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Abstract: Reactive astrogliosis is one of the pathological hallmarks of prion diseases. Recent studies
highlighted the influence of several factors on the astrocyte phenotype in prion diseases, including
the brain region involved, the genotype backgrounds of the host, and the prion strain. Elucidating
the influence of prion strains on the astrocyte phenotype may provide crucial insights for developing
therapeutic strategies. Here, we investigated the relationship between prion strains and astrocyte phe-
notype in six human- and animal-vole-adapted strains characterized by distinctive neuropathological
features. In particular, we compared astrocyte morphology and astrocyte-associated PrPS¢ deposition
among strains in the same brain region, the mediodorsal thalamic nucleus (MDTN). Astrogliosis was
detected to some extent in the MDTN of all analyzed voles. However, we observed variability in the
morphological appearance of astrocytes depending on the strain. Astrocytes displayed variability
in thickness and length of cellular processes and cellular body size, suggesting strain-specific phe-
notypes of reactive astrocytes. Remarkably, four out of six strains displayed astrocyte-associated
PrPSe deposition, which correlated with the size of astrocytes. Overall, these data show that the
heterogeneous reactivity of astrocytes in prion diseases depends at least in part on the infecting prion
strains and their specific interaction with astrocytes.

Keywords: prion diseases; prion strains; bank vole; reactive astrocytes; morphology of reactive
astrocytes; prion-like diseases; neurodegenerative diseases

1. Introduction

Prion diseases or transmissible spongiform encephalopathies (TSEs) are fatal neu-
rodegenerative disorders affecting humans and animals. Human prion diseases comprise
several major phenotypes, namely Creutzfeldt-Jakob disease (CJD), Gerstmann-Straussler—
Scheinker disease (GSS), fatal familial insomnia (FFI), kuru, and variably protease-sensitive
prionopathy (VPSPr) [1]. In animals, TSEs include classical and atypical scrapie in sheep
and goats, classical and atypical bovine spongiform encephalopathy (BSE) forms in cattle,
chronic wasting disease (CWD) in cervids, and camel prion disease (CPrD) in dromedary
camels, as recently reported [2].

TSEs are characterized by the accumulation of PrP%, the pathological form of host-
encoded prion protein (PrP®), considered to be the main or sole component of the infectious
agent. According to the “protein-only” model, PrP*¢ self-propagates by an autocatalytic
mechanism involving binding to PrP¢ and templating the conversion of the latter protein to
the PrP5¢ state [3]. This pathological isoform acquires high aggregation propensity leading
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to PrPS¢ deposition in the brain tissue, accompanied by spongiform change, astrogliosis,
and neuronal loss.

Prion diseases may be caused by prion exposure (acquired forms), mutations in the
PRNP gene (genetic or hereditary forms), and sporadic events in which the source of
infection has not yet been demonstrated (idiopathic or sporadic forms). For instance,
CJD, the most common human prion disease, occurs as sporadic (sCJD), genetic (gCJD),
iatrogenic (iCJD), and variant CJD (vCJD) forms [1].

Although devoid of nucleic acids, prions occur as different strains. Strains are currently
explained as different self-propagating conformational variants of PrP%, which impart
their conformations to the host PrP®. The experimental infection of animal models is the
gold standard tool for prion strain typing. Upon experimental transmission, strains show
distinctive incubation periods and biochemical and neuropathological features maintained
after sub-passage in the same species [4]. Although several studies indicate that the
origin of strains is related to a specific conformation of PrP%, the molecular pathways
underlying the pathogenesis and the phenotypic heterogeneity among strains are not fully
understood [5-7].

Astrogliosis is one of the main pathological hallmarks of prion diseases. In fact, astro-
cyte reactivity, characterized by morphological changes and upregulation of glial fibrillary
acidic protein (GFAP), a marker of astrocyte activation, has been widely observed in both
natural hosts and experimentally infected animals [8-10]. Furthermore, several studies
indicate that astrocytes are actively involved in prion pathogenesis [11-13], and their ability
to accumulate and replicate PrP* suggests an active role in prion propagation [14-20].
Nonetheless, the precise role of these glial cells and the factors triggering their reactivity is
still debated [21,22].

Long regarded as a homogenous cellular population, astrocytes are highly hetero-
geneous. They differ in morphology and functions across distinct brain regions and
sub-regions in rodents and humans [23-26]. Remarkably, independent studies demon-
strated that different initiating injuries can elicit distinct astrocyte phenotypes, extending
the concept of heterogeneity to reactive astrocytes in pathological conditions [27,28]. Sev-
eral recent studies investigated the multifaceted involvement of astrocytes in prion diseases.
For instance, recent evidence pointed out the influence of distinct factors, such as the brain
region involved [29,30], the genotype backgrounds (PRNP) of the host [31], and the prion
strain [19,31,32] on the astrocyte phenotype.

Elucidating the influence of prion strains on the reactive astrocyte phenotype may
provide insights into the mechanisms triggering their reactivity and the consequences of this
cellular response. The definition of these mechanisms is crucial for the development of new
therapeutic strategies for these incurable conditions. Interestingly, other neurodegenerative
diseases, like prion diseases, show clinicopathological variability, which has been explained
as the existence of different strains. Thus, investigating the relationship between distinct
strains/conformers and astrocyte phenotypes in prion diseases, and providing details on
the pathogenesis of prion diseases, may be relevant for unraveling the involvement of
astrocytes in other neurodegenerative diseases.

Until now, few studies have addressed the differential response of astrocytes to dif-
ferent prion strains, obtaining controversial results. In particular, some authors reported
strain-specific expression levels of reactive astrocyte markers in sCJD-affected patients and
mice experimentally infected with mouse-adapted strains [31,32]. Furthermore, an astro-
cyte cell line that differentially propagates distinct murine prions has been isolated [19].
Conversely, two independent studies demonstrated a common neuroinflammatory re-
sponse in different scrapie strains, indicating a universal astrocyte phenotype regardless of
the strain [9,33]. Noteworthy, most of the comparative studies on prion strains compared a
few strains or panels of strains with similar phenotypes.

In the present work, we performed a comparative study on the involvement of astro-
cytes in rodent-adapted prion strains characterized by different origins, disease kinetics,
and neuropathological phenotypes. In particular, we performed an in-depth study of
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strain-related morphology of astrocytes in different prion strains using the bank vole
(Myodes glareolus), a wild rodent for which we demonstrated high susceptibility to sev-
eral human and animal prion sources in the last two decades [34-43]. Of note, a recent
in vitro study has presented an astrocyte-based primary glia cell assay from bank vole,
which is infectible with distinct scrapie strains [20]. Here, by immunohistochemistry, we
achieved a morphometric and morphological comparative study of reactive astrocytes
of six vole-adapted strains isolated from human and animal prion isolates. In particular,
we selected the mediodorsal thalamic nucleus (MDTN) as a commonly affected region
in all strains. Interestingly, we found that astrocytes in MDTN reacted to different prion
strains by acquiring variable and strain-specific morphologies, possibly depending on their
relationship with PrPS¢ deposition.

2. Materials and Methods
2.1. Experimental Design

In order to compare reactive astrocytes in prion strains having diverse features and
to avoid any host-dependent effect, it is necessary to propagate prion strains in the same
animal model. Bank voles represent an ideal model, as they are susceptible to a wide
variety of prion strains from different species and of different etiology. Indeed, we have
shown that voles are susceptible to prion strains of infectious or idiopathic origin from
both humans [34,35,40,42,44,45] and animals [36,38,39,43,46,47], as well as to human prion
strains caused by PrP mutations [34,41,44,48], hence of spontaneous etiology. We have been
working with this animal model for several years. We have selected two genetic lines of
voles, either coding for methionine (BvM) or isoleucine (BvI) at PrP codon 109 [49]. For the
present work, we selected Bvl as they allow for widening the spectrum of strains, being
susceptible and faithfully propagating some atypical forms that transmit less efficiently
in BvM, such as atypical scrapie [43], VPSPr [35], and GSS [41,48,50,51]. Based on our
previous and ongoing projects aiming at characterizing prion strains by transmission in
voles, we thus selected six Bvl-adapted prions strains derived from humans or different
animal species, representing well-known idiopathic (sporadic CJD subtypes), infectious
(classical scrapie and North American CWD), or genetic (GSS) prion diseases.

