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Abstract

In prion diseases, the brain lesion profile is influenced by the prion “strain” properties, the
invasion route to the brain, and still unknown host cell-specific parameters. To gain insight
into those endogenous factors, we analyzed the histopathological alterations induced by
distinct prion strains in the mouse cerebellum. We show that 221 and ME7 scrapie prion
proteins (PrP??", PrPM™7), but not bovine spongiform encephalopathy PrP°"®! | accumulate in
a reproducible parasagittal banding pattern in the cerebellar cortex of infected mice. Such
banding pattern of PrP*?" aggregation did not depend on the neuroinvasion route, but
coincided with the parasagittal compartmentation of the cerebellum mostly defined by the
expression of zebrins, such as aldolase C and the excitatory amino acid transporter 4, in
Purkinje cells. We provide evidence that Purkinje cells display a differential, subtype-specific
vulnerability to 22L prions with zebrin-expressing Purkinje cells being more resistant to
prion toxicity, while in stripes where PrP??" accumulated most zebrin-deficient Purkinje cells
are lost and spongiosis accentuated. In addition, in PrP**" stripes, enhanced reactive astrocyte
processes associated with microglia activation support interdependent events between the
topographic pattern of Purkinje cell death, reactive gliosis and PrP**" accumulation. Finally,
we find that in preclinically-ill mice prion infection promotes at the membrane of astrocytes
enveloping Purkinje cell excitatory synapses, upregulation of tumor necrosis factor-o
receptor type 1 (TNFRI1), a key mediator of the neuroinflammation process. These overall
data show that Purkinje cell sensitivity to prion insult is locally restricted by the parasagittal
compartmentation of the cerebellum, and that perisynaptic astrocytes may contribute to prion
pathogenesis through prion-induced TNFR1 upregulation.
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to PrP™E misfolding. The variable susceptibility of neuronal types
to prion infection also emerges as another critical prion strain
parameter that underlies the complex mechanisms of prion pathoge-
nesis (32, 77, 118) and PrP™F progression along defined anatomi-
cal routes (11). The cellular and molecular mechanisms involved in
the targeting of PrP™F to specific neuronal populations (43, 56,
116) and the neuron-to-neuron spreading of prions in the CNS
remain however elusive (117).

In several prion diseases, the cerebellum emerges as a preferen-

INTRODUCTION

Conversion of the host-encoded cellular prion protein PrP¢ to
abnormal insoluble isoforms PrP™SE in the central nervous system
(CNS) (18) is at the root of transmissible spongiform encephalopa-
thies (TSEs), a group of fatal neurodegenerative disorders com-
monly named prion diseases, that affect both human and animals
(1, 97, 98). The histopathological signature of TSEs notably relies
on the aggregation of PrP">%, vacuolation of the brain tissue, astro-
gliosis and neuronal loss. Among TSEs, scrapie is a natural ovine

prion disease widely studied in mouse models with the help of
murine-adapted prion strains (22L, ME7) that, akin to natural prion
strains, differ in the rate of disease progression (ie, duration of the
incubation period), as well as the extent and regional pattern of
brain histopathology (20, 65). For instance, the characteristic of a
prion strain mostly relies on specific biochemical properties related
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tial target of prions in scrapie (42, 45, 68, 79, 128) or in
Creutzfeldt-Jakob disease (CJD) cases (6, 12, 21, 23, 37, 57, 92,
109, 132). Quantitative studies performed in post-mortem brains
from individuals with sporadic (4), familial (70) and variant CJD
(vCJD) (6) revealed topographic patterns of pathological alterations
along the cerebellar folia, suggesting that prion pathology spreads
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to the cerebellum via anatomically connected pathways (10, 17,
126). Of note, the cerebellar circuits are exquisitely patterned and a
cerebellar topographical map of genetically determined zones that
control sensory-motor behavior is defined, at least in part, by the
expression patterns of zebrins (Z) in Purkinje cells (PCs) (3, 101,
134). Some subsets of PCs expressing zebrins alternate with sub-
sets of zebrin-free PCs, thus forming complementary stripes of bio-
chemically distinct PCs (3). The most comprehensively studied
zonal marker is zebrin II (15), also known as aldolase C (ZII/
AldC). The expression of ZII/AIdC by itself is however not suffi-
cient to recapitulate the full complexity of the cerebellar cortex
because of the presence of many other PC subtypes (7, 46, 82). As
concerns prion infection, the 22L scrapie strain induces significant
PC loss (29) and both PrP?*“ and PrPM*®’ prion strains accumulate
in the mouse cerebellar cortex according to a transversal banding
pattern reminiscent of the cerebellar compartmentation (19, 66, 95).
This suggests that the impacts of scrapie prion on cerebellar cell
populations may be modulated by some parameters different from
one compartment to the other.

