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Introduction

Prion diseases are a group of fatal neurodegenerative diseases
of humans and other mammals that can arise spontaneously or
via transmission (1). The transmissible agent of prion disease
consists of a prion protein in B-sheet-rich self-propagating states
referred to as the scrapie isoform (PrP%) that serves as a tem-
plate for conversion of the same protein in its normal, cellular
form (PrP°) into disease-related states (2-6). In disease-related
states, prion protein elicits multiple disease phenotypes that are
often characterized by different clinical symptoms, cell tropism,
affected brain regions, PrPS deposition patterns, and incuba-
tion times to disease (7-9). The diversity of disease phenotypes
within the same host has been attributed to the ability of PrP°
to acquire multiple, conformationally distinct, self-replicating
PrP%e states referred to as prion strains (10-15). Although the fact
that individual PrP* strains are conformationally different has
been well established (14, 16-20), how individual strain-specific
structures elicit multiple disease phenotypes remains puzzling.
Currently, the relationship between PrP* structure and CNS
response remains empirical, whereas a mechanism that would
describe this relationship in a predictable manner is lacking (21,
22). Moreover, it is becoming evident that the same concept of
different disease phenotypes being associated with individual
pathogenic strains of the same protein is applicable to other neu-
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Posttranslational modifications are a common feature of proteins associated with neurodegenerative diseases including
prion protein (PrP°), tau, and a-synuclein. Alternative self-propagating protein states or strains give rise to different disease
phenotypes and display strain-specific subsets of posttranslational modifications. The relationships between strain-specific
structure, posttranslational modifications, and disease phenotype are poorly understood. We previously reported that
among hundreds of PrP® sialoglycoforms expressed by a cell, individual prion strains recruited PrP® molecules selectively,
according to the sialylation status of their N-linked glycans. Here we report that transmission of a prion strain to a new host
is accompanied by a dramatic shift in the selectivity of recruitment of PrP® sialoglycoforms, giving rise to a self-propagating
scrapie isoform (PrP%) with a unique sialoglycoform signature and disease phenotype. The newly emerged strain has

the shortest incubation time to disease and is characterized by colocalization of PrP* with microglia and a very profound
proinflammatory response, features that are linked to a unique sialoglycoform composition of PrP5. The current work
provides experimental support for the hypothesis that strain-specific patterns of PrP* sialoglycoforms formed as a result
of selective recruitment dictate strain-specific disease phenotypes. This work suggests a causative relationship between a
strain-specific structure, posttranslational modifications, and disease phenotype.

rodegenerative diseases (23-26), yet the relationship between
structure and disease phenotype remains poorly understood.

PrP¢ is posttranslationally modified with the glycosylphos-
phatidylinositol (GPI) anchor and 1 or 2 sialylated N-linked gly-
cans (27-30). Previously, we showed that among hundreds of
PrP°€ sialoglycoforms expressed by a cell, individual prion strains
selectively recruit those PrP¢ sialoglycoforms that can be accom-
modated within a strain-specific structure (31-33). The selectivity
is dictated by a strain-specific structure on one hand, and steric
constraints associated with the charge, size, and a number of the
N-linked glycans in individual PrP molecules on the other hand
(34). In addition, the host appears to play a role in setting up the
limits of selective recruitment. For instance, all hamster strains
tested displayed only minor preferences toward specific sialogly-
coforms, whereas mouse-adapted strains exhibited a much wider
range of selectivity by excluding hypersialylated diglycosylated
PrP° molecules in a strain-specific manner (32).

To explain the diversity in disease phenotypes, we proposed
that as a result of selective recruitment of sialoglycoforms, unique
strain-specific patterns of carbohydrate epitopes are formed on
the PrP surface, and that the response of the CNS and disease
phenotype are dictated by strain-specific carbohydrate patterns
(34). This hypothesis highlights the role of posttranslational modi-
fications and, specifically, in the case of prion diseases, the role of
N-linked glycans in establishing a causative relationship between
strain-specific structure and disease phenotype. As long as a strain
is transmitted within the same host, the strain-specific structure
and its carbohydrate pattern propagate faithfully, ensuring inher-
itance of strain-specific disease phenotypes. However, transmis-
sion to a new host is expected to alter the criteria for selective
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Figure 1. Adaptation of SSLOW to mice. (A) Adaptation of hamster SSLOW to mouse PrPtin sPMCAb seeded with 10°-fold-diluted SSLOW BHs and

conducted using mouse normal BHs. Corresponding nonseeded sSPMCAb and serial dilutions of SSLOW BHs in the absence of amplification are shown as
references. (B) Left: Western blot analysis of PrP> in mice inoculated with the hamster-derived SSLOW, mouse sPMCAb-adapted SSLOW, or noninoculat-
ed aged-matched controls. Products of the tenth sSPMCAb round were used for inoculation. Right: Comparison of the PrP> amounts in passages 1and 2

of sPMCAb-adapted SSLOW. Animal number 3 was used for serial transmission. In A and B, all samples, with the exception of lane 1 (-PK), were treated
with PK. (C) Western blot analysis of PrP* from passages 2-6. (D) Change in the percentage of di-, mono-, and unglycosylated PrP* as a function of serial
passage. Data presented as individual animals and mean + SD (n = 3 for passage 2 and n = 6 for the other groups). (E) Box-and-whisker plot of incuba-
tion time to clinical disease in i.c.-inoculated animals as a function of serial passage. The midline of the box-and-whisker plot denotes the median, the x
represents the mean, and the ends of the box plot denote the 25th and 75th percentiles. For passage 2, only females (F) were used (n = 8); both males (M)
and females were used for the remaining passages: n=8 F + 5Min passage 3,n=4F + 5Min passage4,n=5F + 5 Min passage5,andn=8F +5Min
passage 6. Data presented as the mean + SD. ****P < 0.0001 by 1-way ANOVA with Dunnett’s T3 multiple-comparisons test. (F) Kaplan-Meier survival plot
for mice from serial passages 2-6. The survival curve for SSLOW-inoculated hamsters is provided as reference (41, 81). Western blots (A) were stained with
antibody SAF-84 and in B and C with antibody ab3531.

:

recruitments of PrP¢ glycoforms, resulting in a new carbohydrate
pattern and disease phenotype.

