 μL volumes containing 5.75 μL
nuclease-free water, 1.0 μL 10� NH4 reaction buffer,
0.4 μL MgCl2 (50 mM stock), 0.25 μL deoxyribonucleo-
side triphosphate mixture (100 mM stock), 1.5 μL primer
cocktail (2.5 μM each), 0.1 μL BIOTAQ™ DNA poly-
merase (Bioline GmbH; 5 U/μL), and 2.0 μL genomic
DNA template. Optimal annealing temperature was
determined through gradient PCR (50–65�C) using
pooled DNA samples, with 65�C selected for routine
amplifications. PCR products underwent enzymatic
cleanup using ExoSAP-IT treatment (37�C for 15 min,
followed by 80�C enzyme inactivation for 15 min) before
Sanger sequencing analysis using BigDye Terminator
v3.1 chemistry on an ABI 3500 Genetic Analyzer (Fisher
Scientific).

Transgene expression characterization
L108I MoPrP expression levels in brain tissue from trans-
genic offspring lacking endogenous mouse PrP were
quantified through Western blot analysis using anti-PrPC

monoclonal antibody SHa-31 (1:4000 dilution) with WT
mouse brain homogenates serving as reference standards.
The selected line, designated TgMo(L108I)3x, demon-
strated L108I mouse PrP expression at approximately
three-fold WT levels in heterozygous animals, maintain-
ing normal glycosylation patterns as confirmed by West-
ern blot analysis (Figure S2). This line was chosen for
experimental studies and maintained in a hemizygous
state through continuous backcrossing to 129/Ola-
Prnp0/0 mice. The formal nomenclature for this trans-
genic line is B6&CBA.129Ola-Tg(Prnp-Mo108I)1Sala/
Cicb, referred to as TgMo(L108I)3x throughout this
manuscript. Similarly, the CRISPR-Cas9 generated
knock-in line expressing L108I mouse PrP at physiologi-
cal levels carries the official designation B6&CBA-
Prnptm1Mo108ISala/Cicb and is referred to as TgMo(L108I)
1x throughout this study.

2.3 | Preparation of brain homogenates and
inocula

Brain tissue specimens were harvested immediately fol-
lowing humane euthanasia from both clinically affected
and asymptomatic animals. For characterization of spon-
taneous disease, mice were euthanized via carbon dioxide
asphyxiation upon manifestation of neurological symp-
toms, following institutional animal welfare protocols.
Following extraction, brains were bisected sagittally with
one hemisphere preserved at �80�C for biochemical eval-
uation and the contralateral hemisphere immersion-fixed
in 10% neutral buffered formalin (Sigma-Aldrich, USA)
for histopathological examination.

Brain homogenate preparation involved thawing
frozen tissue samples followed by mechanical homogeni-
zation to achieve 10% (w/v) suspensions in phosphate-
buffered saline (PBS, Fisher Bioreagents) supplemented

with Complete Protease inhibitor mixture (Roche) using
glass Potter-Elvehjem homogenizers (Fisher Scientific).
Homogenized samples were portioned into aliquots and
maintained at �80�C until subsequent analysis or experi-
mental use. For stereotaxic inoculation procedures, the
10% homogenates underwent serial dilution to 1% con-
centrations in Dulbecco’s PBS (DPBS, Gibco).

2.4 | Prion transmission experiments

2.4.1 | Intracerebral inoculation

Mice aged 6–8 weeks underwent anesthesia using either
isoflurane inhalation (IsoVet, Braun) or ketamine/
medetomidine combination therapy (75/1 mg/kg)
(Imalgene 1000, Boehringer Ingelheim/Domtor, Ecu-
phar). When employing the latter protocol, anesthetic
reversal was achieved using atipamezole hydrochloride
(1 mg/kg) (Antisedan, Ecuphar). A minute cranial open-
ing was established in the right parietal region, allowing
delivery of 20 μL of 1% brain homogenate into the right
cerebral parenchyma at approximately 3 mm depth uti-
lizing a precision microsyringe equipped with a sterile
27-gauge needle (Terumo). To minimize inoculum back-
flow through the injection channel, the needle was main-
tained in position for 20 s prior to controlled withdrawal.

2.4.2 | Post-inoculation clinical surveillance

Subsequent to inoculation, experimental animals were
group-housed (5–6 mice per enclosure) under standard-
ized conditions (ambient temperature 22�C, alternating
12-h photoperiods, 60% relative humidity) within
HEPA-filtered, independently ventilated housing sys-
tems. Animals maintained unrestricted access to standard
laboratory diet and underwent daily welfare assessments.
Comprehensive clinical evaluations were conducted bi-
weekly until initial neurological manifestations emerged,
at which point surveillance frequency increased to daily
examinations.

Clinical manifestations consistent with prion pathol-
ogy were quantified using a graduated scoring system
(0–3) encompassing the following criteria: spinal curva-
ture abnormalities, locomotor dysfunction, coat quality
deterioration, behavioral depression, postural changes,
ocular discharge, behavioral hyperexcitability, body con-
dition decline, and eliminatory incontinence. Animals
demonstrating persistent clinical abnormalities (scores ≥2
across multiple parameters) or severe neurological com-
promise affecting welfare underwent humane termina-
tion. Incubation intervals were quantified as the duration
from inoculation to euthanasia, reported as days post-
inoculation (dpi).

Transmission efficiency was calculated as the propor-
tion of animals developing laboratory-confirmed prion
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disease (through histopathological and/or biochemical
validation) relative to the total inoculated cohort. Ani-
mals succumbing to intercurrent illness or exhibiting non-
specific pathology prior to reaching 50% of the group’s
average incubation duration were excluded from analysis.
Data presentation follows the format of mean incubation
duration ± standard error of the mean (SEM) for individ-
ual experimental cohorts.

2.5 | Biochemical analysis of misfolded prion
protein

Brain specimens from both spontaneously affected and
experimentally inoculated mice underwent biochemical
evaluation to identify and characterize pathological prion
protein conformers. Frozen brain tissue samples were
thawed and mechanically disrupted to achieve 10% (w/v)
suspensions in PBS (Fisher Bioreagents) supplemented
with Complete Protease Inhibitor Cocktail (Roche) utiliz-
ing glass Potter homogenizers (Fisher Scientific). For
comparative biochemical validation, brain homogenates
derived from classical scrapie isolate SSBP/1 (TSE
Resource Center, University of Edinburgh) and atypical
scrapie strain Nor98 (generously provided by Olivier
Andréoletti, INRAE) served as reference standards.

2.5.1 | Detection of classical PrPres

Classical PrPres exhibiting the typical tripartite banding
pattern was detected through conventional PK proteoly-
sis. Sample preparation involved combining homogenates
1:1 (v/v) with enzymatic digestion medium [comprising
2% (w/v) Tween-20 (Sigma-Aldrich), 2% (v/v) NP-40
(Sigma-Aldrich), and 5% (w/v) Sarkosyl (Sigma-Aldrich)
dissolved in PBS] achieving 5% final brain homogenate
concentrations. PK (Roche) was incorporated at final
concentrations ranging from 85 to 170 μg/mL, followed
by incubation at 42�C for 1 h under moderate agitation
(450 rpm). Enzymatic digestion was terminated through
the addition of NuPAGE 4x loading buffer (Invitrogen,
USA) at 1:3 (v/v) ratios and thermal denaturation at
100�C for 10 min. This standard proteolysis approach
was consistently employed for classical prion strain analysis,
encompassing SSBP/1, Rocky Mountains Laboratory
mouse prion strain (RML), 22L, 301C, TgSh112I [6], and
laboratory-adapted CWD-TgVole isolates.