In this study, we mainly exploit transgenic mice expressing GFP
in EAAT4 PC subtypes (ZII/AldC-expressing PCs) to investigate
whether prion infection follows the major pattern of cerebellar com-
partmentation. Qualitative and quantitative histopathological analy-
ses of the cerebellar cortex reveal that PrP??" accumulation,
spongiosis, PC neurodegeneration and gliosis induced by scrapie
prions are restricted by this major compartmentation pattern of the
cerebellum. This indicates that a yet-to-be identified, patterned local
factor modulates scrapie prion pathogenesis in the cerebellar cortex.

MATERIALS AND METHODS

Ethics statements

This study was carried out in strict accordance with the national
and international laws for laboratory animal welfare and experi-
mentation (EEC Council Directive 2010/63/EU, September 2010)
and was approved by the Comité d’Ethique en Expérimentation
Animale de Strasbourg CEEA35 (ref. AL/01/01/01/13) and the
INRA Ethics Committee (COMETHEA, permit number 12/034).

Infection of mice

Adult (3-month old) C57BI/6J mice (wild type (WT), n=37) and
C57Bl/6] EAAT4-eGFP transgenic mice (n= 18, gift from Dr J.
Rothstein (52)), were used. For scrapie infection, mice were anaes-
thetized with ketamine (80 mg/kg) and xylazine (5 mg/kg) and ino-
culated by either an intracerebellar (i.cb. right cerebellum) or
intracerebral (i.c., right parieto-temporal cortex) injection (2 pl of a
10% or 20 pl of a 1% mouse-adapted, 22L scrapie brain homoge-
nate obtained from symptomatic scrapie-infected mice diluted in
0.9% NaCl (122)). Alternatively, mice received 200 pl of the 1%
22L brain homogenate (WT, n = 6; EAAT4-eGFP, n = 3) via an
intraperitoneal (i.p.) injection. For comparison, WT mice were ino-
culated i.c. (in the frontal hemisphere) with 20 pl of a 10% ME7
brain homogenate (n = 10) (69) or with 20 pl of a 1% 6PB1 brain
homogenate obtained from symptomatic mice infected with the
6PBI strain of bovine spongiform encephalopathy (BSE; n = 3), as
previously described (76). Although contrarily to ME7 and BSE
which have been directly isolated from animal sources, the 221
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scrapie strain can be considered as an essentially laboratory-derived
strain associated only indirectly with known TSEs, 22L was used
in this study because it exhibits a strong cerebellotropism after i.c.
and i.p. inoculation and has been widely used in prion research
bringing important insights into prion pathogenesis (44, 67, 68, 95,
99, 129). As controls, mock-infected mice were similarly inocu-
lated with brain homogenate from healthy mice. The incubation
period was determined as the interval between the injection and a
clinical end-point defined by the appearance of unequivocal clinical
signs of prion disease (motor impairment, weakening, wasting) (20,
68, 99). The mice were weighed and examined weekly during the
preclinical period and daily during the clinical period. The cerebella
from i.cb. 22L-infected mice were examined at both preclinical and
clinical stages (67), whereas the cerebella from i.c. and i.p. 22L-,
ME7- and 6PBl-infected WT and EAAT4-eGFP mice were ana-
lyzed at clinical stages of the disease.