To test the above hypothesis, Syrian hamster strain SSLOW,
which is characterized by a minimal selectivity in recruitment, was
serially transmitted to C57 black mice, a host in which prion strains
display a broad range of strain-specific selectivities (32). To overcome
the species barrier, SSLOW was first adapted to mouse PrP€ sub-

strate using serial protein misfolding cyclic amplification with beads
(sPMCAD) before transmission to the new host. Despite adaptation to
mouse substrate, 5 serial passages were required to stabilize the incu-
bation time to clinical disease in mice. Remarkably, shortening of the
incubation time to the disease was mirrored by a dramatic change in
selectivity of recruitment and PrP* conformational stability. Over
the course of adaptation, the composition of PrP* sialoglycoforms
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changed gradually from predominantly hypersialylated diglycosylat-
ed to hyposialylated monoglycosylated and unglycosylated isoforms.
Upon adaptation to a new host, a unique signature of PrP sialogly-
coform along with a new disease phenotype emerged. In comparison
with other mouse-adapted strains, the newly emerged strain had the
shortest incubation time to disease, was characterized by widespread
PrPS deposition across all brain areas, had an abundance of PrPS
colocalized with microglia, and showed a very strong, widespread
proinflammatory response. We attributed the colocalization of PrP%
with microglia and the strong neuroinflammation to a unique sialo-
glycoform composition of PrP%, namely a high proportion of hypo-
sialylated and unglycosylated isoforms. The current study suggests
the existence of a causative relationship between PrP% sialoglyco-
form composition and disease phenotype.

Results

Previous studies illustrated that adaptation of a prion strain to
a substrate of a new host in PMCA can significantly reduce or
completely abrogate the species barrier of transmission to this
host (35-38). For adapting the Syrian hamster strain SSLOW to
mouse substrate, SPMCADb reactions were seeded with hamster
brain-derived SSLOW and conducted using mouse normal brain
homogenate (BH). Steady amplification was observed, suggesting
that the SSLOW-specific PrP* structure was effective in recruit-
ing and converting mouse PrP¢ (Figure 1A). As negative controls,
(a) serial dilutions of SSLOW material without amplification and
(b) nonseeded PMCAD reactions were conducted in parallel. Both

jci.org

RESEARCH ARTICLE

Figure 2. Change in PrP* deposition upon serial passaging. Represen-
tative images of PrP> deposition in the thalamus and hippocampus of
animals from passages 2, 4, and 6 of SSLOW-Mo and normal controls.
Antibody SAF-84 was used for staining. Scale bar: 100 pm. Brains of nor-
mal-age mice (337-405 days old) were used for reference.

negative controls showed lack of PrP* amplification (Figure 1A).

Next, C57BL/6 mice were inoculated intracerebrally (i.c.)
with hamster brain-derived SSLOW or mouse sPMCAb-derived
SSLOW. None of the animals, including those inoculated with
sPMCAb-derived SSLOW, developed clinical signs of disease.
Nevertheless, 2 out of 3 animals challenged with hamster-derived
SSLOW and all 8 animals inoculated with mouse sSPMCAb-derived
SSLOW were positive on Western blot (Figure 1B). Although pread-
aptation of hamster PrP% to mouse substrate in SPMCAb seemed
to help overcome the barrier, the lack of clinical disease in pas-
sage 1 raised the possibility that adaptation to a mouse substrate
in sSPMCAD did not completely abrogate the transmission barrier.
In part, lack of clinical diseases could be due to a possible decline
in specific prion infectivity in the course of sSPMCADb, as reported
in previous studies (39). To examine this possibility, animals were
inoculated with brain-derived mouse strain 22L and sSPMCAb-de-
rived 22L produced in sSPMCAD consisting of 10 rounds. Animals
that received brain- or sSPMCAb-derived 22L succumbed to the
diseases at 161 = 1 or 173 £ 5 days after inoculation, respectively.
Although the sSPMCAb-derived 22L group showed a slightly longer
incubation time, this experiment suggests that the sSPMCAD proce-
dure used cannot account in full for the lack of clinical disease in
animals inoculated with mouse sPMCAb-adapted SSLOW.

Serial transmission of sPMCAb-derived SSLOW revealed
clinical signs of the disease in passage 2 at 285 + 39 days after
inoculation; then there was a significant reduction in the incuba-
tion time to the first signs in passage 3, and further modest reduc-
tions in passages 4 and 5 (Figure 1E). The incubation time to clin-
ical disease was only 95 days in both passages 5 and 6, which was
the shortest among currently known mouse-adapted strains (Fig-
ure 1, E and F). Brains of animals from all serial passages were
PrPS¢positive (Figure 1C). Starting from passage 2, the key patho-
logical hallmarks of transmissible spongiform encephalopathies
including PrP% deposition, spongiosis, reactive astrogliosis, and
microgliosis were apparent (Supplemental Figure 1 and Figure 2;
supplemental material available online with this article; https://
doi.org/10.1172/JCI1138677DS1). Reminiscent of the large PrP-
S¢ plaques in SSLOW-infected hamsters (40-42), large plaques
and areas with a high density of smaller PrPS deposits were seen
in passage 2 (Figure 2). Coimmunostaining for PrPs and Ibal,
a microglia-specific marker, revealed that reactive microglia
surrounded or penetrated large PrPS plaques (Figure 3, B and
C, and Supplemental Figure 2). Astrocytes were also observed
surrounding large PrPS¢ plaques (Figure 3A). Colocalization of
small PrPs deposits with microglia, and to a lesser extent with
astrocytes, suggested that both types of cells phagocytose PrPs¢
(Figure 3, A-C, and Supplemental Figure 2). By passage 4, large
PrPs plaques completely disappeared, yet areas with high densi-
ties of PrP% deposits could still be seen (Figure 2). Fine granular
PrPs¢ deposits, while visible starting from passage 2, emerged as
a main histopathological feature by passage 4 (Figure 2). In pas-

:


https://www.jci.org
https://www.jci.org
https://www.jci.org/articles/view/138677#sd
https://doi.org/10.1172/JCI138677DS1
https://www.jci.org/articles/view/138677#sd
https://www.jci.org/articles/view/138677#sd

:

RESEARCH ARTICLE

sage 6, the fine granular PrP* deposits were prominent in most
brain areas including the thalamus, hypothalamus, cortex, hip-
pocampus, stem, and cerebellum (Supplemental Figure 3). The
strain that emerged as a result of adaptation of SSLOW to mice
will be referred to hereafter as SSLOW-Mo. Although previously
characterized mouse-adapted strains showed tropism to specific
brain regions (8, 9, 43, 44), SSLOW-Mo PrPs¢ deposits were wide-
spread across the brain and affected most brain regions (Supple-
mental Figure 3). In summary, 5 serial passages were required for
stabilizing the disease phenotype in mice. Lengthy adaptation to
a new host suggests that preadaptation of SSLOW to a mouse
substrate in sSPMCAb was not sufficient to fully eliminate the
transmission barrier, and that factors other than differences in
amino acid sequence between PrP and PrP¢ contribute to the
transmission barrier.