2.2. Prion Strains

As human-derived prion strains, we included three sCJD subtypes (MV1, MM2T, and
VV2) and GSS-A117V, selected because they show distinct neuropathological phenotypes
and incubation times after two passages in Bvl. Sporadic CJD cases have been originally
transmitted in BvM [34] and later in BvI (Rossi et al., 2017 and unpublished results). BvI-
adapted (two passages) sCJD-MV1 [44] and sCJD-MM2T (unpublished results) derive
from this first set of experiments. Bvl-adapted sCJD-VV2 (two passages) derives from an
ongoing and larger project involving more sCJD subtypes (unpublished results), while
Bvl-adapted GSS-A117V (two passages) derives from recently published experiments [41].

As animal-derived strains, we included classical scrapie (CS) and North American
CWD (NA-CWD), known to have distinct neuropathological features and disease kinetics
in Bvl, with Bvl-adapted NA-CWD being a remarkably fast replicating strain [39]. BvM
efficiently propagates several different CS isolates [34,38], being particularly susceptible to
a CS strain prevalent in Italian small ruminants [40,47]. We have previously shown that
Italian scrapie isolates transmit very efficiently also in BvI [39], which prompted a larger
strain typing study of CS involving BvM and Bvl. Bvl-adapted CS used in this study is still
unpublished and derives from this project. Finally, we have previously shown that North
American CWD isolates from different cervid species easily transmit in Bvl and converge
into a single Bvl-adapted NA-CWD strain [36,39]. The Bvl-adapted NA-CWD strain used
in the present study derives from the third passage in BvI of a Canadian moose isolate [36].

Full experimental details and results of the transmission studies from which we
obtained BvI-adapted sCJD-MM2T, sCJD-VV2, and CS will be reported elsewhere. Exper-
iments involving animals adhered to the guidelines contained in the Italian Legislative
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Decree 26/2014, which transposed the European Directive 2010/63/UE on Laboratory
Animal Protection. The experimental protocols were approved and supervised by the
Service for Biotechnology and Animal Welfare of the ISS and were authorized by the Italian
Ministry of Health (decree number 1119/2015-PR).

2.3. Samples

For this study, we selected paraffin-embedded brain tissues from terminally ill Bvl
from the six transmission experiments detailed above. In particular, we used brain tissues
derived from second or third vole passages of sCJD-MV1 (n = 10), sCJD-MM2T (n = 6),
sCJD-VV2 (n =11), GSS-A117V (n = 12), CS (n = 8), and CWD (n = 12). Six mock-inoculated
voles of ~500 days were similarly sampled as negative controls.

Brain sampling procedure has been previously reported for sCJD-MV1, GSS-A117V,
and CWD [36,41,44]. The same sampling protocol was used for both previous works and
the present paper. Briefly, voles were inoculated intracerebrally and culled with carbon
dioxide at the terminal stage of the disease. The brain from each vole was removed and cut
sagittally into two parts: one stored at —80 °C and one fixed in formol-saline.

Survival time was calculated as the interval between inoculation and culling or death.

2.4. Neuropathology and Lesion Profile

For neuropathological analysis and evaluation of spongiosis by lesion profiles, brain
sections were cut at 6 um and stained with hematoxylin and eosin.

For comparative purposes, in the present paper, we reported the lesion profiles of
sCJD-MV1 and CWD, which have been previously published [36,44], while we determined
the lesion profiles of the other strains using the same method [34,52].

The lesion profile was determined by evaluating the spongiform change and assigning
a score from 0 to 5, depending on the severity of vacuolation, in nine grey-matter areas
of the brain. Vacuolation scores were derived from at least six individual voles for strain
and were reported as means =+ standard error of the mean. All neuropathological assess-
ments were performed blindly by two independent neuropathologists using Zeiss Axio
Imager.M2 microscope.

2.5. Paraffin-Embedded Tissue Blot (PET-Blot)

Pet-blot was used for the evaluation of PrP* distribution in the brains. We have
previously shown the PET-blot images of three of six strains, namely sCJD-MV1, GSS-
A117V, and CWD [36,41,44]. In this study, in order to compare the PrP5¢ distribution
among all strains, we performed the PET-blot of previously published strains and those
included in this work. For each strain, three vole brains were analyzed.

Brain sections of 6 um were collected on 0.45-um-pore nitrocellulose membranes
(Schleicher & Schuell, Dassel, Germany) and dried at 37 °C for two days. After deparaffina-
tion and hydration, sections were treated with proteinase K (50 pg/mL) overnight at 55 °C.
Next, proteins on the membranes were denatured using guanidine isothiocyanate 4 M for
15 min. After incubation with blocking solution for 60 min, sections were incubated with
mouse antibody SAF84 (Alfatech; Auckland, New Zealand, 1:200) for 90 min. Following
washes in TBS with 0.1% Tween-20, a rabbit anti-mouse alkaline phosphatase-conjugated
antibody was applied for 90 min. After washing in TBST, membranes were adjusted to
alkaline pH by incubating two times in NTM (Tris-HCI 100 mmol/L, NaCl 100 mmol/L;
MgCl; 50 mmol/L). The antibody reaction was visualized by formazan reaction using
NBT/BCIP.

2.6. Immunohistochemistry

Brain sections of 4 pm were collected on Superfrost slides for GFAP staining and dried
at 37 °C for 1 day. After deparaffination and hydration, sections were autoclaved for 30 min
in 0.2% of citrate buffer solution at pH 6.2 at 121 °C. Next, endogenous peroxidases were
blocked with a 3% hydrogen peroxide solution for 20 min, while non-specific antibody
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binding sites were blocked using 6% normal goat serum for 1 h. Immunohistochemical
detection of GFAP was performed by incubating sections overnight at 4 °C with an anti-
GFAP antibody (Thermo-Scientific, Waltham, MA, USA, 1:200). After washing in PBS with
0.1% Tween-20 and incubating with the appropriate biotinylated secondary antibody (goat
anti-rabbit Vector Labs, Burlingame, CA 1:200), sections were treated with ABC Complex
(Vector) for 1 h. Lastly, sections were stained with diaminobenzidine (Dako-Cytomation,
Glostrup, Denmark) and counterstained with Mayer’s hematoxylin. Gfap-labeled sections
designated for morphometric analysis were not counterstained. Each IHC run included
positive and negative control sections.

2.7. Immunofluorescence

Sections of 4 tm were cut and collected on Superfrost slides to detect PrP> in com-
bination with GFAP. Briefly, sections were deparaffinated, rehydrated, and autoclaved in
0.2% of citrate buffer solution at pH 6.2 at 121 °C for 30 min. After immersion in a 3%
hydrogen peroxide solution for 20 min, sections were incubated in 6% normal goat serum
for 20 min. Anti-PrPS¢ antibody, SAF84 (Alfatech, Auckland, New Zealand, 1:200), 12B2
(Central Veterinary Institute, Lelystad, The Netherlands; 1:500), and anti-GFAP antibody
(Thermo-Scientific, Waltham, MA, USA, 1:200) were used in combination and incubated
overnight at 27 °C. Next, sections were washed with PBST and incubated with the appro-
priate fluorochrome—conjugated secondary antibodies for 1 h at 27 °C (Alexa Fluor 488
goat anti-mouse IgG2b Thermo-Scientific, Waltham, MA, USA, 1:300; Alexa Fluor 488 goat
anti-mouse IgG Thermo-Scientific, Waltham, MA, USA, 1:250; Rhodamine (TRITC) Goat
Anti-Rabbit IgG (H + L), Jackson Immunoresearch, Baltimore Pike, PA 1:150). Finally, to
minimize the auto-fluorescence level in tissue sections, sections were treated with Vector®
TrueVIEW™ Autofluorescence Quenching Kit with DAPI. As suggested by suppliers, slides
were evaluated within 48 h of mounting. Immunofluorescence was performed on three
BvI brains for strain. For each brain, we analyzed three sections and for each section, two
fields were evaluated. Brains were imaged using an Axio Imager.M2 microscope (Zeiss),
operated by Zen software (Zeiss).