Fixation and microtomy

Under ketamine (125 mg/kg) and xylazine (17 mg/kg) anesthesia
WT and EAAT4-eGFP mice were perfused with 4% paraformalde-
hyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.3) and the cere-
bellum was removed and further fixed for at least 24 h at 4°C.
Alternatively, WT mice were decapitated and the cerebellum
immersed in Carnoy’s fixative for 12 h and then in butanol for at
least 3 days. PFA- and Carnoy-fixed cerebella were then dehy-
drated before paraffin embedding (24, 75). For cryostat sections,
the cerebella of EAAT4-eGFP and WT mice were cryoprotected in
30% sucrose in 0.1M PB and then frozen in isopentane (—80°C).

Transverse paraffin and cryostat sections (15 pm) were cut at the
anterior (—5.40 to —6.12), median (—6.24 to —6.96) and posterior
(—7.08 to —7.92) levels of the cerebellum of all mice (93). On
transverse cerebellar sections of the EAAT4-eGFP mice, the Z+
and Z— PC subsets were clearly distinguishable because only the
Z+ PCs displayed green eGFP fluorescence. The compartmenta-
tion of EAAT4-eGFP in cryostat and deparaffinized cerebellar sec-
tions was photographed (ProgRes CFcool Jenoptik camera on a
Zeiss Axiolmager microscope) before histological and immunohis-
tochemical staining of sections.

PrP?2t, PrPME7 and PrP°"Blimmunohistochemistry

Immunoreactive PK-resistant prion protein is globally defined as
PrP™SE and specifically as PrP?*", PrPM®” and PrP®™' in brain tis-
sue inoculated respectively, with mouse-adapted 221, ME7 and
6PB1 mouse brain homogenates. PrP™" was revealed in cryostat
and deparaffinized cerebellar sections using a classical protocol
(121). Sections were incubated in proteinase K (Eurobio, Courta-
boeuf, France) diluted 1/5000 in phosphate buffered saline (PBS)
containing 0.25% Triton X-100 (PBST) for 10 min at 37°C and sub-
sequently denatured in 3.4 M guanidinium thiocyanate in PBST for
15 min. After rinsing in PBST, endogenous peroxidases were inacti-
vated using either Peroxidase Block (EnVision, Dako, Glostrup,
Danmark) or 2% H,0, (in methanol) before blocking in normal
goat serum (3% NGS in PBST). Sections were then incubated with
a mouse anti-prion protein antibody (SAF32 SPI-Bio/CEA, Fonte-
nay-aux-Roses, France; diluted 1pg/ml in PBST containing 0.5%
NGS) overnight at 4°C. PrP™¥ immunoreactivity was revealed with
secondary antibodies coupled to either Alexa 546 (1/200, Molecular
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Probes, Eugene, USA) or biotin (diluted 1/200 in PBST) and proc-
essed according to the manufacturer’s instructions (Immunoperoxi-
dase Envision kit, Dako, Glostrup, Danmark or Elite kit Vector).
Immunofluorescent sections were mounted in Mowiol (Calbiochem,
Merck-Millipore, Molsheim, France) and the immunoperoxidase
sections were mounted in Eukitt (Polylabo, Strasbourg, France).

PrP??" and PrP"*7 immunoperoxidase for
transmission electron microscopy (TEM)

Floating transverse cryostat sections (50 pm-thick) were post-fixed
in 0.1% glutaraldehyde in 0.1M PB before processing for PrP™F
immunoperoxidase labeling, as described above. Sections were
then post-fixed in 1% glutaraldehyde in PB and 0.5% osmium
tetroxide in 0.1M PB before dehydrating and embedding in Aral-
dite. Ultrathin sections were photographed with a transmission elec-
tron microscope (Hitachi 7500) equipped with a digital camera
(AMT Hamamatsu, Japan).

Masson’s trichrome and cerebellar lesion
profiles

One anterior, one median and one posterior section of the cerebel-
lum from each mouse (n = 8§ i.p., 5 i.c., 22 i.cb.) was stained with
Masson’s trichrome (48). To determine the lesion profile, the aver-
age degree of vacuolation was scored on a scale ranging from 0 (no
vacuoles) to 5 (confluent vacuoles throughout the defined brain
region) in the cerebellar cortex, white matter and deep nuclei, as
previously described (44, 67).