Analysis of glycoform ratios revealed that adaptation of
SSLOW to a new host was accompanied by an increase in per-
centage of mono- and unglycosylated isoforms at the expense of
diglycosylated isoforms (Figure 1D). The glycoform ratio stabi-
lized by passage 6, mirroring the dynamics of the incubation time
to disease (Figure 1, D and E). A drift in glycoform ratios suggests
that selectivity of recruitment changes with strain adaptation,
yet, in the absence of the knowledge about PrP* sialylation sta-
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Figure 3. Histopathological analysis of reactive microglia,
astrocytes, and PrP* in passage 2. (A) Upper panel: PrP-

5 deposits (antibody SAF-84, red) and astrocytes (GFAP,
green) in hippocampus. Insert: GFAP staining of astrocytes
surrounding a plaque. Lower panel images: Colocalization of
small PrP5¢ deposits with an astrocyte. (B) Upper panel: PrP*
plagues (antibody SAF-84, red) and microglia (Iba1, green) in
hippocampus. Insert: Iba1 staining of microglia surrounding

a plague. Lower panel images: Colocalization of small PrP*
deposits with microglia. (C) Coimmunostaining of diffuse PrP*
deposits (antibody SAF-84, red) and microglia (Iba1, green) in
thalamus. Insert: Iba1 staining of the same area. Scale bars:
25 pum in immunofluorescence images in A and B and 30 pm in
DAB-stained inserts; 50 um in immunofluorescence image in €
and 100 um in DAB-stained insert.

tus, it provided limited insight. The original SSLOW
strain recruits PrP¢ sialoglycoforms proportionally to
their expression levels, which results in a vast major-
ity of PrP molecules being diglycosylated and heavily
sialylated (Figure 4A, Supplemental Figure 4, and ref.
32). In contrast to SSLOW, known mouse-adapted
strains display a wide range of strain-specific pref-
erences for monoglycosylated and unglycosylated
isoforms (32). To examine whether the selectivity of
recruitment changes in a new host, the composition of
SSLOW-Mo PrP*¢ was examined using 2-dimensional
electrophoresis and Western blots (2D) (Supplemental
Figure 4). On 2D, sialoglycoforms were divided arbi-
trarily into 5 groups corresponding to unglycosylated
(group 1), hypo- and hypersialylated monoglycosylated
(groups 2 and 3, respectively), and hypo- and hyper-
sialylated diglycosylated (groups 4 and 5, respectively)
isoforms (Figure 4B). Multiple-charge isoforms in the
unglycosylated group were previously attributed to
the heterogeneity of the GPI anchor (45). In the course of serial
transmission, the profile of sialoglycoforms was transformed dra-
matically (Figure 4, A, C, and D). The relative proportion of the
unglycosylated group increased substantially (Figure 4, A, C, and
D). Among monoglycosylated isoforms, the contribution of hypo-
sialylated isoforms grew gradually, whereas representation of the
hypersialylated group dropped after a transient increase at pas-
sage 3 (Figure 4, A, C, and D). Contribution of both diglycosylated
groups decreased, although more so for the hypersialylated rela-
tive to the hyposialylated group (Figure 4, A, C, and D). The trans-
formation of the selective recruitment was particularly dramatic
upon comparison with the original SSLOW strain (Figure 4E).
Overall, the recruitment of hypersialylated isoforms decreased
markedly, whereas the relative presentation of unglycosylated
and hyposialylated monoglycosylated isoforms increased with
strain adaptation (Figure 4C). In fact, in comparison with other
mouse-adapted strains tested (22L, ME7, or RML), passage 6 of
SSLOW-Mo had the highest proportion of unglycosylated iso-
forms, yet the lowest amounts of hypersialylated monoglycosylat-
ed isoforms (Figure 4F). In comparison with ME7 or 22L, SSLOW-
Mo also had a lower proportion of hypersialylated diglycosylated
isoforms. In summary, a unique signature of PrP¢ sialoglycoforms
emerged as a result of adaptation to a new host. Notably, changes
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Figure 4. Change in selective recruitment

— di- 5 e 4| |- .
s MONO- ' - 2| = of PrP* sialoglycoforms over the course of
gg?gw — UN- : 1| € SSLOW-Mo adaptation. (A) Representative
intensity profiles of di- (blue lines), mono- (red
C o4 lines), and unglycosylated (green lines) sialo-
> SSLOW-Mo glycoforms of brain-derived PrP> of hamster
@ - 03 SSLOW, SSLOW-Mo from serial passages 1-6,
% I l and mouse-adapted 22L. Profiles were built as
° g 0.2 described in Methods using 2D Western blots.
25 (B) An example of 2D Western blot of SSLOW-
% < 0.1 1 Mo PrP*¢ showing classification of sialoglyco-
o 1 l forms into 5 groups: 1, unglycosylated; 2 and 3,
0.0 hypo- and hypersialylated monoglycosylated,
1T 2 3 4 5 respectively; 4 and 5, hypo- and hypersialylat-
Sialoglycoform groups ed diglycosylated, respectively. Western blot
D o E was stained with antibody ab3531. (C and D)
03 1 Change in relative populations of 5 sialogly-
0.2 0.4 coform groups of SSLOW-Mo PrP* over the
01 03 course of 6 serial passages. Two individual
3 00 ' animals for each group are shown. (E) Compar-
% 0‘3 ond 0.2 ison of relative populations of 5 sialoglycoform
& ’ groups in passages 1and 6 of SSLOW-Mo (blue
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E. - 01 0.0 hamster SSLOW (black triangles). (F) Compari-
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2 02 0.1 gray squares; 22L, bright green diamonds;
% 01 4th 0.0 RML, olive triangles.
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in selective recruitment stabilized after passage 5, mirroring the
dynamics of the incubation time to disease (Figure 4, C and D).
Transformation of PrP* sialoglycoform composition over the
course of adaptation suggests that the PrP¢ structure continued
to evolve for 5 serial passages. To test whether this is the case,
conformational stability, which was previously found to be infor-
mative for tracking structural changes, was analyzed (40, 46). As
judged by guanidine hydrochloride-induced (GdnHCl-induced)
denaturation experiments, conformational stability was the
same for PrP% from SSLOW-Mo passage 2 and the original, ham-
ster-derived SSLOW (Figure 5, A and B). Nevertheless, a major
structural change took place during the third serial passage,
which also showed the largest drop in the incubation time to dis-
ease. After passage 3, relatively minor, gradual changes in PrP
conformational stability could be observed, mirroring modest
drops in the incubation time to the disease. The same stability
was observed for PrPs from passages 5 and 6, which was slightly

jci.org

higher than that of the mouse-adapted strain 22L. In summary,
changes in conformational stability also mirrored drops in incu-
bation time to disease along with changes in selective recruit-
ment of sialoglycoforms.