2.8. Cellular Area Measurement with Fiji Software

For cellular area measurement, GFAP-stained brain sections without hematoxylin
counterstain were processed systematically, applying the newly developed protocol with
Fiji software v2.0.0-rc-69/1.52p (https://fiji.sc, accessed on 11 November 2019). Astro-
cytes were sampled in a previously well-defined area of MDTN underneath the habenula.
Astrocytes with an almost complete cellular shape, corresponding to a well-recognizable
cellular body and at least three well-defined processes, were included in the current analy-
sis. Astrocytes surrounding blood vessels, amyloid plaques, or vacuoles were excluded.
Every single astrocyte selected was processed, converting the original DAB-stained image
into an 8-bit grayscale image and then to a binary format with Bernsen’s thresholding
method. Finally, the cellular area was quantified as the total number of pixels present in
the outline cell shape of astrocytes, later transformed to squared micrometers (Figure S1).
Some images were manually edited to close the shape and to reproduce the original cellular
portrait. Where necessary, some pixels were cleared to separate ramifications pertaining to
neighboring cells, while some pixels were added to join processes belonging to the selected
cell. These steps were carefully done with the highest magnification of original and/or
processed images. For each strain, we analyzed at least three vole brains and two serial
sections for each brain. Only vole brains displaying a minimum of three astrocytes fulfilling
the selection criteria were included in the analysis. Mean values of the cellular area of each
single vole brain were reported as means =+ standard deviation.

2.9. Statistical Analysis

We assessed the between-subject variability within each strain by one-way parametric
analysis of variance (ANOVA) with the subject as a grouping factor (Table S1). In two
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strains, the variability between subjects was higher than the variability between astrocytes
within subjects; thus, we performed the subsequent parametric analyses using subjects as
statistical units.

In order to evaluate differences among strains, we performed one-way parametric
ANOVA with strain as a grouping factor at six levels. Multiple comparisons between
all pairs of strains were performed using the Tukey test to identify subgroups of strains
characterized by significantly different cellular areas.

3. Results
3.1. Characterization of Vole-Adapted Strains

Human-derived strains showed survival times of 190 & 8 days post-inoculation (d.p.i.)
(n = 10) for sCJD-MV1, 246 + 16 d.p.i. (n = 6) for sCJD-MM2T, 482 + 55 d.p.i. (n = 11)
for sCJD-VV2, and 107 = 6 d.p.i. (n = 12) for GSS-A117V. In animal-derived strains, we
observed survival times of 63 £ 8 d.p.i. (n = 8) in CS and 32 4+ 3 d.p.i. (n = 11) in CWD.

Spongiform degeneration was assessed using the lesion profile method. Lesion profiles
showed that the severity and regional distribution of spongiform change varied depending
on the strains (Figure 1). For example, sCJD-VV2 had the highest overall scores, particularly
in the colliculus and thalamus, while CWD showed low-to-moderate degeneration limited
to specific brain areas. The cerebellum was affected in GS5-A117V but mostly spared
in all other strains. The hypothalamus was involved in all strains except for CWD and
GSS-A117V. The hippocampus was free of spongiform degeneration only in CWD.

mean vacuolation score
S T
mean vacuolation score
> . 0N oW oA oo
mean vacuolation score
SN

12 3 4 5 6 7 8 9 12 3 4 5 6 7 8 9 1.2 3 4 5 6 7 8 9
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-8 sCJD-W2 - sCJD-MV1 -o- sCJD-MM2T
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2 2 e’
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Figure 1. Lesion profiles of selected vole-adapted prion strains. Data points represent the mean
(£SEM) of at least six voles per group. Brain-scoring positions are medulla (1), cerebellum (2),
superior colliculus (3), hypothalamus (4), thalamus (5), hippocampus (6), septum (7), retrosplenial
and adjacent motor cortex (8), and cingulate and adjacent motor cortex (9).

Besides allowing the quantitative evaluation of spongiform degeneration, the histopatho-
logical analysis also revealed some distinctive pathological characteristics of strains, such
as thalamic atrophy in most voles affected with sCJD-MM2T (Figure S2a,b), small vacuoles
scattering in the corpus callosum of GS5-A117V (Figure S2c) and widespread deposition of
PrPSe amyloid plaques in several brain regions of sCJD-VV2 (Figure S2d).

PET-blot analysis showed significant strain-dependent variations in both the intensity
and neuroanatomical distribution of PrPS¢ deposition (Figure 2), which generally agreed
with the distribution of spongiform degeneration, as shown by lesion profiles. A remark-
able exception was the low level of PrP> deposition detected in sCJD-MM2T compared to
the relatively high degree of spongiform change in the same brain areas. Extensive and
widespread plaques in the neuropil and large deposits along the alveus were observed in
sCJD-VV2, while GS5-A117V was characterized by discrete immunolabelling of the alveus,
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as previously reported [41]. In sCJD-MV1, PrPSc predominated in cortices, thalamic nuclei,
superior colliculus, lateral geniculate nucleus, and substantia nigra, in line with the distri-
bution shown in Rossi et al., 2017 [44]. Interestingly, CS displayed intense immunolabelling
of cortical and subcortical areas, with moderate labeling of caudate-putamen and grey
matter of the midbrain, including periaqueductal grey matter. In contrast, CWD displayed
intense labeling preferentially in subcortical areas and in the medulla.

sCID-VV2
sCID-MV1
sCID-MM2T
» \’ )
g M > GSS-A117V
DD
: % ) - S
!Ec. e O LD
EL ) WD
NC
Hp i IcN
vp Th Mock-inoculated
SN Mo

Figure 2. Regional distribution, by PET-blot, of PrP%° in selected vole-adapted prion strains. Coronal
sections represent telencephalon (A), diencephalon (B), midbrain (C), and hindbrain (D). In the lower
part of the figure, the labeled coronal sections of a negative control brain of 500 days are shown: VP,
ventral pallidum; NC, neocortex; Hp, hippocampus; Th, thalamus; SN, substantia nigra; Al, alveus;
ICN, interposed cerebellar nucleus; MO, medulla oblongata.

Overall, these data showed that the selected strains were characterized by different
neuropathological features and kinetics of replication. The phenotypical diversity observed
among strains represented the effect of different pathogenetic processes, indicating that
the selected strains represented an ideal panel to investigate the strain-specific response
of astrocytes.

3.2. Comparison of Astrocyte Response in Vole-Adapted Strains

Strain-dependent variability of reactive astrocytes was investigated by morphometric
and morphological approaches in all vole-adapted strains described above. By immuno-
histochemical detection of GFAP, we found prominent astrogliosis overlapping with both
spongiform change and PrPS¢ deposition in all prion-affected brains. In contrast, we ob-
served that immunolabelling in mock-inoculated vole brains, used as a negative control,
was mainly located along the white matter tracts and around the blood vessels forming the
blood-brain barrier.

Due to the morphological heterogeneity of astrocytes across different regions and
sub-regions, we performed this comparative study within a selected brain area affected
by all strains and identified during the neuropathological characterization. We thus chose
the MDTN, as it showed a well-delimited structure and severe astrogliosis with the whole
set of strains analyzed. In MDTN, we observed a variable response of reactive astrocytes
that were evenly scattered in this nucleus (Figure S3). In particular, astrocytes showed
significant differences in cellular size among strains.
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Thus, to investigate the variability of astrocytic size among strains, we measured the
cellular area with Fiji software v2.0.0-rc-69/1.52p (https:/ /fiji.sc, accessed on 11 November
2019) on the GFAP-stained astrocytes as described in M&M (Section 2.8). Interestingly,
parametric ANOVA highlighted significant variability among strains (F(5.17) = 26.66,
p <0.0001). The Tukey test for multiple comparisons identified three subgroups, with
strains not statistically different within each subgroup and significantly different from
strains belonging to the other subgroups (Figure 3): subgroup A, including sCJD-MM2T
and GSS-A117V, was characterized by the smallest astrocytes; subgroup B, including sCJD-
MV1, sCJD-VV2, and CS, showed an intermediate cellular area; and subgroup C, consisting
of CWD, showed the most prominent astrocytes (Figure 3).

a
& 604
£
3
©
[} o
S 40 - [ L
s
3 20+ T —
©
(&}
0 «I Al I L) I
N v 9
O O O
S A
%
e(’) & °
b SCJD-MM2T | GSS-A117V | SCID-MV1 | sCID-VWV2| CS -
sCJD-MM2T - *% *% *% *%
GSS-A117V - * * | o
SCID-MV1 ** * = *
SCID-VV2 *x * - *
[of] *k *k - *k

Figure 3. Cellular area of reactive astrocytes in prion strains investigated. In (a), measurements of the
cellular area of reactive astrocytes are reported as mean value =+ standard deviation. In (b), p-values
obtained by Tukey test for multiple comparisons are reported (* p-value < 0.05; ** p-value < 0.01).