In 3 clinically ill EAAT4-eGFP mice infected with 22L i.c., the
vacuolation score was determined in both intensely and weakly
PrP?*" immunoperoxidase-stained stripes of the cerebellar cortex.
Here, the vacuole density was estimated by directly counting the
vacuoles in PrP*" stained sections using differential interference
contrast (DIC) optics.

Immunohistochemistry for cell type-specific
markers and Prp?3-

Before staining for PrP**" or PrPM®7, sections were immunostained
for one of the following cell markers: PC markers, calcium binding
protein (CaBP mouse 1/100, Sigma C9848, Saint-Louis, USA) and
aldolase C (rabbit 1/50, gift from Pr 1. Sugihara, Tokyo, Japan); the
astrocyte marker glial fibrillary acidic protein (GFAP mouse 1/300,
Sigma G3893); the microglial cell marker ionized calcium binding
adaptor molecule 1 (Ibal rabbit 1/250, Wako, Richmond, USA);
neuronal markers, neuron-specific nuclear protein (NeuN mouse 1/
1000, Millipore, Temecula, USA) and vesicular glutamate trans-
porter 1 (vVGLUT1 guinea pig 1/1000, Synaptic Systems, Gottingen,
Germany). Immunohistofluorescence was performed using appro-
priate secondary antibodies (1/500) coupled to Alexa 546 (Molecu-
lar Probes), Alexa 555 (Life Technology, Thermo Fisher Scientific,
Illkirch-Graffenstaden, France) or Cy3 (Jackson Immunoresearch,
West Grove, USA). After photographing, sections were processed

for immunoperoxidase detection of PrP**" as described above.

Immunohistochemistry for TNFR1 and PrP?%-

Either immunofluorescence or immunoperoxidase staining (on
adjacent sections) was used to reveal tumor necrosis factor-a
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receptor 1 (TNFR1) in cryostat and deparaffinized cerebellar sec-
tions. In PFA-fixed sections, antigen retrieval was achieved as fol-
lows. Briefly, sections were immersed in 10 mM citrate buffer, pH
6 at 100°C for 15 min, before blocking in 3% NGS in PBS, and
then incubated overnight at 4°C with rabbit polyclonal anti-TNFR1
antibodies (diluted 1/50 in PBS with 0.3% NGS; MBL Interna-
tional). For immunofluorescence, a secondary goat anti-rabbit anti-
body conjugated to Alexa 488 (diluted 1/200, Molecular Probes)
was used. Sections were examined and photographed with an epi-
fluorescence microscope before being processed for PrP*?" immu-
noperoxidase staining as described above.

Immunohistochemistry for TNFR1 and cell-type
specific markers

Following TNFR1 immunofluorescence, sections were processed
for immunofluorescent labeling of CaBP, aldolase C, the marker of
the parallel fiber terminals (vGLUT1), and the astrocyte markers
GFAP and EAAT1/GLAST (1/300, Abcam ab49643, Cambridge,
UK) as described above. In some cases, PrP?*" immunoperoxidase
labeling was performed either on the same section or an adjacent
section. Alternatively, Carnoy-fixed cerebellar sections (which did
not need TNFR1 antigen retrieval treatment) were processed for
TNFR1 immunoperoxidase and immunofluorescent labeling of
CaBP, GFAP or aldolase C on adjacent sections before PrP?*"
immunoperoxidase staining. Sections were examined and photo-
graphed with a confocal microscope (63X objective, na= 1.4,
Leica SP5, Nanterre, France).

TNFR1 immunoperoxidase labeling for TEM

After processing for antigen retrieval as described above, floating
transverse cryostat sections (50 um-thick) were incubated in block-
ing solution (0.5% NGS, 0.1% cold water fish skin gelatin and
0.5% bovine serum albumin in PBS) before incubating with anti-
TNFR1 primary antibodies as described above. Immunoperoxidase
labeling, post-fixation and processing for TEM was carried out as
described above for PrP™S" experiments.