The unique signature of sialoglycoform seen in SSLOW-Mo
PrP%, in combination with its short incubation time to disease,
raised the question of whether a causative link between sialo-
glycoform composition and the disease phenotype exists. Short
incubation time suggests that SSLOW-Mo PrP* is highly toxic to
neurons, assuming colocalization of PrPS¢ with neurons. To test
whether this is the case, coimmunostaining for PrP% and markers
of neurons (MAP2), astrocytes (GFAP), microglia (Ibal), and oli-
godendrocytes (MBP) was performed. Surprisingly, pronounced
colocalization of small PrPS puncta with microglia, and to a less-
er extent with astrocytes, was observed, while very minor if any
association with neurons or oligodendrocytes was found (Figures
6 and 7). Occasionally, PrP* could be observed in close proximi-
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ty to neurons (Figure 6). However, it was not clear whether these
PrP* particles were indeed on the cell surface of neurons or were
associated with microglia abundantly present across the brain
(Figure 7). Unlike neurons or astrocytes, microglia do not replicate
PrPS¢. Nevertheless, extensive colocalization with microglia sug-
gests that microglia efficiently phagocytose PrPS¢, but may not be
able to digest it. Very limited colocalization of PrPS with neurons
points to non-cell-autonomous toxicity as a primary mechanism
responsible for the disease.

Neuroinflammation, as an important contributor to non-
cell-autonomous toxicity, has been previously implicated in neu-
rodegenerative diseases including prion diseases (47-49). To
examine neuroinflammation status, expression of genes reporting
on reactive phenotypes of microglia and astrocytes was examined
in 4 brain regions (thalamus, hypothalamus, cortex, and hippo-
campus) in the animals of passage 6. Mice inoculated intraperito-
neally (i.p.) were analyzed in parallel with the i.c.-inoculated group
to test the extent to which the neuroinflammation status might be
affected by priming microglia with injury associated with i.c. inoc-
ulation. Animals inoculated via the i.p. route developed the first
signs of the disease at 124 + 7.7 days after inoculation and were ter-
minally sick at 148 * 6.6 days after inoculation, again showing the
shortest incubation time to disease among mouse-adapted strains.
Both i.p.- and i.c.-inoculated groups showed equally strong upreg-
ulation of proinflammatory genes (Tnfa, Il1A, Cxcl10, and Ccl2),
genes involved in innate immune response (Cd68, C3, and Tlr2),
and genes associated with Al-, A2-, or PAN-reactive astrocytes
(Figure 8, A and B). Remarkably, SSLOW-Mo animals showed
a much stronger response relative to the 22L- or ME7-infected
groups (Figure 8, A-C). Moreover, all 4 brain regions tested were
affected more severely in SSLOW-Mo relative to the correspond-
ing regions in 22L or ME7 animals, documenting widespread neu-
roinflammation in SSLOW-Mo (Figure 8, A-C). In fact, at least 3
regions in SSLOW-Mo (hippocampus, thalamus, and cortex) were
affected more severely relative to the thalamus in the 22L and
ME7 groups, which was the most affected region in these 2 strains
(43). Astrocytes showed the same pattern of activation as proin-
flammatory genes or genes of innate immune response (Figure
8B). Consistent with previous studies (43, 50), genes associated
with all 3A1-, A2-, and PAN-reactive phenotypes were upregulated
in astrocytes of SSLOW-Mo animals (Figure 8B).
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Figure 5. Analysis of the conformational stability of PrP> over the
course of SSLOW-Mo adaptation. (A) Western blot analysis of hamster
SSLOW brain material, SSLOW-Mo brain materials from serial passages
2-6, or mouse 22L brain material. Brain materials were incubated with
increasing concentrations of GdnHCI from 0.4 to 4 M for 1 hour, and then
diluted out of GdnHCI, digested with PK, and analyzed by Western blot
using antibody ab3531 for mouse and 3F4 for hamster brain materials.
Undigested brain material (-PK) is provided as a reference. (B) Confor-
mational stability profiles of brain-derived PrP* built using densitometry
analysis of the data presented in Western blots. Data presented as the
mean + SD (n = 3 animals).

Discussion

Although posttranslational modifications have been recognized
as a common feature of proteins associated with neurodegenera-
tive diseases, a substantial gap exists in our understanding of the
role of posttranslational modifications in defining strain-specific
structure and disease phenotype. Our previous studies estab-
lished that among hundreds of PrP¢ sialoglycoforms expressed
by a cell, prion strains recruit sialoglycoforms selectively (32, 33).
Strain-specific structure of PrP%, on one hand, and electrostatic
repulsion between sialic acid residues of the N-linked glycans
along with their size, on the other hand, impose electrostatic and
steric constraints that dictate the selectivity of recruitment (34).
Hamster strains, including SSLOW, display minimal constraints,
as they easily accommodate diglycosylated and highly sialylat-
ed PrP¢ molecules (32, 51). In contrast, mouse-adapted strains
exhibit much stronger constraints and preferentially exclude
hypersialylated and diglycosylated PrP¢isoforms in a strain-spe-
cific manner (32, 51). The fact that mouse-adapted strains pre-
fer mono- and unglycosylated PrP¢ as a substrate has been well
established, as was evident from both animal and in vitro studies
(51, 52). Remarkably, selective preferences for mono- and ungly-
cosylated substrates were completely lost upon desialylation of
PrP¢ N-linked glycans, arguing that sialic acid residues impose
major constraints preventing recruitment of diglycosylated
PrP¢ (32). The current study demonstrated that the adaptation
of a hamster strain to a new host was accompanied by dramatic
changes in selective recruitment of PrP¢ sialoglycoforms, giving
rise to a new strain with unique sialoglycoform composition and
disease phenotype.

Among hamster strains, SSLOW displays one of the longest
incubation times to disease (40, 41, 53). Upon adaptation to
mice, a new strain with the shortest incubation time to disease
among the mouse-adapted strains emerged. Besides incubation
time, widespread deposition of PrPs across brain regions, colo-
calization of PrP* with microglia, and very intense, widespread
neuroinflammation were among other distinctive features of
SSLOW-Mo. A unique sialoglycoform signature along with a high-
ly distinctive disease phenotype suggested that a causative link
between PrP*¢ sialoglycoform composition and disease pheno-
type exists. Previously we showed that lectins specific for sialic
acid show robust staining of PrP% plaques, documenting localiza-
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Figure 6. Coimmunostaining of PrP* and neurons, astrocytes, or oligodendrocytes.