2.5.2 | Detection of atypical PrPres

Atypical PrPres displaying characteristic ladder-like elec-
trophoretic patterns and prominent low molecular weight
fragments (7–10 kDa) was detected using a specialized
protocol adapted from Wenborn et al. [21]. Initial proces-
sing involved treating brain homogenates (10% w/v in

PBS) with Pronase E (Sigma-Aldrich) at 100 μg/mL con-
centrations for 30 min at 37�C under vigorous agitation
(800 rpm). Subsequently, EDTA (Calbiochem) and Sar-
kosyl were added to achieve final concentrations of
10 mM and 2% (w/v), respectively, before secondary
enzymatic treatment with Benzonase (Merck) at 50 U/
mL for 10 min at 37�C with continued mixing. Sodium
phosphotungstic acid (NaPTA, Sigma-Aldrich) was
incorporated to 0.3% (w/v) final concentration, and sam-
ples underwent 30-min incubation at 37�C. Following
density gradient preparation by combining samples with
60% iodixanol solution (OptiPrep density gradient
medium, Sigma-Aldrich) to achieve 35% (v/v) iodixanol
and 0.3% (w/v) NaPTA final concentrations, samples
were subjected to high-speed centrifugation at 16,100 g
for 90 min. Resulting supernatants were combined 1:1
with buffering solution containing 2% Sarkosyl (w/v) and
0.3% NaPTA in PBS, followed by secondary 90-min cen-
trifugation at 16,100 g. After supernatant removal, pellets
were reconstituted in washing solution (17.5% [w/v] iodix-
anol and 0.1% [w/v] Sarkosyl in PBS). Reconstituted pel-
let fractions underwent PK proteolysis at 10 μg/mL final
concentrations for 1 h at 37�C. Following washing buffer
addition and NaPTA incorporation to 0.3% (w/v) final
concentration, samples were centrifuged for 30 min at
16,100 g with supernatant disposal. This purification
cycle was repeated once, and final pellets were resus-
pended in NuPAGE 4x loading buffer (Invitrogen, USA)
diluted 1:3 (v/v) with PBS. This specialized methodology
proved essential for detecting atypical prion conformers
from spontaneously affected TgMo(L108I)3x mice,
homologous secondary transmissions, TgMo(L108I)3x
animals exposed to heterologous atypical prions, and cor-
responding source isolates including Nor98 atypical scra-
pie, TgSh112I, and A117V GSS specimens [22].

2.5.3 | Western blot analysis

Post-digestion samples underwent thermal denaturation
at 100�C for 10 min before electrophoretic separation on
4%–12% Bis-Tris polyacrylamide gel systems (NuPAGE,
Invitrogen). Electrophoresis proceeded at 200 V for
approximately 80 min. Protein transfer to polyvinylidene
difluoride membranes (Trans-Blot Turbo Transfer Pack,
Bio-Rad, USA) utilized the Trans-Blot Turbo Transfer
System (Bio-Rad). Membrane blocking employed 5%
non-fat milk in Tris-buffered saline+Tween-20 (TBST)
buffer (TBS supplemented with 0.1% Tween-20) for 1 h
at ambient temperature, followed by overnight primary
antibody incubation at 4�C. Mouse PrP detection utilized
monoclonal antibody 9A2 (1:2000 dilution, recognizing
WNK epitope). Following triple TBST washing, mem-
branes were exposed to horseradish peroxidase-
conjugated secondary antibodies (anti-mouse IgG or
anti-human IgG, 1:5000 dilution, Santa Cruz Biotechnol-
ogy) for 1 h at room temperature. After additional
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washing cycles, immunoreactive signals were developed
using enhanced chemiluminescent substrate (West Pico
Plus, Thermo Scientific) and captured using FluorChem
Q (Alpha Innotech) or iBright CL750 (Invitrogen) imag-
ing platforms. Quantitative analysis and densitometry
were conducted using AlphaView software (Alpha Inno-
tech, USA) or ImageJ (NIH, USA).

2.6 | Immunohistochemistry

2.6.1 | Tissue preparation and processing

Brain specimens were harvested and immersion-fixed in 10%
neutral buffered formalin (Sigma-Aldrich) for 24–48 h at
ambient temperature. Post-fixation, brain tissues underwent
transverse sectioning at three anatomical levels: medulla
oblongata (Mob), piriform cortex, and optic chiasm regions.
Tissue samples were subsequently dehydrated through gradu-
ated ethanol concentrations (70%, 96%, and 100%) followed
by xylene clearing prior to paraffin wax infiltration and
embedding. Serial sections of 4-μm thickness were generated
using rotary microtomy and transferred onto standard glass
microscopy slides for hematoxylin and eosin (H&E) histolog-
ical evaluation of spongiform pathology, neuronal depletion,
and glial proliferation. For immunohistochemical applica-
tions, parallel sections were mounted on 3-triethoxysilyl-
propylamine-treated glass slides (DAKO, Denmark) to opti-
mize tissue retention during processing.

2.6.2 | PrPres immunodetection

Disease-associated prion protein visualization required
deparaffinized tissue sections to undergo sequential epitope
unmasking procedures. Initial treatment involved 98% for-
mic acid immersion for 15 min, followed by thorough dis-
tilled water rinsing. Sections then underwent pressure
cooker autoclaving in citrate buffer (pH 6.15) at 121�C for
20 min. Following cooling, PK digestion (4 μg/mL, Roche)
was performed for 15 min at 37�C to unmask epitopes and
enhance antibody accessibility. Endogenous peroxidase
quenching utilized 3% hydrogen peroxide in methanol for
30 min at room temperature. Non-specific binding sites
were saturated using 10% normal goat serum in PBS sup-
plemented with 0.1% Triton X-100 for 30 min.

2.6.3 | Antibody incubation and
visualization

Primary antibody detection employed anti-PrP mouse
monoclonal antibody 2G11 (Bio-Rad) (1:100) for
mouse PrP recognition in TgMo(L108I)3x/1x experimen-
tal models. Overnight primary antibody incubation
occurred at 4�C within humidified chambers, followed by
comprehensive PBS washing and secondary incubation

with peroxidase-conjugated polymer systems containing
anti-mouse antibodies (EnVision, DAKO) for 30 min at
room temperature. Immunoreactive signals were devel-
oped using 3,30-diaminobenzidine (DAB, Dako) chromo-
genic substrate and hydrogen peroxide. Sections received
hematoxylin counterstaining, ethanol dehydration,
xylene clarification, and distyrene, plasticizer, and xylene
mounting medium application (Sigma-Aldrich). Negative
controls involved primary antibody omission for each
staining batch. Astrocytic activation was assessed
through overnight incubation with rabbit polyclonal anti-
glial fibrillary acidic protein ([GFAP], 1:500, DAKO)
antibodies, while microglial responses utilized goat poly-
clonal anti-ionized calcium binding adapter molecule
1 (IBA1, 1:1000, Abcam, UK) antibodies. Both required
heat-mediated epitope retrieval at pH 6 (Target retrieval
solution, DAKO) at 96–98�C for 20 min. GFAP detec-
tion utilized polymer-conjugated anti-rabbit secondary
antibodies with peroxidase (EnVision, DAKO), while
IBA1 employed anti-goat polymer systems with peroxidase
(ImmPRESS HRP Horse anti-goat, Vector Laboratories,
USA), both incubated for 30 min at room temperature,
with DAB development as described for PrPres.