Quantitative analysis of PCs

One paraffin (22L i.p. and i.cb.) or cryostat (22L i.c. and i.p.) sec-
tion was selected at the anterior, median and posterior levels of the
cerebellum from sham mice (n=6) and 22L-infected wild-type
and EAAT4-eGFP mice (i.p. n=7; i.c. n =4; i.cb. n = 8) and PCs
were stained for CaBP (immunoperoxidase or immunofluores-
cence) or aldolase C (immunofluorescence) as described above.
The layer of PC bodies occupies the interface between the
molecular layer (ML) and the internal granular layer (IGL). Thus,
the linear density of PCs is “the number of PCs per unit of PC
monolayer length”. To determine the linear density of PCs, the
length of this interface was measured and the number of CaBP-
labeled PC somata present was counted throughout the vermis and
the hemispheres of each section using ImagelJ. Similarly, the linear
densities of EAAT4— or aldolase C-expressing and non-expressing
PCs were determined in merged images of EAAT4-eGFP or aldol-
ase C-Alexa 488 and CaBP labeling. Finally, the linear densities of
PCs in PrP**"+ and PrP**"— stripes were determined in merged
images of PrP*?" and CaBP labeling using the same method.
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Quantitative analysis of granule cells and
interneurons

One paraffin section was selected at the anterior, median and poste-
rior levels of the cerebellum of sham mice (n = 5) and 22L-infected
wild-type mice (i.p. n =5; i.c. n = 3; i.cb. n = 8) and the neuronal
nuclei immunoperoxidase stained for NeuN, as described above. In
addition, cryostat sections were similarly selected from the cerebel-
lum of sham mice (n = 3) and 22L-infected EAAT4-eGFP mice
(n=3) and immunofluorescence labeled for NeuN. In the ML,
most of the immunostained nuclei corresponded to basket and stel-
late interneurons, whereas in the IGL, the immunostained nuclei
belonged almost exclusively to granule cells (the large nuclei of the
Golgi interneurons reacted weakly and were excluded from
the analysis). The density of granule cells in the IGL was calculated
as the ratio of the IGL area in each section and the mean granule
cell nucleus area measured from 50 randomly selected
NeuN-immunoreactive cells. Similarly, the granule cell density was
compared between stripes with intense and weak PrP*2" immunore-
activity throughout the cerebellar sections. Finally, the mean
densities of basket and stellate interneurons in the ML were deter-
mined in the same way.

Statistics

Data are given as mean values = standard error of the mean
(SEM). Statistical comparisons between group means were per-
formed using SigmaPlot. The extent of spongiosis, the mean linear
densities of PCs in addition to the densities of microglial cells and
granule cell nuclei and interneuron nuclei, were compared between
anterior, median and posterior cerebellar levels, between vermis
and hemispheres, and between total cerebellum in sham and 22L
i.c., i.cb. and i.p.-infected groups using one- or two- way (inocula-
tion route, cerebellar compartments) ANOVA followed by post hoc
Tukey tests for multiple comparisons when justified. This test was
also used to compare cell densities in strongly and weakly stained
PrP?*" stripes in infected cerebella. When the assumptions of
ANOVA were not met, groups were compared by using a Kruskal—
Wallis test followed by a post hoc Dunn’s test for multiple compar-
isons as indicated. The significance threshold was set at P = 0.05.

Final adjustment of contrast and brightness was performed using
Photoshop 7.0. The original PrP immunoperoxidase images were
converted into black and white, inverted and finally converted to
red or green. The yielded image was then merged with the corre-
sponding immunofluorescent marker images.