Representative images of coimmunostaining for PrP* (antibody SAF-84, red) and neurons
(MAP2, green), astrocytes (GFAP, green), or oligodendrocytes (MBP, green) in animals from
passage 6 of SSLOW-Mo (A) or normal controls (B). Arrows in A point to small PrP* depos-

its in close vicinity to neurons or astrocytes. Scale bars: 20 pm.

tion of sialic acid residues on PrP% surfaces (34). In the current
study, shortening of the incubation time over the course of serial
transmission was mirrored by changes in the selective recruit-
ment of sialoglycoforms and PrP* conformational stability.

The process of strain adaptation to a new host appeared to be
complex and could consist of several steps or processes. Over the
course of passages 1 and 2, significant changes in the sialylation pat-
tern of SSLOW-Mo relative to that of the hamster SSLOW, yet very
minor changes in PrP* conformational stability, were observed.
It is difficult to conclude without a doubt whether PrPs structure
changed at this step, as structurally different PrPS might have the
same stability. A major drop in the incubation time between pas-
sages 2 and 3 coincided with a major change in PrP% conformation,
yet a modest shift in the sialylation profile. More significant chang-
es in sialylation patterns along with gradual and modest changes
in conformational stability and incubation time were observed
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over the course of passages 4 and 5. The 2D approach
employed in the current study tracks only major trends
in dynamics of sialoglycoforms, leaving nuances
behind. Moreover, we chose a very conservative way
for analyzing 2D results. In calculating the relative
contribution of the 5 groups, each spot within a group
is given the same weight, regardless of its position on
2D blots and a number of sialic acid residues per PrP
molecule. However, the number of sialic residues per
PrP molecule increases progressively with a shift of
the pI to acidic pH. As a result, changes in the relative
contribution of hyper- versus hyposialylated groups
that might be modest on the plots in Figure 4, C-F, in
fact, could reflect significant changes in the sialyla-
tion levels and glycoform composition. Nevertheless,
current work supports the hypothesis that changes in
selective recruitment of sialoglycoforms are driven by
a change of the host during the first serial passage and
then by conformational changes in PrPS during sub-
sequent passages.

While structural change within PrP% acts as
one of the driving forces behind shifts in selective
recruitment, a reverse feedback of N-glycan com-
position on the conformational stability of PrP and
its aggregation state also exists. Changes in selective
recruitment shift the pI of PrP* toward basic pH,
which is expected to alter its solubility, conforma-
tional stability, and aggregation states at physiolog-
ical pH. Indeed, in parallel with the changes in the
sialoglycoform composition over the course of adap-
tation, PrPSc aggregation status underwent a dramatic
transformation as well. Reminiscent of the large PrP-
S¢ plaques in SSLOW-inoculated hamsters (40-42),
PrP* plaques were still present at passage 2 in mice
along w=ith small granular deposits. In subsequent
passages, large plaques were completely replaced by
diffuse PrPs deposits and, eventually, by small gran-
ular aggregates. How does PrP* sialylation status
explain changes in its aggregation states? In hamster
SSLOW PrP*¢, a high proportion of heavily sialylated
and negatively charged N-glycans compensates the
net positive charge of PrP polypeptide chains, making SSLOW
PrP% prone to aggregation into large plaques. Over the course of
strain adaptation, a steady increase in the relative proportion of
the unglycosylated and hyposialylated molecules shifts the pI of
PrP% particles from neutral to basic pH. Basic pl is expected to
prevent PrP* particles from forming large aggregates. Notably,
glia have a different strategy of dealing with large plaques versus
small particles. Microglia and astrocytes attempt to seclude large
plaque-forming structures that could be compared with glial scars
(as seen in Figure 3, A and C), whereas small PrP% particles can be
efficiently phagocytosed.

What makes microglia overly reactive in SSLOW-Mo in com-
parison with other strains? Hyposialylated PrP% exposes galac-
tose instead of sialic acid residues at the terminal position of the
N-linked glycans. An increase in hyposialylated PrPS over the
course of adaptation of SSLOW-Mo is expected to intensify the
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Figure 7. Colocalization of PrP5 and microglia. Representative images of
coimmunostaining for PrP* (antibody SAF-84, red) and microglia (Iba1, green)
in animals from passage 6 of SSLOW-Mo (A and B) or normal control (C). Scale
bars: 20 um (A and C) and 10 um (B).

“eat me” phagocytic response in microglia, which is known to be
activated by exposed galactose (54-57). Previously we showed
that partial desialylation of PrP* enhanced the proinflammatory
response of primary microglia in vitro (58). Moreover, the most
intense proinflammatory response was observed in brain regions
with the lowest sialylation status of PrP*, also suggesting that a
link between sialoglycoform composition and microglia response
does exist (59). In SSLOW-Mo, the widespread proinflammatory
phenotype of microglia was characterized by a robust upregulation
of Il1A, Tnfa, and Cxcl10, the proinflammatory signaling molecules
that can contribute to neurotoxicity and apoptosis. Moreover, sig-
nificantly stronger expression levels of Cd68, a gene that reports on
phagocytic activity, and C3, a component of the complement sys-
tem, were observed across brain regions in SSLOW-Mo relative to
ME?7 or 22L groups, illustrating that a robust activation of “eat me”
signaling occurred in SSLOW-Mo animals. Recent studies showed
an elevation of C3 in Creutzfeldt-Jakob disease in humans (60). C3
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plays a critical role in synapse pruning during normal brain
development and chronic neurodegeneration (61-65). The
synaptic pruning involves the tagging of synapses by Clq,
then their opsonization by C3, followed by their engulfment
and phagocytosis via an interaction with the C3 receptor
expressed by microglia. One might suggest that a simi-
lar, complement-dependent mechanism is involved in the
phagocytosis of PrPS by microglia and/or by infiltrating mac-
rophages. Consistent with this hypothesis, C1q was found to
form a complex with prion protein oligomers in vitro (66).
Moreover, the ability of Clq to interact with PrPS was docu-
mented by a study in which C1q was found to mediate uptake
and trafficking of PrP% by cells of the peripheral immune
system (67). Several components of a complement cascade
including Clga, Clgb, Clgc, and C3ar1 (receptor for C3a) that
are normally involved in synaptic pruning were found to be
strongly upregulated in brains of prion-infected mice (43). In
the current study, the vast majority of small PrPS aggregates
were found to be colocalized with microglia, supporting the
idea that microglia can efficiently phagocytose SSLOW-Mo
PrPs. Whether microglia can digest SSLOW-Mo PrP*¢ as effi-
ciently is not clear. We propose that chronic exposure to PrP*
overactivates phagocytic and C3-dependent pruning path-
ways in microglia and astrocytes, which not only target PrP*,
but also synapses. Recent studies revealed that, in addition
to microglia, reactive astrocytes might also play a signifi-
cant role in neuroinflammation and neuronal toxicity (43,
68). Notably, in the current study, the same ranking order of
astrocyte activation was observed between 4 brain regions
in 3 strains as those for microglia. These results suggest that
activation of microglia and astrocytes is tightly coupled. To
summarize, phenotypic changes in both cell types, microg-
lia and astrocytes, might contribute to non-cell-autonomous
neuronal death. Among the 3 strains tested here, SSLOW-Mo
displayed the strongest proinflammatory response and the
shortest incubation time to disease, suggesting that neuroin-
flammation drives disease pathogenesis. It would be very
interesting to use a panel of strains in a future study to exam-
ine whether a reverse correlation between the degree of neu-
roinflammation and incubation time exists.
Cross-species transmission of prions is controlled by a spe-
cies barrier that manifests itself in a low attack rate, prolonged
incubation time to clinical disease, or lack of disease. Tradition-
ally, the magnitude of a barrier is believed to be determined by
the extent to which the strain-specific conformation of donor
PrPS can accommodate the primary structure of the new host
PrP (6, 69-71). When cross-species transmission is followed by
serial passaging in a new host, strains can gradually adapt to a
new species, a phenomenon known as prion strain adaptation
(71). Notably, previous work documented a substantial barrier
upon transmission of the new variant Creutzfeldt-Jakob disease
from human patients to transgenic mice expressing human PrP¢
of identical amino acid sequences (72, 73). Other studies demon-
strated the remarkable susceptibility of the bank vole for efficient
transmission of prions from a variety of species in the absence
of a significant species barrier (74, 75). These studies suggested
that some hosts can replicate a range of prion strains very effi-
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ciently, despite sequence differences between donor PrP% and
host PrP¢. On the other hand, a species barrier could be observed
even in the absence of such differences, suggesting that other
factors contribute to the barrier. It is expected that amplification
of prions in vitro using PrP€ from a new host would significantly
reduce or completely abrogate the species barrier. Indeed, pre-
vious studies, which employed several animal species, includ-
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ing hamsters and WT or transgenic mice, and a diverse range of
prion strains from a number of species, demonstrated that the
species barrier could be significantly or fully abrogated by inter-
species PMCAs (35-38).