To investigate the morphological phenotype of reactive astrocytes in strains within
the same subgroup, we performed a morphological evaluation of astrocytes considering
the features of both cell bodies and processes (Figure 4). In subgroup A, astrocytes in
sCJD-MM2T showed small cellular bodies and very thin processes, while those in GSS-
A117V displayed short but thick processes (Figure 4). Slight morphological differences were
also observed among astrocytes in subgroup B. Indeed, astrocytes showed long and thick
processes in sCJD-MV1, and short and very thick processes in sCJD-VV2, while processes
had variable thickness in CS (Figure 4). Finally, astrocytes in CWD were characterized by
enlarged cellular bodies and very long and thick processes (Figure 4).

To assess the relationship between astrocytes and PrPS deposition, we performed
a double immunofluorescence staining for both PrP>¢ and GFAP. By this technique, we
observed astrocyte-associated PrPSe deposition in sCJD-MV1, sCJD-VV2, CS, and CWD but
not in GSS-A117V and sCJD-MM2T (Figure 5). Thus, astrocyte-associated PrP5¢ deposition
seemed to correlate with their cellular area, as the two strains which did not display
astrocyte-associated PrP5¢ deposition were also those belonging to subgroup A and having
the smallest reactive astrocytes among all strains.
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Figure 4. Reactive astrocytes in MDTN in selected vole-adapted strains. Comparison of morpho-
logical phenotypes of astrocytes observed in all strains analyzed. Magnifications of representative
astrocytes extracted from the original image (red asterisks) are shown in inserts to highlight the
morphological differences described in the text. For each strain, we analyzed four brains, and three
sections were evaluated for each brain. Scale bars, 20 um.

GSS-A117V - (subgroup A) sCID-MMZ2T - (subgroup A) sCJD-MV1 - (subgroup B)

Figure 5. Double immunofluorescence staining of PrP5 and GFAP in MDTN of all selected strains.
Immunofluorescence was performed on the brains of all strains using antibodies directed against
PrPS¢ (red fluorescence) and GFAP (green fluorescence). GSS-A117V and sCJD-MM2T did not
display astrocyte-associated PrPS¢ deposition. In contrast, astrocyte-associated PrP5¢ deposition was
observed in sCJD-MV1, sCJD-VV2, CS, and CWD (yellow spots indicated by white arrows). Nuclei
were counterstained with DAPI (blue). Scale bars, 20 um.

4. Discussion

In order to investigate the influence of prion strains on the astrocyte phenotype, we
compared the morphological response of astrocytes to prion infection in six vole-adapted
strains with distinct origins and pathological features. Our results suggest that prion strains
influence astrocyte phenotype in terms of cellular area, cellular shape, and their relationship
with PrP%¢ deposits.

Morphometric and morphological approaches have been widely used to investigate
the involvement of astrocytes in prion diseases [8,29,53-58]. Most of the published protocols
for morphometric analysis include three-dimensional acquisitions or cellular reconstruc-
tion [57,58]. Here, we applied a rapid morphometric method consisting of a few simple
steps to measure cellular area without three-dimensional reconstruction of astrocytes. In
this context, morphometric data were used to assess the variability of astrocytes rather
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than to describe their morphological features finely. Indeed, qualitative evaluation of the
morphology of reactive astrocytes highlighted other differences not detected by the quanti-
tative approach. Thus, the simple morphometric approach used here must be combined
with the morphological assessment of astrocytes to reveal fine differences among strains.

We speculated that the morphological variability of astrocytes observed in vole-
adapted strains could be interpreted as distinct cellular subtypes; hence, each strain could
be characterized by a distinctive and specific subtype of reactive astrocytes; or, alternatively,
as different reactivity states, therefore, the morphological differences could represent differ-
ent stages in a linear neuroinflammation process. Until now, only the latter hypothesis has
been supported by studies that observed the asynchronous progression of the disease in
different strains [9,33].

PrP5¢ accumulation appeared to trigger astrocyte reactivity; however, it remains to es-
tablish whether astrocyte reactivity is triggered by PrPS accumulation within astrocytes or
in the brain parenchyma. In this study, we found astrogliosis in all strains, despite astrocyte-
associated PrP5¢ deposition was observed in four out of six strains. This evidence suggests
that both PrP%¢ deposition in the brain-parenchyma- and astrocyte-associated PrP* de-
postion could trigger astrocyte reactivity. Compared to neurons or microglial cells, which
replicate or engulf prions, respectively, astrocytes can both replicate prions [15,19,20,59] and
contribute to PrP>¢ uptake from extracellular space [60]. Therefore, the astrocyte-associated
PrP5¢ deposition could result from both replication and uptake of prions, suggestive of a
different role of astrocytes in prion pathogenesis.

Of note, we found a correlation between the size of astrocytes and their relationship
with PrP5¢ deposition. In particular, strains characterized by the smallest astrocytes did not
display astrocyte-associated PrP5¢ deposition, while strains with larger astrocytes showed
astrocyte-associated PrP>¢ deposition. Other authors addressing the astrocyte response in a
transgenic AD model found that astrocytes” hypertrophic or atrophic appearance depends
on the distance from the amyloid deposits [61]. It remains to elucidate whether the large
size of astrocytes in vole brains depends on their relationship with PrPS¢ deposition.

Interestingly, we did not observe a correlation between the degree of spongiform
change and the size of astrocytes. In fact, two strains, such as sCJD-MM2T and CWD, which
showed a similar score of spongiform change in MDTN, displayed astrocytes with different
sizes. Similarly, the survival time appeared to not influence the size of astrocytes. Indeed,
strains grouped together for the size of astrocytes were characterized by significantly
different survival times. For instance, CS and sCJD-VV2 displayed astrocytes with similar
size, even though they induced disease in voles at two and sixteen months, respectively.

In line with the evidence demonstrating that morphological rearrangement of as-
trocytes implies a change in cellular functions [58,61-64], the morphological variability
along with the differential relationship with PrP>¢ deposition suggest that astrocytes in
voles could exert distinct functions during the pathogenesis of different strains. To well
characterize the reactive state of astrocytes, further analyses of specific markers are needed.
In bank vole, the neuropathological investigations are limited by the lack of species-specific
reagents, thus new efforts are required to evaluate the most adequate approach for detecting
vole astrocytic markers. In particular, we will evaluate the homeostatic, neuroprotective,
and neurotoxic markers [11,32,65-67] to determine the phenotype of reactive astrocytes.

The role of reactive astrocytes in the pathogenesis of prions has been only recently
investigated [12,68,69] and both beneficial and detrimental functions have been reported.
The controversial results reported so far make it difficult to outline the therapeutic strate-
gies targeting these cells [11-13,22,60]. In this context, our results on the heterogeneous
response of astrocytes in distinct strains add an element to consider in developing new
pharmacological treatments. This suggestion could also be extended to other neurodegen-
erative diseases in which strain variability has been observed, such as Alzheimer’s disease
and tauopathies [70-72].

In conclusion, in this study, we highlighted for the first time the different morphologi-
cal responses of astrocytes to distinct prion strains. Future studies will be performed to
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investigate the mechanisms underlying the morphological variability of astrocytes and the
pathological effects of the heterogeneity presented here.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biom13050757 /s1, Figure S1: Progressive representation of Fiji
protocol developed to measure the cellular area starting from a DAB-stained image. Figure S2:
Specific neuropathological features of sCJD-MM2T, GSS-A117V, and sCJD-VV2. Figure S3: Immuno-
histochemical detection of GFAP in MDTN of selected vole-adapted prion strains. Table S1: Dataset
of cellular areas of astrocytes in prion strains investigated.