2.6.4 | Neuropathological evaluation

Spongiform degeneration and PrPres immunoreactivity
underwent semi-quantitative assessment by an experi-
enced neuropathologist under blinded experimental con-
ditions. Fourteen neuroanatomical regions received
evaluation: piriform cortex (Pfc), hippocampus (H),
occipital cortex (Oc), temporal cortex (Tc), parietal cor-
tex (Pc), frontal cortex (Fc), striatum (S), thalamus (T),
hypothalamus (HT), mesencephalon (M), Mob, cerebel-
lar nuclei (Cm), cerebellar vermis (Cv), and cerebellar
cortex (Cc). The grading scheme utilized a 0–4 scale for
both spongiform alterations and PrPres accumulation:
0 indicating absence of pathology or immunoreactivity,
1 representing minimal changes (occasional vacuoles or
scattered immunolabeling), 2 denoting moderate alter-
ations (multiple vacuoles or moderate immunoreactivity),
3 signifying pronounced changes (extensive vacuolation
or abundant immunolabeling), and 4 indicating severe
pathology (confluent vacuolation or intense diffuse
immunoreactivity). Lesion distribution profiles were con-
structed by plotting average scores across brain regions
arranged along the caudo-rostral neuraxis.

2.7 | Statistics and reproducibility

2.7.1 | Experimental design and sample
sizing

Animal group sizes were established based on prior expe-
rience with comparable transgenic prion models and
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standard practices in prion bioassay protocols. Spontane-
ous disease monitoring utilized 85 animals observed over
a 10-year period to provide robust survival analysis data.
Transmission bioassays employed groups of five to nine
animals per experimental condition, consistent with
established prion transmission protocols.

2.7.2 | Data analysis and statistical methods

Statistical evaluations were conducted using GraphPad
Prism (version 9.0, GraphPad Software Inc.) and R soft-
ware (version 4.3.0). Data presentation follows the for-
mat of mean ± SEM unless specified otherwise. Survival
data underwent Kaplan–Meier analysis with log-rank
testing for inter-group comparisons. Sex-based compari-
sons of disease onset employed Student’s t-tests following
confirmation of data normality through Shapiro–Wilk
testing. Multi-group analyses utilized analysis of variance
(ANOVA) with appropriate post hoc corrections.

2.7.3 | Statistical significance criteria

The threshold for statistical significance was established
at p < 0.05 for all comparisons. Where applicable, correc-
tions for multiple testing were implemented to maintain
statistical rigor. Experiments incorporated suitable con-
trol groups and blinded assessment procedures when
operationally feasible.

3 | RESULTS

3.1 | Generation of transgenic mouse models
expressing L108I PrP: Overexpression and
knock-in strategies

To investigate the effect of the L108I substitution on
prion biology under different expression conditions, we
developed two distinct transgenic mouse models using
complementary genetic approaches. For the first model,
we engineered mice overexpressing mouse PrP with an
isoleucine substitution at position 108. The ORF of
mouse PrP carrying the L108I mutation was inserted into
the pJB vector containing the mouse PrP promoter and
regulatory sequences that direct transgene expression pri-
marily to neuronal tissues. After linearization and purifi-
cation, the construct was microinjected into fertilized
C57BL6xCBA embryos following standard procedures.
One-hundred and thirty-eight embryos were microin-
jected, resulting in 18 animals born. Five founder
(F0) animals were obtained that successfully transmitted
the transgene to their offspring, which were subsequently
backcrossed to 129/Ola-Prnp0/0 mice [20] to eliminate
endogenous mouse PrP expression and maintained in
hemizygous state. Founder animals were identified by

PCR analysis of tail biopsy DNA using specific primers
targeting the transgene construct. Among the various
transgenic lines generated, we selected the line with the
highest expression level, designated TgMo(L108I)3x,
which expressed the mutant PrP at approximately three
times the level found in WT mouse brain when in hetero-
zygous state. Western blot analysis confirmed that the
glycosylation pattern remained unaltered compared to
WT PrP (Figure S2). Integration analysis suggested
X-chromosome insertion, as evidenced by complete male
sterility in this line, which required exclusive breeding
through females. For the second model, we employed
CRISPR-Cas9 technology to create a precise knock-in of
the L108I mutation while maintaining physiological
expression levels. Guide RNA was designed to target the
specific region of the Prnp gene containing codon 108.
The repair ssDNA template incorporated the single
nucleotide change required to convert the leucine codon
to isoleucine, while preserving all regulatory elements of
the endogenous gene. Microinjections were performed in
C57BL/6 embryos, resulting in five viable founder ani-
mals (F0). Amplicon sequencing of the PrP coding region
confirmed the precise integration of the desired mutation
without additional alterations. Selected founder animals
were crossed with WT C57BL/6 mice, and heterozygous
offspring were intercrossed to establish homozygous
knock-in lines. Careful analysis of PrP expression levels
in homozygous animals confirmed that the L108I variant
was expressed at levels equivalent to WT PrP in non-
transgenic mice (Figure S2).

3.2 | Spontaneous neurological disease
development in TgMo(L108I)3x mice

All TgMo(L108I)3x mice developed a spontaneous neu-
rological disease characterized by ataxia, circling, dysme-
tria, kyphosis, and proprioceptive deficits. Animals
reached terminal disease between 219 and 536 days of
age, typically progressing through a relatively consistent
clinical phase lasting 10–15 days after initial detection of
signs, ultimately leading to end-stage disease. Animals
were humanely euthanized upon reaching predefined
endpoints according to standardized clinical scoring cri-
teria, following institutional animal care guidelines. To
comprehensively assess the temporal progression of dis-
ease development, we evaluated a total of 85 mice
observed over the period 2014–2024 and investigated
potential sex-dependent differences in terminal disease
timing, given previous observations in TgVole(I109)4x
mice [7].

Both sexes exhibited similar disease progression pat-
terns, with no statistically significant sex-dependent dif-
ferences in terminal disease timing. Male mice displayed
a mean terminal disease age of 337 ± 12.7 days, while
females showed a comparable mean at 335 ± 9.5 days.
Statistical analysis using Student’s t-test confirmed the
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lack of significant differences between sexes (p > 0.05)
(Figure 1). The neurological manifestations were identi-
cal in both males and females, with all affected animals
exhibiting the same characteristic disease syndrome, with
prominent paralysis of the hind limbs. Analysis of termi-
nal disease distribution revealed that 80% of male mice
reached endpoints between 257 and 418 days of age,
while 80% of females showed terminal disease between
252 and 370 days of age.

In contrast, age-matched TgMo(L108I)1x mice moni-
tored beyond 600 days of age failed to develop any neuro-
logical abnormalities, demonstrating that the expression
level of the transgene plays a critical role in the spontaneous
development of prion disease in this model.

3.3 | Pathological and biochemical
characterization of spontaneous prion disease in
TgMo(L108I)3x mice

Biochemical analysis of brain homogenates from
TgMo(L108I)3x mice exhibiting clinical signs revealed an
atypical prion protein pattern following proteinase K
digestion. All affected animals demonstrated a character-
istic low molecular weight band of approximately 7–
10 kDa (Figure 2A), remarkably similar to the signature
observed in other atypical prion disorders such as Nor98
in sheep. This biochemical profile differs substantially
from the three-band pattern typically associated with
classical prion diseases, suggesting a unique conforma-
tional state of the misfolded prion protein.

Histopathological and immunohistochemical exami-
nation revealed a consistent phenotype (Figure 2B,C).
We observed intense spongiform change in the neocortex
and thalamus, with no involvement of the HT, moderate
spongiosis in the striatum and mesencephalon, and mild
changes in the Mob and Cc. The Cc showed evident loss
of granule cells from the granular cell layer. Some vari-
ability was observed among animals, likely because of
differences in disease progression timing upon euthansia,
as illustrated by the conspicuous loss of pyramidal cells
in the hippocampal Cornu Ammonis observed only in
some animals (3/10) (see details in Figure 2D).