In the current study, SSLOW did not show a significant barri-
er in interspecies SPMCADb, arguing that this strain can effectively
use mouse PrP¢ as a substrate. However, a transmission barrier
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was observed upon serial passaging of mouse sPMCAb-derived
SSLOW to mice, pointing out that a barrier still exists despite
identity in the amino acid sequences of donor PrPs and host PrPC.
There are several reasons why PMCA might not faithfully reca-
pitulate the adaptation process. Prion replication in PMCA and in
vivo are dictated by different sets of rules. In PMCA, those PrPs
variants receive selective advantages that are sufficiently fragile to
fragment under given sonication conditions, yet conformationally
stable enough to avoid denaturation. Moreover, in PMCA, PrP% is
exposed equally well to PrP¢ substrates and cofactors expressed
in different brain regions. Upon transmission to animals, PrPs
variants that were selected in PMCA may not be fit to propagate
in vivo. First, fragmentation of PrP% aggregates has to occur in the
absence of sonication. Second, for propagation to persist, PrPs
should be resistant to clearance by glia. Third, PrP* species have
to elicit biological responses. Replication of transmissible, yet clin-
ically silent PrP% states would not result in a clinical disease (76,
77). Fourth, a spread of prions between brain regions is likely to
be affected by region-specific differences in PrP¢, such as differ-
ences in their sialylation status, and expression of strain-specific
cofactors (59, 78).

In the current study, lengthy adaptation to mice was accom-
panied by an equally lengthy process of transformation in selec-
tivity of recruitment of sialoglycoforms. This work argues that, in
addition to congruency between the amino acid sequences of host
PrP¢ and donor PrP%, constraints generated by N-linked glycans
dictate a parallel set of rules that govern strain adaptation. Elec-
trostatic and steric constraints associated with N-linked glycans
are believed to limit the range of folding patterns and quaternary
structures accessible to PrP polypeptide chains within PrP% (33).
Knowledge on strain-specific selective recruitment of sialoglyco-
forms could be used for designing experimental conditions for
selectively amplifying individual prion strains from a mixture in
vitro (79). Generation of prion diseases de novo by PrP amyloid
fibrils offered another example of how posttranslational modi-
fications impose structural constraints and limit the set of PrPs
structures (40, 80, 81). In the absence of posttranslational modi-
fications, multiple self-propagating states with different cross-p-
sheet folding patterns could be formed in vitro using recombinant
PrP (15, 82-85). However, serial transmission of recombinant
PrP amyloid fibrils in WT animals displayed a considerable bar-
rier followed by strain adaptation, despite identity in amino acid
sequences of the inoculated PrP material and host PrP¢ (40, 41,71,
80, 81). In fact, multiple serial passages were required to stabilize
disease phenotypes (41). This barrier was attributed to the trans-
formation of self-replicating structures from PrP fibril-specific,
that N-linked glycans prohibit, to a PrPS-specific structure that
emerged in vivo under constraints imposed by posttranslational
modifications (77, 86, 87).

Prion-like propagation of misfolded protein states is not limited
to the prion protein (24, 88). In a manner similar to prions, a num-
ber of amyloidogenic proteins and peptides associated with neuro-
degenerative diseases can spread from cell to cell, be transmitted
from animal to animal, or from human to animal, manifesting a
strain-like phenomenon (23-26). Most of the proteins or peptides
that spread in a prion-like fashion are not glycosylated, yet several
types of posttranslational modifications, including phosphoryla-
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tion of tau and a-synuclein, have been described. Unique strains of
tau that display different subsets of posttranslational modifications
are found in different tauopathies (89, 90). The role of posttransla-
tional modifications in shaping strain structures and defining dis-
ease phenotypes is poorly understood. The results of the current
study provide support for the hypothesis that strain-specific struc-
ture dictates selective recruitment of PrP¢ sialoglycoforms, result-
ingin a strain-specific pattern of carbohydrate epitopes on the PrPs
surface and a strain-specific disease phenotype. The mechanism
of selective, strain-specific recruitment of differentially modified
protein isoforms by self-propagating states and the role of post-
translational modification in dictating disease phenotypes might
be worth considering in other neurodegenerative diseases.

Methods

Preparation of BH. BH (10% [w/v]) was prepared in PBS, pH 7.4, using
glass/Teflon homogenizers attached to a cordless 12-V compact drill,
as previously described (41).