Author Contributions: R.B.: Conceptualization, Methodology, Software, Formal Analysis, Investi-
gation, Data Curation, Visualization, Writing Original Draft. G.R.: Methodology. EI.: Investigation,
Methodology. F.C.: Formal Analysis, Data Curation, Writing—Review and Editing. L.P.: Resources,
Writing—Review and Editing. I.V.: Methodology, Writing—Review and Editing. S.M.: Methodology
C.D.: Experimental Transmissions M.G.: Experimental Transmissions. P.P.: Resources, Writing—
Review and Editing. U.A.: Supervision R.N.: Conceptualization, Resources, Writing—Review and
Editing. M.A.D.B.: Conceptualization, Formal Analysis, Investigation, Data Curation, Supervision,
Resources, Visualization, Writing Original Draft, Funding Acquisition. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Ministero della Salute (RF-2016-02362950 to
M.A.D.B. and RF-2009-1474624 to R.N.).

Institutional Review Board Statement: The animal study protocol was approved by the Service for
Biotechnology and Animal Welfare of the ISS and authorized by the Italian Ministry of Health and
adhered to the guidelines included in the Italian Legislative Decree 116/92, which transposed the
European Directive 86/609/EEC on Laboratory Animal Protection, and in the Legislative Decree
26/2014, which transposed the European Directive 2010/63/UE on Laboratory Animal Protection.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article or supplementary material.

Acknowledgments: We thank Paolo Frassanito (Istituto Superiore di Sanita’) for his expert technical
assistance with animal care and Consiglia Parisi (Istituto Superiore di Sanita’) for administrative
management.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

S

10.

Baiardi, S.; Rossi, M.; Capellari, S.; Parchi, P. Recent Advances in the Histo-Molecular Pathology of Human Prion Disease. Brain
Pathol. 2019, 29, 278-300. [CrossRef] [PubMed]

Babelhadj, B.; Di Bari, M.A; Pirisinu, L.; Chiappini, B.; Gaouar, S.B.S.; Riccardi, G.; Marcon, S.; Agrimi, U.; Nonno, R.; Vaccari, G.
Prion Disease in Dromedary Camels, Algeria. Emerg. Infect. Dis. 2018, 24, 1029-1036. [CrossRef] [PubMed]

Prusiner, S.B. Prions. Proc. Natl. Acad. Sci. USA 1998, 95, 13363-13383. [CrossRef]

Bruce, M.E.; McConnell, I; Fraser, H.; Dickinson, A.G. The Disease Characteristics of Different Strains of Scrapie in Sinc Congenic
Mouse Lines: Implications for the Nature of the Agent and Host Control of Pathogenesis. J. Gen. Virol. 1991, 72, 595-603.
[CrossRef]

Telling, G.C.; Parchi, P; DeArmond, S.J.; Cortelli, P.; Montagna, P; Gabizon, R.; Mastrianni, J.; Lugaresi, E.; Gambetti, P.; Prusiner,
S.B. Evidence for the Conformation of the Pathologic Isoform of the Prion Protein Enciphering and Propagating Prion Diversity.
Science 1996, 274, 2079-2082. [CrossRef] [PubMed]

Safar, J.; Wille, H.; Itri, V.; Groth, D.; Serban, H.; Torchia, M.; Cohen, EE.; Prusiner, S.B. Eight Prion Strains Have PrPSc Molecules
with Different Conformations. Nat. Med. 1998, 4, 1157-1165. [CrossRef]

Rossi, M.; Baiardi, S.; Parchi, P. Understanding Prion Strains: Evidence from Studies of the Disease Forms Affecting Humans.
Viruses 2019, 11, 309. [CrossRef]

Hernandez, R.S; Sarasa, R.; Toledano, A.; Badiola, J.J.; Monzén, M. Morphological Approach to Assess the Involvement of
Astrocytes in Prion Propagation. Cell Tissue Res. 2014, 358, 57-63. [CrossRef]

Carroll, J.A.; Striebel, ].F,; Rangel, A.; Woods, T.; Phillips, K.; Peterson, K.E.; Race, B.; Chesebro, B. Prion Strain Differences in
Accumulation of PrPSc on Neurons and Glia Are Associated with Similar Expression Profiles of Neuroinflammatory Genes:
Comparison of Three Prion Strains. PLoS Pathog. 2016, 12, e1005551. [CrossRef]

Monzoén, M.; Hernandez, R.S.; Garcés, M.; Sarasa, R.; Badiola, J.J. Glial Alterations in Human Prion Diseases. Medicine 2018, 97,
€0320. [CrossRef]


https://www.mdpi.com/article/10.3390/biom13050757/s1
https://www.mdpi.com/article/10.3390/biom13050757/s1
https://doi.org/10.1111/bpa.12695
https://www.ncbi.nlm.nih.gov/pubmed/30588685
https://doi.org/10.3201/eid2406.172007
https://www.ncbi.nlm.nih.gov/pubmed/29652245
https://doi.org/10.1073/pnas.95.23.13363
https://doi.org/10.1099/0022-1317-72-3-595
https://doi.org/10.1126/science.274.5295.2079
https://www.ncbi.nlm.nih.gov/pubmed/8953038
https://doi.org/10.1038/2654
https://doi.org/10.3390/v11040309
https://doi.org/10.1007/s00441-014-1928-3
https://doi.org/10.1371/journal.ppat.1005551
https://doi.org/10.1097/MD.0000000000010320

Biomolecules 2023, 13, 757 12 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Smith, H.L.; Freeman, O.].; Butcher, A.J.; Holmqvist, S.; Humoud, L; Schitzl, T.; Hughes, D.T.; Verity, N.C.; Swinden, D.P.; Hayes,
J.; et al. Astrocyte Unfolded Protein Response Induces a Specific Reactivity State That Causes Non-Cell-Autonomous Neuronal
Degeneration. Neuron 2020, 105, 855-866.€5. [CrossRef] [PubMed]

Kushwaha, R.; Sinha, A.; Makarava, N.; Molesworth, K.; Baskakov, I.V. Non-Cell Autonomous Astrocyte-Mediated Neuronal
Toxicity in Prion Diseases. Acta Neuropathol. Commun. 2021, 9, 22. [CrossRef] [PubMed]

Makarava, N.; Mychko, O.; Chen, J.; Chang, Y.; Molesworth, K.; Baskakov, I. V The Degree of Astrocyte Activation Is Predictive of
the Incubation Time to Prion Disease. Acta Neuropathol. Commun. 2021, 9, 87. [CrossRef] [PubMed]

Gonzélez, L.; Martin, S.; Begara-McGorum, I.; Hunter, N.; Houston, E; Simmons, M.; Jeffrey, M. Effects of Agent Strain and Host
Genotype on PrP Accumulation in the Brain of Sheep Naturally and Experimentally Affected with Scrapie. J. Comp. Pathol. 2002,
126, 17-29. [CrossRef]

Cronier, S.; Laude, H.; Peyrin, ].-M. Prions Can Infect Primary Cultured Neurons and Astrocytes and Promote Neuronal Cell
Death. Proc. Natl. Acad. Sci. USA 2004, 101, 12271-12276. [CrossRef] [PubMed]

Kovacs, G.G.; Preusser, M.; Strohschneider, M.; Budka, H. Subcellular Localization of Disease-Associated Prion Protein in the
Human Brain. Am. J. Pathol. 2005, 166, 287-294. [CrossRef]

Hollister, ].R.; Lee, K.S.; Dorward, D.W.; Baron, G.S. Efficient Uptake and Dissemination of Scrapie Prion Protein by Astrocytes
and Fibroblasts from Adult Hamster Brain. PLoS ONE 2015, 10, e0115351. [CrossRef]

Krejciova, Z.; Alibhai, J.; Zhao, C.; Krencik, R.; Rzechorzek, N.M.; Ullian, E.M.; Manson, J.; Ironside, ].W.; Head, M.W.; Chandran,
S. Human Stem Cell-Derived Astrocytes Replicate Human Prions in a PRNP Genotype-Dependent Manner. |. Exp. Med. 2017,
214, 3481-3495. [CrossRef]

Tahir, W.; Abdulrahman, B.; Abdelaziz, D.H.; Thapa, S.; Walia, R.; Schétzl, HM. An Astrocyte Cell Line That Differentially
Propagates Murine Prions. J. Biol. Chem. 2020, 295, 11572-11583. [CrossRef]