Immunohistochemistry with the anti-PrP 2G11 mAb
showed intense basal PrPC labeling, consistent with
observations in other overexpressing models, and dis-
played a variable PrPres pattern, again likely because of
differences in disease stage. While some animals showed
only small multifocal PrPres plaques, others presented
with a granular pattern that occasionally coalesced into
multifocal plaques, which in some animals were very
abundant. A few animals showed only the granular pat-
tern with little or no plaques, which presumably would
evolve over time to form plaques (Figure 2B–D). The
plaques were often associated to (or rather infiltrated
with) with multiple nuclei, likely glial. The distribution of
such deposits correlated well with that of the spongiform
changes.

Neuroinflammatory response was a prominent fea-
ture of the spontaneous pathology in TgMo(L108I)3x
mice, characterized by intense astrogliosis and micro-
gliosis (Figure S3). GFAP immunohistochemistry

F I GURE 1 Terminal disease timing in male and female TgMo(L108I)3x mice with spontaneous prion disease. Neurological signs were
monitored in 85 TgMo(L108I)3x mice over 10 years to determine the range and mean age at which animals reached terminal disease endpoints.
Terminal disease timing was analyzed separately by sex given prior reports of sex-dependent differences in the TgVole(I109)4x spontaneous prion
disease model [7]. Male mice had a mean terminal disease age of 337 ± 12.7 days, similar to females at 335 ± 9.5 days (Student’s t-test, p = 0.423, not
significant [ns]). Kaplan–Meier survival curves (right plot) confirm nearly identical terminal disease distributions: 80% of males reached endpoints
between 257 and 418 days and females between 252 and 370 days, with similar individual variability.
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F I GURE 2 Legend on next page.
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revealed marked astrocytic activation with both hyper-
plasia and hypertrophy, particularly prominent in the
neocortex (especially parietal cortex), hippocampus,
thalamus, and Cc. Similarly, IBA1 immunostaining
demonstrated robust microglial activation following
the same anatomical distribution as the spongiform
lesions and PrPres deposits. Notably, in the hippocam-
pus, microgliosis was restricted to areas with PrPres

deposits, suggesting a direct relationship between pro-
tein aggregation and inflammatory response. Interest-
ingly, while PrPres plaques were heavily infiltrated with
activated microglia, astrocytic infiltration of plaques
was not observed. The striatum, mesencephalon, and
Mob showed less pronounced glial activation, parallel-
ing the distribution pattern observed for spongiform
changes and PrPres deposition.

In striking contrast, age-matched TgMo(L108I)1x
mice (395 days of age) and mice from the same line moni-
tored beyond 600 days of age showed no detectable
PrPres deposits, neuroinflammation, or any other neuro-
pathological alterations associated with prion disease
(Figures 2C and S3). Additionally, biochemical analysis
revealed no evidence of the characteristic low molecular
weight band (7–10 kDa) that serves as the hallmark of
atypical prion disease in these mice (Figure 2A). This
observation further confirms that transgene expression
level is a critical determinant for spontaneous prion for-
mation in this model.

3.4 | RT-QuIC analysis confirmed the
presence of seeding-competent prions exclusively
in TgMo(L108I)3x mice

To further validate the prion nature of the spontaneous
disease, brain homogenates from age-matched animals
(�350 days) from all models were subjected to real time-
quacking induced conversion (RT-QuIC) analysis using
recombinant bank vole I109 PrP as substrate, which has
demonstrated superior sensitivity for detecting atypical
prion strains. Brain extracts from three TgMo(L108I)3x
mice showing clinical signs demonstrated robust seeding
activity at both 10�3 and 10�4 dilutions, comparable to
the Nor98 atypical scrapie positive control. In contrast,
no seeding activity was detected in brain extracts from
TgMo(L108I)1x, Tga20, or WT C57BL/6 mice at either
dilution tested (Figure S4). These results confirm that
seeding-competent prions are generated exclusively in the
overexpression model, supporting the dual requirement
for both the L108I substitution and elevated PrP expres-
sion levels for spontaneous prion formation. Further-
more, in agreement with the RT-QuIC results, a
comparative biochemical analysis performed with
400 days old Tga20 mice and age-matched TgMo(L108I)
3x mice (334–357 days old) demonstrated that PK-
resistant prions are found only in the TgMo(L108I)3x
model and thus are not a consequence of PrP overexpres-
sion alone (Figure S5).

F I GURE 2 Biochemical and histopathological characterization of the spontaneous prion disease in TgMo(L108I)3x mice compared to aged
TgMo(L108I)1x mice. (A) Biochemical characterization of proteinase-resistant PrP in brains from spontaneously ill TgMo(L108I)3x mice and aged
healthy TgMo(L108I)1x mice. Western blot analysis of proteinase K (PK)-resistant PrP from 10% (w/v) brain homogenates of TgMo(L108I)3x mice
(three representative animals culled at 302, 338, and 350 days of age with clear signs of disease) and from aged TgMo(L108I)1x mice (culled at
>600 days of age) was performed, after processing all samples using the modified Wenborn protocol for atypical prion detection [21]. All samples
were digested with 10 μg/mL PK and revealed a prominent low molecular weight fragment (�7 to 10 kDa) in all spontaneously ill TgMo(L108I)3x
animals, completely absent in TgMo(L108I)1x mice of more than 600 days of age. For comparison, atypical scrapie isolate (Nor98) processed
identically, and classical scrapie isolate (SSBP/1) digested at 85 μg/mL PK and without further processing are shown as controls. An undigested brain
homogenate from a healthy TgMo(L108I)3x mouse (normal brain homogenate) serves as negative control. Detection was performed using 9A2
monoclonal antibody (1:4000). MW, molecular weight marker. (B) Semi-quantitative (0–4) spongiform lesion and PrPres deposition pattern in
spontaneously ill TgMo(L108I)3x mice determined by histopathological and immunohistochemical analysis. Spongiform lesion (solid black line) was
most intense in neocortex and thalamus, moderate in striatum and mesencephalon and mild in the cerebellar cortex. PrPres deposits (dashed line),
detected using 2G11 anti-PrP mAb, are more variable between animals with some showing only small multifocal plaques, others showing a granular
pattern that coalesces into multifocal plaques and few animals with only the granular pattern, in most cases correlating well with spongiform changes.
Brain regions: Pfc (piriform cortex), H (hippocampus), Oc (occipital cortex), Tc (temporal cortex), Pc (parietal cortex), Fc (frontal cortex), S
(striatum), T (thalamus), HT (hypothalamus), M (mesencephalon), Mob (medulla oblongata), Cm (cerebellar nuclei), Cv (cerebellar vermis), Cc
(cerebellar cortex). (C) Representative brain sections stained with hematoxylin and eosin (H&E) and immunostained for PrPres detection from
TgMo(L108I)3x mice and from age-matched and aged TgMo(L108I)1x mice. Neuropathological characterization of the spontaneous pathology in
spontaneously ill TgMo(L108I)3x mice (left panel) compared to healthy age-matched (395 days of age, middle panel) and aged (600 days of age, right
panel) healthy TgMo(L108I)1x mice. H&E staining is shown on the left of each panel and immunohistochemistry against PrPres (2G11 mAb 1:100)
on the right side. Notice intense spongiform change, increased cell numbers (gliosis) and conspicuous plaques along with granular immunolabeling
pattern in the thalamus and parietal cortex of the TgMo(L108I)3x mice, in which the cerebellar cortex shows evident loss of granules in the granular
cell layer with discrete immunolabeled PrPres aggregates (arrow), whereas no changes or immunolabeling were observed in the TgMo(L108I)1x mice
except for mild spongiosis in the 600-day-old group, likely associated with aging. (D) Detail of hippocampal lesions from TgMo(L108I)3x and age-
matched TgMo(L108I)1x mice. The hippocampus shows atrophy with severe loss of pyramidal cells, gliosis and fine punctate immunolabeling pattern
in TgMo(L108I)3x mice. H&E staining is shown on the left and immunohistochemistry against PrPres (2G11 mAb 1:100) on the right. Hippocampal
layers are indicated: Alb (alveus), ori (oriens), pyr (pyramidal), Lac mol (lacunosum moleculare). No pathological changes or PrPres immunolabeling
were observed in age-matched TgMo(L108I)1x mice (395 days of age). doa, day of age.
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3.5 | Spontaneously generated prions from
TgMo(L108I)3x mice are transmissible to mice
expressing the L108I variant but not to wild-
type mice

To validate that the spontaneous neurodegenerative con-
dition in TgMo(L108I)3x mice constitutes an authentic
prion disorder, we examined its capacity to fulfill a criti-
cal diagnostic criterion: the generation of transmissible
pathogenic agents capable of inducing similar disease
when introduced into new hosts. This transmissibility
represents a fundamental property distinguishing prion
disorders from other neurodegenerative conditions.