PMCADb. As a source of SSLOW for sSPMCAD, brain-derived mate-
rials from serial passage 4 of SSLOW in hamsters were used (41). Nor-
mal 10% BH from healthy hamsters was prepared as described pre-
viously (80) and used as a substrate for sSPMCADb (91). The standard
sonication program consisted of 5-second sonication pulses at approx-
imately 200 W applied every 10 minutes during a 24-hour period, and
the reactions were carried out in the presence of 2 3/32-inch Teflon
beads (McMaster-Carr) (91). For each subsequent round, 20 pL of the
reaction from the previous round was added to 80 pL of fresh sub-
strate. To analyze production of PrP* in sSPMCADb, 10 pL of each sam-
ple was supplemented with 5 pL of SDS and 5 uL of Proteinase K (PK)
(New England BioLabs) to the final concentrations 0.25% and 50 pg/
mL, respectively, followed by incubation at 37°C for 1 hour. The diges-
tion was terminated by addition of SDS-containing sample buffer and
heating the samples for 10 minutes in a boiling water bath.

Bioassay. SSLOW and SSLOW-Mo brain-derived materials were
inoculated as 10% BH, prepared as described above in PBS. Immedi-
ately before inoculation, each inoculum was further dispersed by 30
seconds of indirect sonication at approximately 200 W in a microplate
horn of a sonicator (Qsonica). SPMCAb-derived material was diluted
10-fold in PBS supplemented with 1% (w/v) bovine serum albumin
before inoculation, to reduce the amount of detergent in the inoc-
ulum. Each C57BL/6 mouse received 20 pL of inoculum i.c. or 200
pL i.p. under 2% isoflurane anesthesia. After inoculation, animals
were observed daily for signs of neurological disorders. Clinical signs
included clasping hind legs, difficulty walking, abnormal gate, nesting
problems, and weight loss. The animals were euthanized when they
were unable to rear and/or lost 20% of their weight. For the Nanos-
tring experiments, each C57BL/6 mouse received 200 pL of 1% 22L
or ME7 BHs prepared in PBS and inoculated i.p. under 2% isoflurane
anesthesia. After inoculation, animals were observed daily for signs of
neurological disorders as previously described (43), and euthanized
when they were unable to rear and/or lost 20% of their weight. 22L
i.p.-inoculated animals were euthanized at 168-225 days postinocula-
tion (dpi) (rn = 6) and ME7 at 258-363 dpi (r = 6). Control groups were
i.p. inoculated with PBS. Control group i was euthanized at 197-223
dpi (n = 3) and control group ii at 203-363 dpi (n = 6). Nanostring anal-
ysis of SSLOW-Mo was performed using i.p.- and i.c.-inoculated mice
(n= 6 and 3, respectively).
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Antibodies. Primary antibodies used for immunoblotting, immu-
nohistochemistry and immunofluorescence were as follows: anti-pri-
on protein clone 3F4 (Covance SIG-39620, BioLegend), polyclonal
anti-prion (ab3531, Abcam), anti-prion protein monoclonal clone
SAF-84 (189775, Cayman Chemical), polyclonal anti-Ibal (019-
19741, FUJIFILM Wako Chemicals), anti-GFAP clone D1F4Q (12389,
Cell Signaling Technology) for DAB staining, polyclonal anti-GFAP
(AB5541, Millipore MilliporeSigma) for immunofluorescence, poly-
clonal anti-MAP2 (ab5392, Abcam), and anti-MBP clone EPR21188
(ab218011, Abcam). The secondary antibodies used for immuno-
blotting and immunohistochemistry were goat anti-rabbit [IgG-HRP
(474-1506, KPL) and goat anti-mouse IgG-HRP (474-1806, KPL).
The secondary antibodies for immunofluorescence were goat anti-
mouse IgG (Alexa Fluor 546, A-11003, Thermo Fisher Scientific),
goat anti-rabbit IgG (Alexa Fluor 488, A-11008, Thermo Fisher Sci-
entific), and goat anti-chicken IgG (Alexa Fluor 488, A-11039, Ther-
mo Fisher Scientific).

PK digestion of BHs for Western blotting. BHs (10%) were mixed
with an equal volume of 4% sarcosyl in PBS, supplemented with 50
mM Tris, pH 7.5, digested with 20 pg/mL PK (New England BioLabs)
for 30 minutes at 37°C with 1000 rpm shaking using a DELFIA plate
shaker (PerkinElmer), and placed in a 37°C incubator. PK digestion
was stopped by adding SDS sample buffer and heating the samples for
10 minutes in a boiling water bath. Samples were loaded onto NuP-
AGE 12% Bis-Tris gels, transferred to PVDF membranes, and probed
with anti-prion antibody ab3531 or SAF-84, as indicated.

Analysis of conformational stability. BHs (10%) were diluted 5-fold
into PMCADb conversion buffer, and then supplemented with an equal
volume of GdnHCI solution in PBS to a final concentration of Gdn-
HCl ranging from 0.4 to 4 M, and incubated at room temperature for
1 hour. Next, 9 volumes of 2% sarkosyl in PBS were added to all sam-
ples followed by a 1-hour incubation at room temperature, and then
the samples were treated with 20 pg/mL PK for 1 hour at 37°C with
shaking. The digestion was stopped by adding 2 mM PMSF, and the
proteins were precipitated in 4 volumes of ice-cold acetone, incubated
overnight at -20°C, and centrifuged at 16,000 g for 30 minutes. Pel-
lets were dried for 30 minutes, resuspended in 1x SDS sample buffer,
loaded into NuPAGE 12% Bis-Tris gels, and then transferred to PVDF
membranes and stained with antibody 3F4 or ab3531 for hamster or
mouse samples, respectively. Conformational stability was performed
for 3 animals from each passage.

2D electrophoresis. Samples (25 uL) digested with PK, supplement-
ed with gel loading buffer, and heated as described above, were solubi-
lized for 1 hour at room temperature in 200 L solubilization buffer (8
M urea, 2% [w/v] CHAPS, 5 mM TBP, 20 mM Tris-HCl, pH 8.0), and
then alkylated by adding 7 pL of 0.5 M iodoacetamide and incubating
for 1 hour at room temperature in the dark. Then, 1150 pL of ice-cold
methanol was added and samples were incubated for 2 hours at-20°C.
After centrifugation at 16,000 g at 4°C, the supernatant was discard-
ed, and the pellet was resolubilized in 160 uL rehydration buffer (7 M
urea, 2 M thiourea, 1% [w/v] DTT, 1% [w/v] CHAPS, 1% [w/v] Triton
X-100, 1% [v/v] ampholyte, and a trace amount of bromophenol blue).
Fixed, immobilized, precast IPG strips (ZM0O18, Life Technologies)
with a linear pH gradient from 3 to 10 were rehydrated in 155 uL of the
resulting mixture overnight at room temperature inside IPG Runner
cassettes (ZMOOOS, Life Technologies). Isoelectrofocusing (first-di-
mension separation) was performed at room temperature with rising
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voltage (175 V for 15 minutes, then 175-2000 V linear gradient for 45
minutes, then 2000 V for 30 minutes) on a Life Technologies Zoom
Dual Power Supply using an XCell SureLock Mini-Cell Electropho-
resis System (EI0001, Life Technologies). The IPG strips were then
equilibrated for 15 minutes consecutively in (i) 6 M urea, 20% (v/v)
glycerol, 2% SDS, 375 mM Tris-HCI pH 8.8,130 mM DTT and (ii) 6 M
urea, 20% (v/v) glycerol, 2% SDS, 375 mM Tris-HCI pH 8.8, 135 mM
iodoacetamide, and loaded on 4%-12% Bis-Tris ZOOM SDS-PAGE
precast gels (NPO330BOX, Life Technologies). For the second dimen-
sion, SDS-PAGE was performed for 1 hour at 170 V. Immunoblotting
was performed with antibody 3F4 or ab3531, as indicated.