Schwenke, K.A.; Wilzlein, J.-H.; Bauer, A.; Thomzig, A.; Beekes, M. Primary Glia Cells from Bank Vole Propagate Multiple
Rodent-Adapted Scrapie Prions. Sci. Rep. 2022, 12, 2190. [CrossRef]

Baskakov, I.V. On the Reactive States of Astrocytes in Prion Diseases. Prion 2021, 15, 87-93. [CrossRef]

Tahir, W.; Thapa, S.; Schatzl, H. Astrocyte in Prion Disease: A Double-Edged Sword. Neural Regen. Res. 2022, 17, 1659. [CrossRef]
Bushong, E.A.; Martone, M.E.; Jones, Y.Z.; Ellisman, M.H. Protoplasmic Astrocytes in CA1 Stratum Radiatum Occupy Separate
Anatomical Domains. J. Neurosci. 2002, 22, 183-192. [CrossRef] [PubMed]

Hoft, S.; Griemsmann, S.; Seifert, G.; Steinhduser, C. Heterogeneity in Expression of Functional Ionotropic Glutamate and GABA
Receptors in Astrocytes across Brain Regions: Insights from the Thalamus. Philos. Trans. R. Soc. B Biol. Sci. 2014, 369, 20130602.
[CrossRef] [PubMed]

Haim, L.B.; Rowitch, D.H. Functional Diversity of Astrocytes in Neural Circuit Regulation. Nat. Rev. Neurosci. 2017, 18, 31-41.
[CrossRef]

Lanjakornsiripan, D.; Pior, B.J.; Kawaguchi, D.; Furutachi, S.; Tahara, T.; Katsuyama, Y.; Suzuki, Y.; Fukazawa, Y.; Gotoh, Y.
Layer-Specific Morphological and Molecular Differences in Neocortical Astrocytes and Their Dependence on Neuronal Layers.
Nat. Commun. 2018, 9, 1623. [CrossRef]

Zamanian, J.L.; Xu, L.; Foo, L.C.; Nouri, N.; Zhou, L.; Giffard, R.G.; Barres, B.A. Genomic Analysis of Reactive Astrogliosis.
J. Neurosci. 2012, 32, 6391-6410. [CrossRef] [PubMed]

Pekny, M.; Pekna, M.; Messing, A.; Steinhduser, C.; Lee, ].-M.; Parpura, V.; Hol, E.M.; Sofroniew, M.V.; Verkhratsky, A. Astrocytes:
A Central Element in Neurological Diseases. Acta Neuropathol. 2016, 131, 323-345. [CrossRef] [PubMed]

Makarava, N.; Chang, J.C.Y.; Kushwaha, R.; Baskakov, L.V. Region-Specific Response of Astrocytes to Prion Infection. Front.
Neurosci. 2019, 13, 1048. [CrossRef]

Areskevicitite, A.; Litman, T.; Broholm, H.; Melchior, L.C.; Nielsen, P.R.; Green, A.; Eriksen, J.O.; Smith, C.; Lund, E.L. Regional
Differences in Neuroinflammation-Associated Gene Expression in the Brain of Sporadic Creutzfeldt-Jakob Disease Patients. Int. J.
Mol. Sci. 2021, 22, 140. [CrossRef] [PubMed]

Bradford, B.M.; Wijaya, C.A.W.; Mabbott, N.A. Discrimination of Prion Strain Targeting in the Central Nervous System via
Reactive Astrocyte Heterogeneity in CD44 Expression. Front. Cell. Neurosci. 2019, 13, 411. [CrossRef] [PubMed]

Ugalde, C.L.; Lewis, V.; Stehmann, C.; McLean, C.A.; Lawson, V.A.; Collins, S.J.; Hill, A.F. Markers of Al Astrocytes Stratify to
Molecular Sub-Types in Sporadic Creutzfeldt-Jakob Disease Brain. Brain Commun. 2020, 2, fcaa029. [CrossRef]

Makarava, N.; Chang, ].C.-Y.Y.; Molesworth, K.; Baskakov, I.V. Region-Specific Glial Homeostatic Signature in Prion Diseases Is
Replaced by a Uniform Neuroinflammation Signature, Common for Brain Regions and Prion Strains with Different Cell Tropism.
Neurobiol. Dis. 2020, 137, 104783. [CrossRef]

Nonno, R.; Di Bari, M.A.; Cardone, F.; Vaccari, G.; Fazzi, P; Dell'Omo, G.; Cartoni, C.; Ingrosso, L.; Boyle, A.; Galeno, R.; et al.
Efficient Transmission and Characterization of Creutzfeldt-Jakob Disease Strains in Bank Voles. PLoS Pathog. 2006, 2, el2.
[CrossRef] [PubMed]

Nonno, R.; Notari, S.; Di Bari, M.A.; Cali, L; Pirisinu, L.; D’agostino, C.; Cracco, L.; Kofskey, D.; Vanni, I.; Lavrich, ].; et al. Variable
Protease-Sensitive Prionopathy Transmission to Bank Voles. Emerg. Infect. Dis. 2019, 25, 73-81. [CrossRef]

Nonno, R.; Di Bari, M.A ; Pirisinu, L.; D’Agostino, C.; Vanni, I.; Chiappini, B.; Marcon, S.; Riccardi, G.; Tran, L.; Vikeren, T.; et al.
Studies in Bank Voles Reveal Strain Differences between Chronic Wasting Disease Prions from Norway and North America. Proc.
Natl. Acad. Sci. USA 2020, 117, 31417-31426. [CrossRef] [PubMed]


https://doi.org/10.1016/j.neuron.2019.12.014
https://www.ncbi.nlm.nih.gov/pubmed/31924446
https://doi.org/10.1186/s40478-021-01123-8
https://www.ncbi.nlm.nih.gov/pubmed/33546775
https://doi.org/10.1186/s40478-021-01192-9
https://www.ncbi.nlm.nih.gov/pubmed/33980286
https://doi.org/10.1053/jcpa.2001.0516
https://doi.org/10.1073/pnas.0402725101
https://www.ncbi.nlm.nih.gov/pubmed/15302929
https://doi.org/10.1016/S0002-9440(10)62252-3
https://doi.org/10.1371/journal.pone.0115351
https://doi.org/10.1084/jem.20161547
https://doi.org/10.1074/jbc.RA120.012596
https://doi.org/10.1038/s41598-022-06198-4
https://doi.org/10.1080/19336896.2021.1930852
https://doi.org/10.4103/1673-5374.332202
https://doi.org/10.1523/JNEUROSCI.22-01-00183.2002
https://www.ncbi.nlm.nih.gov/pubmed/11756501
https://doi.org/10.1098/rstb.2013.0602
https://www.ncbi.nlm.nih.gov/pubmed/25225096
https://doi.org/10.1038/nrn.2016.159
https://doi.org/10.1038/s41467-018-03940-3
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22553043
https://doi.org/10.1007/s00401-015-1513-1
https://www.ncbi.nlm.nih.gov/pubmed/26671410
https://doi.org/10.3389/fnins.2019.01048
https://doi.org/10.3390/ijms22010140
https://www.ncbi.nlm.nih.gov/pubmed/33375642
https://doi.org/10.3389/fncel.2019.00411
https://www.ncbi.nlm.nih.gov/pubmed/31551718
https://doi.org/10.1093/braincomms/fcaa029
https://doi.org/10.1016/j.nbd.2020.104783
https://doi.org/10.1371/journal.ppat.0020012
https://www.ncbi.nlm.nih.gov/pubmed/16518470
https://doi.org/10.3201/eid2501.180807
https://doi.org/10.1073/pnas.2013237117
https://www.ncbi.nlm.nih.gov/pubmed/33229531

Biomolecules 2023, 13, 757 13 of 14

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Agrimi, U.; Nonno, R.; Dell’'Omo, G.; Di Bari, M.A.; Conte, M.; Chiappini, B.; Esposito, E.; Di Guardo, G.; Windl, O.; Vaccari,
G.; et al. Prion Protein Amino Acid Determinants of Differential Susceptibility and Molecular Feature of Prion Strains in Mice
and Voles. PLoS Pathog. 2008, 4, e1000113. [CrossRef] [PubMed]