We conducted intracerebral inoculations using brain
homogenates from symptomatic TgMo(L108I)3x mice
into a panel of recipient models with varying PrP config-
urations. These models were categorized according to
whether they expressed the WT L108 variant or the
L108I variant of mouse PrP, and at what expression
levels. Among recipients with WT L108 PrP, we observed
a clear influence of expression level on susceptibility.
Standard C57BL/6 mice showed complete resistance to
transmission, with no animals developing clinical mani-
festations upon inoculation with brain homogenates from
three different ill TgMo(L108I)3x mice despite extended
monitoring periods (440–650 dpi), as detailed in Table 1.
Secondary passage attempts using brain material from
these mice similarly yielded negative results after more
than 500 dpi, indicating a robust transmission barrier.
Conversely, Tga20 mice, which express WT mouse PrP
at six to eight times normal levels, developed characteris-
tic neurological dysfunction with an average incubation
period of 261 ± 16 days. Second passage in the same line
showed modest acceleration to 230 ± 6 days. This effi-
cient propagation in Tga20 mice is consistent with this
model’s well-documented ability to propagate atypical
strains, as GSS strain that fail to transmit in WT

mice [23]. The high susceptibility conferred by PrP over-
expression in Tga20 mice is well-established and has
proven capable of propagating strains unable to transmit
in 1� expression models. Biochemical evaluation of brain
tissue from these mice confirmed the presence of the dis-
tinctive 7–10 kDa fragment characteristic of atypical
prionopathies (Figure S6).

In stark contrast to the expression level-dependent
transmission observed in WT L108 models, recipients
expressing the L108I variant demonstrated markedly
enhanced susceptibility regardless of expression levels.
TgMo(L108I)3x mice exhibited full susceptibility upon
intracerebral inoculation with accelerated disease onset
at 105 ± 8 dpi. TgMo(L108I)1x mice, expressing the vari-
ant at physiological levels, also developed disease but
with extended incubation periods, demonstrating that
while the polymorphism facilitates transmission, PrP con-
centration significantly modulates propagation kinetics.
Both models displayed atypical biochemical profiles fea-
turing the signature low molecular weight bands upon
analysis (Figure S6). These transmission studies demon-
strate that the spontaneously arising neurological condi-
tion in TgMo(L108I)3x mice produces authentic
infectious agents that can efficiently propagate disease in
appropriate host models, particularly those expressing
identical PrP variants or those with elevated PrP levels.
This transmissibility confirms the genuine prion nature of
the spontaneous disorder in this transgenic model.

3.6 | Efficient transmission of atypical and
classical prion strains in the TgMo(L108I)
models

Given the predisposition of the TgMo(L108I)3x model to
spontaneously generate an atypical prion strain, we eval-
uated its susceptibility to propagate other atypical strains,

TABLE 1 Inoculation of spontaneously ill TgMo(L108I)3x brain homogenate in different mouse models expressing wild-type (WT) murine PrP
(L108) or L108I murine PrP variant.

Animal model Inoculum Passage
Attack
rate

Incubation period
(dpi ± SEM)

PrPres atypical patterna

(Western blot)

WT mice
(C57BL/6)

TgMo(L108I)3x-01 First 0/6 >500 0/6

TgMo(L108I)3x-02 First 0/6 >440 0/6

TgMo(L108I)3x-03 First 0/6 >500 0/6

WT-TgMo(L108I)3x-01 Second 0/5b >500 0/5

WT-TgMo(L108I)3x-02 Second 0/7 >500 0/7

WT-TgMo(L108I)3x-03 Second 0/7 >500 0/7

Tga20 TgMo(L108I)3x-02 First 7/7 261 ± 16 7/7

Tga20-TgMo(L108I)3x-
02

Second 6/6 230 ± 6 6/6

TgMo(L108I)3x TgMo(L108I)3x-01 First 7/7 105 ± 8 7/7

TgMo(L108I)1x TgMo(L108I)3x-01 First 6/6 480 ± 31 6/6

Abbreviations: dpi, days post-inoculation; SEM, standard error of the mean.
aPrPres atypical pattern (Western blot): refers to the detection of a low molecular weight PK-resistant fragment by Western blot, as detailed in Section 2.
bOriginally the group was composed of 7 mice, but two were culled (at 155 and 338 dpi) because of intercurrent diseases.
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even from different species. We selected several well-
characterized atypical strains, including A117V GSS from a
Spanish patient, the atypical ovine Nor98 strain (character-
ized by an atypical protease resistance pattern and PrPres

deposits primarily in the cerebellar and cerebral cortices), the
spontaneously generated strain in the TgShI112 model
(which develops a spontaneous prion disease with features
indistinguishable from atypical Nor98 scrapie), and prions
derived from the TgVole(I109)4x model [7]. Intracerebral
inoculations of the TgMo(L108I)3x model demonstrated
extraordinary susceptibility, with remarkably short incuba-
tion periods: 57 ± 0.6 days for A117V GSS, 114 ± 5.1 days
for Nor98, 83 ± 1.9 days for TgShI112-derived prions, and
76 ± 1.4 days for TgVole(I109)4x model prions (Table 2).
The efficiency and rapidity of propagation of the A117V
GSS strain are particularly striking, as it also infected effi-
ciently via the intraperitoneal route (57 ± 1.4 days), with
times virtually identical to those obtained after intracerebral
inoculation. This contrasts markedly with the traditionally
reported low infectivity of GSS in conventional experimental
systems. Biochemical analysis of brain tissue from all affected
animals revealed the expected pattern, showing the character-
istic 7–10 kDa band typical of atypical prion diseases
(Figure S7).

To examine the effect that the amount of PrP L108I
has on the propagation of atypical prions, we performed
intracerebral and intraperitoneal inoculations of the
TgMo(L108I)1x model with A117V GSS. Surprisingly,
none of the seven animals per group developed the dis-
ease, although biochemical analysis revealed the presence
of the typical 7–10 kDa band, demonstrating that the
prion had propagated without manifesting clinical signs
(Table 2 and Figure S6). This dissociation between prion
propagation and clinical disease reveals a critical thresh-
old effect: while the L108I substitution facilitates efficient
prion conversion at physiological expression levels, clini-
cal manifestation requires additional PrP expression to
overcome cellular tolerance mechanisms.

Having established the model’s exceptional capacity
for atypical prions, we next evaluated its performance
with well-established classical prion strains. The
TgMo(L108I)3x model showed efficient propagation
with incubation periods of 85 ± 3.8 days for RML,
95 ± 1 days for 22L (previously reported [17]),
124 ± 3.9 days for 301C, and 212 ± 17.5 days for CWD-
TgVole. In the TgMo(L108I)1x model, the periods were
113 ± 1.5 days for RML and 167 ± 2.4 days for 22L. In
C57BL/6 (WT) mice, the times were 169 ± 2.3 days for
RML, 168 ± 1.4 days for 22L, and 184 ± 1.7 days
for 301C (Table 3 and Figure S8). Consistent with
Figure S8, PK–Western blot analysis of brains from all
affected animals inoculated with RML, 22L, or 301C
showed the canonical three-band PrPres pattern indistin-
guishable from the corresponding inocula across
TgMo(L108I)3x, TgMo(L108I)1x, and WT recipients,
indicating preservation of each strain’s biochemical sig-
nature during propagation.