Western blot densitometry analysis. 1D or 2D Western blot signals
were visualized using a FlourChem M imaging system (ProteinSim-
ple). Densitometry was performed using AlphaView software (Pro-
teinSimple) and analyzed as previously described (32). For generation
of individual sialylation profiles, 2D gels were rotated about 90°, to
allow di-, mono-, and unglycosylated sets of spots to be defined as 3
vertical lanes using the “Lane Profile” function of AlphaView. Intensi-
ty profiles of di-, mono-, and unglycosylated “lanes” were imported to
Excel for building graphs shown in Figure 4A.

Individual sialoglycoforms were divided into 5 groups according
to their positions on 2D Western blots: unglycosylated, monoglyco-
sylated hyposialylated, monoglycosylated hipersialylated, diglyco-
sylated hyposialylated, and diglycosylated hypersialylated. The posi-
tion of the demarcation line for separating isoforms into hyper- and
hyposialylated groups was determined based on previous work that
employed a panel of sialidases for desialylating PrP* and establishing
a boundary between the 2 groups (92). Quantification of intensities of
the 5 groups in 2D blots was done with the “Multiplex band analysis”
option. Within each 2D gel, 5 rectangular boxes of the same area were
drawn around each group of spots (Figure 4B). The position of the rect-
angles was consistent between all 2D gels. The sixth rectangle of the
same area was drawn on an empty part of the gel and used for back-
ground correction. The intensities of each set of spots were normal-
ized by the sum of intensities in all 5 regions and plotted in SigmaPlot.
2D gels were run for 2 animals from each passage.

Histopathology and immunofluorescence. Formalin-fixed brains
(sagittal or coronal 3-mm slices) were treated for 1 hour in 96% for-
mic acid before being embedded in paraffin. Sections (4 pm) produced
using a Leica RM2235 microtome (Leica Biosystems) were mounted
on slides and processed for hematoxylin and eosin or immunohisto-
chemistry. Detection was performed by using HRP-labeled second-
ary antibodies and DAB Quanto chromogen and substrate (VWR), or
Alexa Fluor 488-and Alexa Fluor 546-labeled secondary antibodies in
the case of immunofluorescent detection.

To expose epitopes, slides were subjected to 20 minutes of hydrat-
ed autoclaving at 121°C in trisodium citrate buffer, pH 6.0, with 0.05%
Tween 20. For detection of disease-associated PrP, an additional treat-
ment in 88% formic acid was applied. PrP was stained with anti-prion
antibody SAF-84. To detect astrocytes, rabbit anti-GFAP or chicken
anti-GFAP was used. For microglia, neurons, and oligodendrocytes,
rabbit anti-Ibal, chicken anti-MAP2, and rabbit anti-MBP were used,
respectively. An autofluorescence eliminator (MilliporeSigma) was
used according to the original protocol to reduce background fluores-
cence. Fluorescence images were collected using an inverted Nikon
Eclipse TE2000-U microscope (Nikon Instruments Inc.) equipped
with an X-cite 120 illumination system (EXFO Photonics Solutions
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Inc.) and a cooled 12-bit CoolSmap HQ CCD camera (Photometrics).
Images were processed using WCIF Image] software (NIH).

Analysis of gene expression. After euthanasia by CO, asphyxia-
tion, brains were immediately extracted and kept ice-cold during
dissection. Brains were sliced using a rodent brain slicer matrix (Ziv-
ic Instruments). Central coronal sections (2 mm) of each brain were
used to analyze the hypothalamus, thalamus, hippocampus, and cor-
tex. The Allen Brain Atlas digital portal (http://mouse.brain-map.org/
static/atlas) was used as a reference. RNA isolation was performed
as described previously (43). RNA samples were processed by the
Institute for Genome Science at the University of Maryland School
of Medicine using the nCounter custom-designed Nanostring gene
panel (Nanostring Technologies). Only samples with an RNA integrity
number (RIN) greater than 7.2 were used for Nanostring analysis. All
data passed quality control, with no imaging, binding, positive control,
or CodeSet content normalization flags. The analysis of data was per-
formed using nSolver Analysis Software 4.0. Ten housekeeping genes
(Xpnpepl, Lars, Tbp, Mtol, Csnk2a2, CCdc127, Faml04a, Aars, Tada2b,
and Cnot10) were used for normalization of gene expression.

Statistics. Statistical analyses were performed using GraphPad
Prism software, version 8.4.2 for Windows. For data analysis in Figure
1E, Brown-Forsythe and Welch’s 1-way ANOVA were applied followed by
Dunnett’s T3 multiple-comparisons test. The differences in gene expres-
sion between 3 strains across 4 brain regions (Figure 8C) were analyzed
by ordinary 2-way ANOVA with Tukey’s multiple-comparisons test.

The box-and-whisker plot of incubation time to clinical disease
was built using Microsoft Excel. The midline denotes the median,
the x represents the mean, and the ends of the box-and-whisker plot
denote the 25th and 75th percentiles. The whiskers extend from the
ends of the box to the minimum and maximum values. The interquar-
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tile range (IQR) was defined as the distance between the first quar-
tile and the third quartile. A data point was considered an outlier if it
exceeded a distance of 1.5 times the IQR below the first quartile or 1.5
times the IQR above the third quartile. P values of less than 0.05 were
considered significant.

Study approval. The study was carried out in strict accordance with
the recommendations in the NIH Guide for the Care and Use of Labora-
tory Animals (National Academies Press, 2011). The animal protocol
was approved by the Institutional Animal Care and Use Committee of
the University of Maryland, Baltimore (assurance number: A32000-
01; permit number: 0215002).
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