Di Bari, M.A.; Chianini, F,; Vaccari, G.; Esposito, E.; Conte, M.; Eaton, S.L.; Hamilton, S.; Finlayson, ].; Steele, P.J.; Dagleish,
M.P; et al. The Bank Vole (Myodes Glareolus) as a Sensitive Bioassay for Sheep Scrapie. |. Gen. Virol. 2008, 89, 2975-2985.
[CrossRef]

Di Bari, M.A.; Nonno, R.; Castilla, J.; D’Agostino, C.; Pirisinu, L.; Riccardi, G.; Conte, M.; Richt, ].; Kunkle, R.; Langeveld, J.; et al.
Chronic Wasting Disease in Bank Voles: Characterisation of the Shortest Incubation Time Model for Prion Diseases. PLoS Pathog.
2013, 9, €1003219. [CrossRef]

Espinosa, J.C.; Nonno, R.; Di Bari, M.; Aguilar-Calvo, P; Pirisinu, L.; Fernandez-Borges, N.; Vanni, I.; Vaccari, G.; Marin-Moreno,
A.; Frassanito, P,; et al. PrP C Governs Susceptibility to Prion Strains in Bank Vole, While Other Host Factors Modulate Strain
Features. J. Virol. 2016, 90, 10660-10669. [CrossRef]

Pirisinu, L.; Di Bari, M.A.; D"Agostino, C.; Marcon, S.; Riccardi, G.; Poleggi, A.; Cohen, M.L.; Appleby, B.S.; Gambetti, P.; Ghetti,
B.; et al. Gerstmann-Straussler-Scheinker Disease Subtypes Efficiently Transmit in Bank Voles as Genuine Prion Diseases. Sci. Rep.
2016, 6, 20443. [CrossRef]

Galeno, R.; Di Bari, M.A.; Nonno, R.; Cardone, E,; Sbriccoli, M.; Graziano, S.; Ingrosso, L.; Fiorini, M.; Valanzano, A.; Pasini,
G.; et al. Prion Strain Characterization of a Novel Subtype of Creutzfeldt-Jakob Disease. J. Virol. 2017, 91, e02390-16. [CrossRef]
[PubMed]

Pirisinu, L.; Di Bari, M.A.; D’Agostino, C.; Vanni, I; Riccardi, G.; Marcon, S.; Vaccari, G.; Chiappini, B.; Benestad, S.L.; Agrimi,
U,; et al. A Single Amino Acid Residue in Bank Vole Prion Protein Drives Permissiveness to Nor98/Atypical Scrapie and the
Emergence of Multiple Strain Variants. PLoS Pathog. 2022, 18, e1010646. [CrossRef] [PubMed]

Rossi, M.; Saverioni, D.; Di Bari, M.; Baiardi, S.; Lemstra, A.W.; Pirisinu, L.; Capellari, S.; Rozemuller, A.; Nonno, R.; Parchi, P.
Atypical Creutzfeldt-Jakob Disease with Prpamyloid Plaques in White Matter: Molecular Characterization and Transmission to
Bank Voles Show the M1 Strain Signature. Acta Neuropathol. Commun. 2017, 5, 87. [CrossRef]

Zanusso, G.; Polo, A.; Farinazzo, A.; Nonno, R.; Cardone, F.; Di Bari, M.; Ferrari, S.; Principe, S.; Gelati, M.; Fasoli, E.; et al. Novel
Prion Protein Conformation and Glycotype in Creutzfeldt-Jakob Disease. Arch. Neurol. 2007, 64, 595-599. [CrossRef]

Vanni, I.; Migliore, S.; Cosseddu, G.M.; Di Bari, M.A.; Pirisinu, L.; D’Agostino, C.; Riccardi, G.; Agrimi, U.; Nonno, R. Isolation of
a Defective Prion Mutant from Natural Scrapie. PLoS Pathog. 2016, 12, €1006016. [CrossRef]

Nonno, R.; Marin-Moreno, A.; Carlos Espinosa, J.; Fast, C.; Van Keulen, L.; Spiropoulos, J.; Lantier, I.; Andreoletti, O.; Pirisinu,
L.; Di Bari, M.A.; et al. Characterization of Goat Prions Demonstrates Geographical Variation of Scrapie Strains in Europe and
Reveals the Composite Nature of Prion Strains. Sci. Rep. 2020, 10, 19. [CrossRef] [PubMed]

Vanni, I; Pirisinu, L.; Acevedo-Morantes, C.; Kamali-Jamil, R.; Rathod, V.; Di Bari, M.A.; D" Agostino, C.; Marcon, S.; Esposito, E.;
Riccardi, G.; et al. Isolation of Infectious, Non-Fibrillar and Oligomeric Prions from a Genetic Prion Disease. Brain 2020, 143,
1512-1524. [CrossRef]

Cartoni, C.; Schinina, M.E.; Maras, B.; Nonno, R.; Vaccari, G.; Di Bari, M.; Conte, M.; De Pascalis, A.; Principe, S.; Cardone, F.; et al.
Quantitative Profiling of the Pathological Prion Protein Allotypes in Bank Voles by Liquid Chromatography-Mass Spectrometry.
J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2007, 849, 302-306. [CrossRef]

Nonno, R.; Angelo Di Bari, M.; Agrimi, U.; Pirisinu, L. Transmissibility of Gerstmann-Straussler-Scheinker Syndrome in Rodent
Models: New Insights into the Molecular Underpinnings of Prion Infectivity. Prion 2016, 10, 421-433. [CrossRef]

Bruno, R,; Pirisinu, L.; Riccardi, G.; D’Agostino, C.; De Cecco, E.; Legname, G.; Cardone, F.; Gambetti, P.; Nonno, R.; Agrimi,
U.; et al. Gerstmann-Strdussler-Scheinker Disease with F198S Mutation Induces Independent Tau and Prion Protein Pathologies
in Bank Voles. Biomolecules 2022, 12, 1537. [CrossRef] [PubMed]

Fraser, H.; Dickinson, A.G. The Sequential Development of the Brain Lesions of Scrapie in Three Strains of Mice. J. Comp. Pathol.
1968, 78, 301-311. [CrossRef]

Sarasa, R.; Martinez, A.; Monledn, E.; Bolea, R.; Vargas, A.; Badiola, J.J.; Monzén, M. Involvement of Astrocytes in Transmissible
Spongiform Encephalopathies: A Confocal Microscopy Study. Cell Tissue Res. 2012, 350, 127-134. [CrossRef]

Guijarro, ILM.; Garcés, M.; Andrés-Benito, P.; Marin, B.; Otero, A.; Barrio, T.; Carmona, M.; Ferrer, I.; Badiola, ].J.; Monzén, M.
Assessment of Glial Activation Response in the Progress of Natural Scrapie after Chronic Dexamethasone Treatment. Int. J. Mol.
Sci. 2020, 21, 3231. [CrossRef] [PubMed]

Garcés, M.; Toledano, A.; Badiola, ].J.; Monzén, M. Morphological Changes of Glia in Prion and a Prion-Like Disorder. Alzheimer’s
Neurodegener. Dis. 2016, 2, 1-4. [CrossRef]

Garcés, M.; Guijarro, .M.; Ritchie, D.L.; Badiola, ].J.; Monzén, M. Novel Morphological Glial Alterations in the Spectrum of Prion
Disease Types: A Focus on Common Findings. Pathogens 2021, 10, 596. [CrossRef] [PubMed]

Bento-Torres, J.; Sobral, L.L.; Reis, R.R.; De Oliveira, R.B.; Anthony, D.C.; Vasconcelos, PF.C.; Picango Diniz, C.W. Age and Envi-
ronment Influences on Mouse Prion Disease Progression: Behavioral Changes and Morphometry and Stereology of Hippocampal
Astrocytes. Oxid. Med. Cell. Longev. 2017, 2017, 4504925. [CrossRef]