Importantly, secondary transmission experiments per-
formed previously demonstrated that classical prion
strains maintain their fundamental properties after pas-
sage through the TgMo(L108I)3x model. When RML
and 22L strains that had been passaged through
TgMo(L108I)3x mice were subsequently inoculated into
WT mice, they displayed incubation periods and bio-
chemical patterns indistinguishable from the original
strains [17]. To confirm the conservation of their biologi-
cal properties, a detailed histopathological analysis was
carried out. As shown in Figure S9, lesion profiles of
RML and 22L in WT (C57BL/6) mice and TgMo(L108I)
3x-adapted RML and 22L when back-passaged to WT
mice are almost identical in terms of shape, spongiform
lesions and PrPres deposits occurring in the same brain
areas. Although these present with lower intensity in the
back-passaged strains, mainly in cortical areas and hip-
pocampus, indicating an overall conservation of the
lesion distribution pattern and thus, the main biological

TABLE 2 Inoculation of TgMo(L108I)3x mice with different atypical prion strains.

Animal model Inoculum
Inoculation
routea Passage

Attack
rate

Incubation period
(dpi ± SEM)

PrPres atypical
patternb (WB)

TgMo(L108I)3x A117V GSS i.c. First 7/7 57 ± 0.6 7/7

Second 7/7 73 ± 1 7/7

i.p. First 6/6 57 ± 1.4 6/6

Nor98 i.c. First 8/8 114 ± 5.1 8/8

TgShI112-Spon. i.c. First 7/7 83 ± 1.9 7/7

TgVole(I109)4x-Spon. i.c. First 8/8 76 ± 1.4 8/8

TgMo(L108I)1x A117V GSS i.c. First 7/7 >500c 7/7

i.p. First 7/7 >500c 7/7

Abbreviations: dpi, days post-inoculation; SEM, standard error of the mean.
ai.c.: intracerebral inoculation of 1% brain homogenate; i.p.: intraperitoneal inoculation of 10% brain homogenate.
bPrPres atypical pattern (WB): refers to the detection of a low molecular weight PK-resistant fragment by Western blot, as detailed in Section 2.
cAnimals from these two groups were culled without any sign of neurological impairment because of experiment termination at 502 dpi. However, the biochemical
analysis of their brain homogenate showed PrPres with atypical features, indicating the presence of a subclinical prion infection. For this reason, despite the lack of clinical
signs, attack rate was considered 100%.
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features of each strain. This preservation of strain charac-
teristics indicates that neither the L108I substitution nor
the overexpression fundamentally alters the core proper-
ties of classical prion strains, consistent with previous
observations in Tga20 mice expressing WT PrP at high
levels [24].

4 | DISCUSSION

Our complementary transgenic mouse models expressing
mouse L108I PrP presented here provide important
insights into the role of this polymorphism in spontane-
ous prion formation and strain-specific propagation. By
employing both traditional random insertion transgenic
methods and precise CRISPR-Cas9 genome editing, we
have successfully dissected the relative contributions of
sequence alteration and PrPC expression level to the
development of spontaneous prion disease.

The TgMo(L108I)3x overexpression model clearly
demonstrates that the L108I substitution, when expressed
at approximately three times normal levels, is sufficient
to induce spontaneous prion disease with characteristics
mirroring atypical prionopathies such as Nor98 in
sheep [9] and GSS in humans [5]. However, the knock-in
TgMo(L108I)1x model, expressing the same variant at
physiological levels, remained free of spontaneous disease
despite extended monitoring periods exceeding 600 days.
This striking contrast provides compelling evidence that
both factors—the specific amino acid substitution and
elevated expression levels—are necessary for spontaneous
prion formation in this system.

Our findings align with previous observations in
related models, particularly the work by Watts et al. with
bank vole PrP [4], where expression level significantly
influenced disease onset timing. Similarly, our own work
with transgenic models expressing bank vole PrPC with
the I109 polymorphism at different expression levels
leads to the same conclusion [7]. The I109 position in

bank vole PrP (corresponding to I108 in our mouse
models) appears to create an inherent structural vulnera-
bility that enhances misfolding propensity, yet requires a
threshold concentration of protein to trigger spontaneous
disease within the lifespan of mice. Importantly, Tga20
mice expressing WT mouse PrP at six to eight times nor-
mal levels [25] do not develop spontaneous disease during
their natural lifespan, confirming that the L108I
substitution—not merely PrP overexpression—is the pri-
mary driver of spontaneous pathogenesis. Recent com-
prehensive studies have further demonstrated that while
PrP overexpression can lead to age-dependent proteino-
pathy in very aged animals, this pathology is critically
non-transmissible, contrasting with the authentic infec-
tious prions generated in our TgMo(L108I)3x model [26].

Unlike other spontaneous prion models such as
TgVole(I109)4x [7], we observed no sex-dependent differ-
ences in disease onset or progression in the TgMo(L108I)
3x model. This finding suggests that while the isoleucine
substitution is the primary driver of spontaneous prion
formation, the specific host context (mouse vs. bank vole
PrP) may influence the impact of biological variables
such as sex on disease kinetics.

The biochemical and neuropathological features of
the spontaneous disease in TgMo(L108I)3x mice strongly
resemble those of atypical prion disorders. The character-
istic low molecular weight band (7–10 kDa) following
PK digestion and the distribution of PrPres deposits—
predominantly in Cc, neocortex and thalamic nuclei, and
with a characteristic hippocampal involvement including
CA1 atrophy, pyramidal neuron loss and gliosis
(Figure 2D)—mirrors patterns observed in naturally
occurring atypical prionopathies [27–29]. These features
contrast with the brainstem-predominant pathology typi-
cally seen in classical prion diseases, further supporting
the classification of this spontaneous disease as an atypi-
cal prion disorder.

The convergence of similar disease phenotypes across
different species when isoleucine is introduced at

TABLE 3 Intracerebral inoculation of TgMo(L108I)3x mice with different classical prion strains.

Animal model Inoculum Attack rate Incubation period (dpi ± SEM) PrPres classical patterna (WB)

TgMo(L108I)3x RMLb 5/5 85 ± 3.8 5/5

22Lb 8/8 95 ± 1 8/8

301C 7/7 124 ± 4 7/7

CWD-TgVole 6/6 212 ± 17 6/6

TgMo(L108I)1x RML 6/6 113 ± 1 6/6

22L 5/5 167 ± 2 5/5

WT mice (C57BL/6) RML 9/9 169 ± 2 9/9

22L 9/9 168 ± 1 9/9

301C 9/9 184 ± 2 9/9

Abbreviations: dpi, days post-inoculation; SEM, standard error of the mean; WT, wild-type.
aPrPres classical pattern (WB): refers to the detection of the classical three-banded PK-resistant fragment pattern by Western blot after PK digestion, as detailed in
Section 2.
bThe results from these inoculations were already published in a previous manuscript from the group [17].
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equivalent positions (108 in mice, 109 in bank voles [7]
112 in sheep [6]) suggests a conserved mechanism under-
lying spontaneous prion formation. Understanding of the
key molecular features that enable swift and consistent
spontaneous prion generation has revealed common
structural determinants that facilitate the transition from
cellular to pathological prion protein conformations [30].
Sigurdson et al. demonstrated that even subtle alterations
to the structure of the β2-α2 loop region can drive sponta-
neous prion formation in mice [31]. Their findings, like
ours, emphasize how minimal changes to PrP structure
can fundamentally alter its propensity for pathological
folding and aggregation.

Our transmission studies provide compelling evidence
that TgMo(L108I)3x mice generate authentic, transmissi-
ble prions. A notable finding is the existence of a robust
transmission barrier to WT mice expressing physiological
levels of PrP. Standard C57BL/6 mice showed complete
resistance to transmission, with no animals developing
clinical manifestations despite extended monitoring
periods. However, this transmission barrier could be par-
tially overcome in Tga20 mice, which express WT mouse
PrP at six to eight times the normal levels. This represents
the first documented instance of a mouse model expres-
sing WT mouse PrP (L108) exhibiting an atypical PrPSc

pattern following inoculation.
For models expressing the I108 variant, transmission

efficiency was markedly enhanced. This clear distinction
in transmission efficiency based on the presence of isoleu-
cine at position 108 highlights the critical role of specific
amino acid identity in facilitating prion propagation,
independent of expression level. The homologous nature
of the PrP sequence between donor and recipient appears
to be the primary determinant of efficient transmission,
while PrP concentration acts as a secondary modulator
of propagation kinetics. The critical role of position
108 in prion susceptibility has been previously demon-
strated through comparative studies of mouse models
with Prnp(a) (L108) and Prnp(b) (F108) genotypes
[15, 16]. In these studies, the L108 variant consistently
showed greater susceptibility to various scrapie isolates,
further validating the importance of this residue in prion
transmission.

A critical finding from our transmission studies is the
existence of a minimum threshold of PrP expression
required for clinical manifestation of prion disease,
despite evidence of subclinical propagation. This was
clearly demonstrated with A117V GSS inoculations into
TgMo(L108I)1x mice, where none of the animals devel-
oped clinical disease, yet biochemical analysis revealed
the characteristic 7–10 kDa band indicative of prion
propagation. This dissociation between propagation and
clinical manifestation provides a valuable experimental
system for studying the relationship between prion ampli-
fication and neurotoxicity. It also offers opportunities to
evaluate therapeutic approaches targeting prion-induced
pathology. Alternatively, these animals could be propagating

a PrP amyloid unable to cause prion disease, as observed
previously for murine models expressing GSS-related muta-
tions [32]. However, the behavior of the overexpressing I108
model upon GSS inoculation and the susceptibility of
TgMo(L108I)1x mice to spontaneous TgMo(L108I)3x
prions suggest that the knock-in mice develop subclinical dis-
ease with signs that do not manifest during their lifespan
because of slower propagation kinetics associated with lower
PrP expression levels.

Beyond these threshold effects, the differential impact
of the L108I substitution on the propagation of distinct
classical prion strains further evidences the complex inter-
play between prion strain properties and host PrP
sequence. When comparing animals with equivalent
levels of PrP expression, the isoleucine substitution pro-
duces a markedly more significant reduction in the incu-
bation period for RML (�33% shorter) than for 22L
(�0.5% shorter) compared to WT mice. This strain-
specific effect is maintained when PrP expression is
increased to 3x (Table 3), with proportional reductions in
incubation times. This strain-selective effect echoes the
classic Prnp(a)/Prnp(b) paradigm in congenic mice,
where ME7, RML, and 139A transmit rapidly in Prnp
(a) (L108/T189; e.g., C57BL, RIII) but slowly in Prnp
(b) (F108/V189; VM), whereas 22A and 87V show the
opposite pattern [15, 33, 34].

Particularly striking is the observation that incubation
times between TgMo(L108I)3x and Tga20 mice are com-
parable for classical strains like RML and 22L. Compar-
ing with published data for Tga20 mice [24], which
express WT mouse PrP at six to eight times normal levels
(with incubation periods of 59 ± 8 days for RML and
83 ± 3 days for 22L according to Karapetyan et al.), we
observe similar incubation times in our TgMo(L108I)3x
model. This equivalence suggests that the effect of the
isoleucine substitution at position 108 is substantial,
allowing similar acceleration of prion propagation with
lower expression levels. In essence, rapid propagation
times can be achieved either with 6–8� expression of
mouse L108 PrP or with 3� expression of mouse
I108 PrP.

Importantly, secondary transmission experiments
with RML and 22L passaged through TgMo(L108I)3x
mice back to WT mice demonstrated incubation periods,
biochemical patterns and lesion profiles almost identical
to the original strains [17] (Figures S5 and S6), confirm-
ing that neither the isoleucine substitution nor the overex-
pression fundamentally alters the core properties of these
classical strains.

The transmission characteristics of A117V GSS in the
TgMo(L108I)3x model reveal a particularly intriguing phe-
nomenon: Nonadaptive Prion Amplification (NAPA), as
described by Bian et al. [35]. The exceptionally rapid trans-
mission in the first passage (57 ± 0.6 days) followed by a
slightly prolonged incubation period in the second passage
(73 ± 1 days) runs counter to the typical pattern of strain
adaptation, where incubation periods typically shorten
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upon serial passage. In NAPA, prions replicate in a new
host without fully adapting their conformational properties,
maintaining characteristics of the original strain. This inter-
pretation is further supported by the complete transmission
barrier observed when attempting to passage these prions to
WT mice—none of the six animals developed disease even
after more than 600 dpi, indicating that the A117V GSS
prions maintained their original structural characteristics.
These results highlight the low barrier or even the possible
NAPA effect in relation to the efficiency and rapidity with
which the human atypical strain infects and propagates in
the TgMo(L108I)3x model.

Beyond its utility for propagating naturally occurring
prion strains, the TgMo(L108I)3x model has also proven
valuable for investigating recombinant prions, as demon-
strated in recent work by Pérez-Castro et al. [17] Their
study showed that this model efficiently propagates
recombinant prions generated in vitro, including those
formed both in the presence and absence of polyanionic
cofactor [17].

In conclusion, the TgMo(L108I) models presented
here provide complementary, versatile tools for prion
research. The higher-expression TgMo(L108I)3x line
shows exceptional sensitivity for propagating diverse
prion strains, including atypical conformers that have
traditionally been difficult to transmit. In contrast, the
TgMo(L108I)1x line enables investigation of sequence
effects independent of overexpression. Together, these
models advance our understanding of the molecular
determinants of prion-strain formation, selection, and
transmissibility, with implications for fundamental biol-
ogy and therapeutic development.

AUTHOR CONTRIBUTIONS
HE, EV, NF-B, and JC: Conceptualization, methodol-
ogy, formal analysis, writing—original draft, writing—
review and editing, supervision, funding acquisition.
JMC, CMD-D, CS-T-Q, JG-A, EF-M, MS-J-A, MAP-
C, NG-A, PP, SG, NG-M, NLL, and AM-A: Methodol-
ogy, investigation, formal analysis. GPdN and MG:
Methodology, investigation, formal analysis, writing—
review and editing. MAS-M and JRR: Methodology,
investigation, resources, writing—review and editing,
funding acquisition.

ACKNOWLEDGEMENTS
The authors wish to express their sincere gratitude to the
IKERBasque Foundation, as well as to the personnel
from the vivarium, IT services, and maintenance depart-
ments at CIC bioGUNE, Neiker, and IRTA-CReSA,
whose technical and logistical support has been invalu-
able. We also extend our thanks to former members of
the Prion Research Laboratory at CIC bioGUNE, whose
contributions over the years have laid the groundwork
for the methods and techniques employed in the present
study. We gratefully acknowledge the biobanks that

provided access to key biological samples essential for this
work. Special thanks go to the Creutzfeldt-Jakob Disease
Foundation (USA and Spain) and to the families affected
by prion diseases, whose generosity and support have
made it possible to obtain and study human GSS samples.
We also thank Dr. Susana Teijeira from the Grupo de
Enfermedades Raras y Medicina Pedi�atrica, Instituto de
Investigaci�on Sanitaria Galicia Sur (IISGS), for providing
the GSS-A117V sample from a Spanish patient.