Diniz, D.G.; Oliveira, M.A.; Lima, C.M.; Foéro, C.A.R,; Sosthenes, M.C.K,; Bento-Torres, ].; Costa Vasconcelos, P.E.; Anthony, D.C,;
Diniz, C.W.P. Age, Environment, Object Recognition and Morphological Diversity of GFAP-Immunolabeled Astrocytes. Behav.
Brain Funct. 2016, 12, 28. [CrossRef]


https://doi.org/10.1371/journal.ppat.1000113
https://www.ncbi.nlm.nih.gov/pubmed/18654630
https://doi.org/10.1099/vir.0.2008/005520-0
https://doi.org/10.1371/journal.ppat.1003219
https://doi.org/10.1128/JVI.01592-16
https://doi.org/10.1038/srep20443
https://doi.org/10.1128/JVI.02390-16
https://www.ncbi.nlm.nih.gov/pubmed/28298604
https://doi.org/10.1371/journal.ppat.1010646
https://www.ncbi.nlm.nih.gov/pubmed/35731839
https://doi.org/10.1186/s40478-017-0496-7
https://doi.org/10.1001/archneur.64.4.595
https://doi.org/10.1371/journal.ppat.1006016
https://doi.org/10.1038/s41598-019-57005-6
https://www.ncbi.nlm.nih.gov/pubmed/31913327
https://doi.org/10.1093/brain/awaa078
https://doi.org/10.1016/j.jchromb.2006.08.016
https://doi.org/10.1080/19336896.2016.1239686
https://doi.org/10.3390/biom12101537
https://www.ncbi.nlm.nih.gov/pubmed/36291746
https://doi.org/10.1016/0021-9975(68)90006-6
https://doi.org/10.1007/s00441-012-1461-1
https://doi.org/10.3390/ijms21093231
https://www.ncbi.nlm.nih.gov/pubmed/32370224
https://doi.org/10.24966/and-9608/100005
https://doi.org/10.3390/pathogens10050596
https://www.ncbi.nlm.nih.gov/pubmed/34068251
https://doi.org/10.1155/2017/4504925
https://doi.org/10.1186/s12993-016-0111-2

Biomolecules 2023, 13, 757 14 of 14

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Victoria, G.S.; Arkhipenko, A.; Zhu, S.; Syan, S.; Zurzolo, C. Astrocyte-to-Neuron Intercellular Prion Transfer Is Mediated by
Cell-Cell Contact. Sci. Rep. 2016, 6, 20762. [CrossRef]

Choi, Y.P; Head, M.W,; Ironside, ].W.; Priola, S.A. Uptake and Degradation of Protease-Sensitive and -Resistant Forms of
Abnormal Human Prion Protein Aggregates by Human Astrocytes. Am. J. Pathol. 2014, 184, 3299-3307. [CrossRef]

Olabarria, M.; Noristani, H.N.; Verkhratsky, A.; Rodriguez, J.J. Concomitant Astroglial Atrophy and Astrogliosis in a Triple
Transgenic Animal Model of Alzheimer’s Disease. Glia 2010, 58, 831-838. [CrossRef]

Rodriguez, ].J.; Olabarria, M.; Chvatal, A.; Verkhratsky, A. Astroglia in Dementia and Alzheimer’s Disease. Cell Death Differ. 2009,
16, 378-385. [CrossRef] [PubMed]

Zhang, Y.; Reichel, ] M.; Han, C.; Zuniga-Hertz, ].P,; Cai, D. Astrocytic Process Plasticity and IKK3 /NF-KB in Central Control of
Blood Glucose, Blood Pressure, and Body Weight. Cell Metab. 2017, 25, 1091-1102.e4. [CrossRef]

Endo, F; Kasai, A.; Soto, ].S.; Yu, X,; Qu, Z.; Hashimoto, H.; Gradinaru, V.; Kawaguchi, R.; Khakh, B.S. Molecular Basis of
Astrocyte Diversity and Morphology across the CNS in Health and Disease. Science 2022, 378, eadc9020. [CrossRef]

Escartin, C.; Galea, E.; Lakatos, A.; O’Callaghan, ].P; Petzold, G.C.; Serrano-Pozo, A.; Steinhduser, C.; Volterra, A.; Carmignoto,
G.; Agarwal, A.; et al. Reactive Astrocyte Nomenclature, Definitions, and Future Directions. Nat. Neurosci. 2021, 24, 312-325.
[CrossRef]

Hartmann, K.; Sepulveda-Falla, D.; Rose, I.V.L.; Madore, C.; Muth, C.; Matschke, J.; Butovsky, O.; Liddelow, S.; Glatzel, M.;
Krasemann, S. Complement 3+-Astrocytes Are Highly Abundant in Prion Diseases, but Their Abolishment Led to an Accelerated
Disease Course and Early Dysregulation of Microglia. Acta Neuropathol. Commun. 2019, 7, 83. [CrossRef]

Vanni, S.; Moda, F; Zattoni, M.; Bistaffa, E.; De Cecco, E.; Rossi, M.; Giaccone, G.; Tagliavini, F; Haik, S.; Deslys, ]J.P; et al.
Differential Overexpression of SERPINA3 in Human Prion Diseases. Sci. Rep. 2017, 7, 15637. [CrossRef]

Carroll, J.A.; Race, B.; Williams, K.; Striebel, J.; Chesebro, B. RNA-Seq and Network Analysis Reveal Unique Glial Gene Expression
Signatures during Prion Infection. Mol. Brain 2020, 13, 71. [CrossRef] [PubMed]

Sorce, S.; Nuvolone, M.; Russo, G.; Chincisan, A.; Heinzer, D.; Avar, M.; Pfammatter, M.; Schwarz, P.; Delic, M.; Miiller, M.; et al.
Genome-Wide Transcriptomics Identifies an Early Preclinical Signature of Prion Infection. PLoS Pathog. 2020, 16, €1008653.
[CrossRef] [PubMed]

Watts, J.C.; Condello, C.; Stohr, J.; Oehler, A ; Lee, J.; DeArmond, S.J.; Lannfelt, L.; Ingelsson, M.; Giles, K.; Prusiner, S.B. Serial
Propagation of Distinct Strains of Af Prions from Alzheimer’s Disease Patients. Proc. Natl. Acad. Sci. USA 2014, 111, 10323-10328.
[CrossRef] [PubMed]

Peelaerts, W.; Bousset, L.; Van Der Perren, A.; Moskalyuk, A.; Pulizzi, R.; Giugliano, M.; Van Den Haute, C.; Melki, R.; Baekelandt,
V. a-Synuclein Strains Cause Distinct Synucleinopathies after Local and Systemic Administration. Nature 2015, 522, 340-344.
[CrossRef] [PubMed]

Shahnawaz, M.; Mukherjee, A.; Pritzkow, S.; Mendez, N.; Rabadia, P,; Liu, X.; Hu, B.; Schmeichel, A.; Singer, W.; Wu, G.; et al.
Discriminating o-Synuclein Strains in Parkinson’s Disease and Multiple System Atrophy. Nature 2020, 578, 273-277. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/srep20762
https://doi.org/10.1016/j.ajpath.2014.08.005
https://doi.org/10.1002/glia.20967
https://doi.org/10.1038/cdd.2008.172
https://www.ncbi.nlm.nih.gov/pubmed/19057621
https://doi.org/10.1016/j.cmet.2017.04.002
https://doi.org/10.1126/science.adc9020
https://doi.org/10.1038/s41593-020-00783-4
https://doi.org/10.1186/s40478-019-0735-1
https://doi.org/10.1038/s41598-017-15778-8
https://doi.org/10.1186/s13041-020-00610-8
https://www.ncbi.nlm.nih.gov/pubmed/32381108
https://doi.org/10.1371/journal.ppat.1008653
https://www.ncbi.nlm.nih.gov/pubmed/32598380
https://doi.org/10.1073/pnas.1408900111
https://www.ncbi.nlm.nih.gov/pubmed/24982139
https://doi.org/10.1038/nature14547
https://www.ncbi.nlm.nih.gov/pubmed/26061766
https://doi.org/10.1038/s41586-020-1984-7
https://www.ncbi.nlm.nih.gov/pubmed/32025029

	Introduction 
	Materials and Methods 
	Experimental Design 
	Prion Strains 
	Samples 
	Neuropathology and Lesion Profile 
	Paraffin-Embedded Tissue Blot (PET-Blot) 
	Immunohistochemistry 
	Immunofluorescence 
	Cellular Area Measurement with Fiji Software 
	Statistical Analysis 

	Results 
	Characterization of Vole-Adapted Strains 
	Comparison of Astrocyte Response in Vole-Adapted Strains 

	Discussion 
	References