FUNDING INFORMATION
The present work was partially funded by three different
grants awarded by “Agencia Estatal de Investigaci�on, Minis-
terio de Ciencia e Innovaci�on” (Spanish Government), grant
numbers PID2024-160022OB-I00, PID2021-122201OB-C21
granted to Joaquín Castilla, PID2020-117465GB-I00 granted
to Jesús R. Requena, and PID2021-1222010B-C22 granted to
Enric Vidal, funded by MCIN/AEI/10.13039/501100011033
and co-financed by the European Regional Development
Fund (ERDF). EFA031/01 NEURO-COOP, which is co-
funded at 65% by the European Union through Programa
Interreg VI-A España-Francia-Andorra (POCTEFA 2021–
2027) granted to Joaquín Castilla, Hasier Eraña and Enric
Vidal. Additionally, CIC bioGUNE currently holds a Severo
Ochoa Excellence accreditation, CEX2021-001136-S granted
to Joaquín Castilla, also funded by Ministerio de Ciencia e
Innovaci�on/AEI/10.13039/501100011033. Transgenic Facility
of IBSAL-University of Salamanca, directed by Manuel
A. S�anchez‑Martín, is supported by Instituto de Salud Carlos
III (ISCIII), co-funded by the European Union grant
PT23/00123. Eva Fern�andez-Muñoz received funding from
Fundaci�on Tatiana Pérez de Guzm�an el Bueno, grant
BN661-FTPGB-2023. This work also received funding from
the Creutzfeldt-Jakob Disease Foundation—2022. The fun-
ders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

CONFLICT OF INTEREST STATEMENT
Authors Hasier Eraña and Jorge M. Charco are
employed by the commercial company ATLAS Molecu-
lar Pharma SL. This does not alter our adherence to the
Journal’s policies on sharing data and materials and did
not influence in any way the work reported in this manu-
script, given that the company had no role in study
design, funding, and data analysis. The rest of the
authors declare no competing interests.

DATA AVAILABILITY STATEMENT
The datasets generated and analyzed during the current
study are available from the corresponding author upon
request. This includes raw histopathological images,
Western blot data, survival analysis datasets, and bio-
chemical analysis results. Access to transgenic mouse
lines TgMo(L108I)3x and TgMo(L108I)1x may be pro-
vided through material transfer agreements subject to
institutional approvals and ethical considerations.

16 of 18 ERAÑA ET AL.

 17503639, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bpa.70083 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [16/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ORCID
Joaquín Castilla https://orcid.org/0000-0002-2216-1361

REFERENCES
1. Prusiner SB, Scott MR, DeArmond SJ, Cohen FE. Prion protein

biology. Cell. 1998;93(3):337–48. https://doi.org/10.1016/s0092-
8674(00)81163-0

2. Westaway D, Goodman PA, Mirenda CA, McKinley MP,
Carlson GA, Prusiner SB. Distinct prion proteins in short and long
scrapie incubation period mice. Cell. 1987;51(4):651–62. https://
doi.org/10.1016/0092-8674(87)90134-6

3. DeFranco JP, Telling GC. The evolution of experimental rodent
models for prion diseases. J Neurochem. 2025;169(3):e70039.
https://doi.org/10.1111/jnc.70039

4. Watts JC, Giles K, Stöhr J, Oehler A. Spontaneous generation of
rapidly transmissible prions in transgenic mice expressing wild-
type bank vole prion protein. Proc Natl Acad Sci U S A. 2012;
109:3498–503. https://doi.org/10.1073/pnas.1121556109

5. Mehra S, Bourkas MEC, Kaczmarczyk L, Stuart E, Arshad H,
Griffin JK, et al. Convergent generation of atypical prions in
knockin mouse models of genetic prion disease. J Clin Investig.
2024;134(15):e176344. https://doi.org/10.1172/jci176344

6. Vidal E, S�anchez-Martín MA, Eraña H, L�azaro SP, Pérez-
Castro MA, Otero A, et al. Bona fide atypical scrapie faithfully
reproduced for the first time in a rodent model. Acta Neuropathol
Commun. 2022;10(1):179. https://doi.org/10.1186/s40478-022-
01477-7

7. Eraña H, Vidal E, Fern�andez-Borges N, Charco JM, Díaz-
Domínguez CM, Sampedro-Torres-Quevedo C, et al. Overexpres-
sion of bank vole PrP(I109) in mice induces a spontaneous atypical
prion disease with sex- dependent onset, early NfL elevation, and
universal prion strain permissiveness. Acta Neuropathol Commun.
2025. https://doi.org/10.21203/rs.3.rs-7464304/v1

8. Tranulis MA, Benestad SL, Baron T, Kretzschmar H. Prion Pro-
teins. Top Curr Chem. 2011;305:23–50. https://doi.org/10.1007/
128_2011_161

9. Benestad SL, Sarradin P, Thu B, Schönheit J, Tranulis MA,
Bratberg B. Cases of scrapie with unusual features in Norway and
designation of a new type, Nor98. Vet Rec. 2003;153(7):202–8.
https://doi.org/10.1136/vr.153.7.202

10. Zou W, Puoti G, Xiao X, Yuan J, Qing L, Cali I, et al. Variably
protease-sensitive prionopathy: a new sporadic disease of the prion
protein. Ann Neurol. 2010;68(2):162–72. https://doi.org/10.1002/
ana.22094

11. Hsiao K, Scott M, Foster D, Dearmond SJ, Groth D, Serban H,
et al. Spontaneous neurodegeneration in transgenic mice with
prion protein codon 101 Proline ! leucine Substitutiona. Ann N
Y Acad Sci. 1991;640(1):166–70. https://doi.org/10.1111/j.1749-
6632.1991.tb00210.x

12. Yang W, Cook J, Rassbach B, Lemus A, DeArmond SJ,
Mastrianni JA. A new transgenic mouse model of Gerstmann–
Sträussler–Scheinker syndrome caused by the A117V mutation of
PRNP. J Neurosci. 2009;29(32):10072–80. https://doi.org/10.1523/
jneurosci.2542-09.2009

13. Eraña H, Sampedro-Torres-Quevedo C, Charco JM,
Díaz-Domínguez CM, Peccati F, San-Juan-Ansoleaga M, et al. A
protein misfolding shaking amplification-based method for the
spontaneous generation of hundreds of bona fide prions. Nat
Commun. 2024;15(1):2112. https://doi.org/10.1038/s41467-024-
46360-2

14. Sampedro-Torres-Quevedo C, Eraña H, Charco JM, Díaz-
Domínguez CM, San-Juan-Ansoleaga M, Fern�andez-Muñoz E,
et al. A comprehensive phylogeny of mammalian PRNP gene
reveals no influence of prion misfolding propensity on the evolu-
tion of this gene. PLoS Pathog. 2025;21(6):e1013257. https://doi.
org/10.1371/journal.ppat.1013257

15. Bruce ME, McConnell I, Fraser H, Dickinson AG. The disease
characteristics of different strains of scrapie in Sinc congenic
mouse lines: implications for the nature of the agent and host con-
trol of pathogenesis. J Gen Virol. 1991;72(3):595–603. https://doi.
org/10.1099/0022-1317-72-3-595

16. Carlson GA, Goodman PA, Lovett M, Taylor BA, Marshall ST,
Peterson-Torchia M, et al. Genetics and polymorphism of the
mouse prion gene complex: control of scrapie incubation time.
Mol Cell Biol. 1988;8(12):5528–40. https://doi.org/10.1128/mcb.8.
12.5528-5540.1988
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