RESULTS

PrP?2" and PrP"E7 but not PrP®FB! accumulate
in parasagittal stripes in the mouse cerebellar
cortex

To analyze prion protein accumulation in the cerebellum in connec-
tion with the prion strain and route of invasion, C57Bl6/7J mice
were inoculated by i.c., i.cb. or i.p. with the mouse-adapted 22L
(PrP*Y) or ME7 (PrPM¥’) scrapie strains, or the 6PBI (PrP®™®!)
bovine spongiform encephalopathy (BSE) strain.
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We first probed signs of cerebellar dysfunction in prion-infected
mice. Mice inoculated by i.c. and i.cb. with PrP**" exhibited the
first clinical signs of infection, that is, gait disturbance and ataxia,
as early as 131 dpi and 134 dpi, respectively. Additional symptoms,
such as arched back, tail rigidity, ruffled fur, keratitis and hind limb
paresis, gradually developed up to the pre-terminal stage at 152
dpi, at which time animals were sacrificed. As expected, mice ino-
culated i.p. with 22L developed initial symptoms much later at
184 = 2.6 dpi, and the terminal stage occurred at 235 = 4 dpi. Mice
inoculated i.c. with PrPM®” developed similar clinical signs at 147
dpi. Irrespective of the scrapie prion strain and the route of inocula-
tion, such clinical signs argue for cerebellar functional alterations
induced by prion infection. In the case of the 6PB1 BSE strain,
mice inoculated i.c. first showed impaired motor coordination at
155 £ 1.5 dpi (n=23) (121), and the additional symptoms devel-
oped up to the terminal stage at 188 = 1.3 dpi.

In the cerebellum of the 22L i.cb.-infected mice, PrP?*" was
detected as early as 92 dpi during the preclinical period. At 92 dpi,
PrP??*" surrounded neurons in the deep cerebellar nuclei (Figure
1A). In the cerebellar cortex, scattered spots and plaques of PrP*2"
first appeared in the internal granular layer (IGL) and to a lesser
extent in the molecular and Purkinje cell (PC) layers (Figure 1B).
PrP?*" formed tiny granular deposits in the molecular layer, and
was concentrated at the periphery of PCs between granule cells.
Most of the PrP?*" deposits in the molecular layer (ML) were topo-
graphically coincident with PrP?*“ accumulation in the subjacent
PC and internal granular layers (Figure 1C,G). These observations
suggest that the neuroinvasion of the cerebellar cortex by 22L
prions progresses from the IGL to the ML or PrP**" accumulates
faster in the IGL. Vertical palisades of PrP*?" formed clear-cut
stripes in the cortex of the crusl folium in the hemispheres (Figure
1C). Elsewhere in the cerebellum, PrP?*" deposits in the IGL were
observed in lobules III, IV-V, VI and IX of the vermis and in all
folia of the hemispheres (Figure 1B-D,G,H). At 107 dpi of the pre-
clinical period, PrP?*" deposits increased throughout the deep cere-
bellar nuclei (Figure 1E,F) and formed patches in the IGL of all
lobules in the vermis and the hemispheres of the cerebellar cortex.
Whereas PrP??" deposits appeared more or less diffusely distrib-
uted in the IGL, they formed vertical palisades in the ML of almost
all lobules of the vermis (II-X), and in the copula, paramedian and
crus folia of the hemispheres. In addition, clear-cut, compact stripes
were observed in the posterior lobules of the vermis and all folia of
the hemispheres (Figure 1D-H).

During the clinical period, PrP**" invaded the deep cerebellar
nuclei (Figure 2A), as well as the cortex of all lobules (Figure 2B—
D,E), but was never detected in the cerebellar white matter. Of note,
the PrP**" topography in the cerebellar cortex of clinically ill mice
inoculated i.cb. (134-156 dpi, Figure 2A-E) was similar in the cere-
bellar cortex of clinically ill mice inoculated i.c. (132-153 dpi, data
not shown) or i.p. (165-235 dpi, data not shown), indicating that the
invasion route does not impact on PrP?*" tropism in the cerebellum.

Interestingly, PrP*?" accumulated vertically, delineating clear-
cut, parasagittal stripes of staining in all lobules of the vermis and
the hemispheres (Table 1). In these stripes, PrP**" was present in
the ML, as well as in the subjacent IGL, whereas the surrounding
cortex displayed only weak, if any, PrP?*" staining. The full pattern
was composed of a median PrP*?" stripe flanked by at least 7 para-
sagittal PrP?*" stripes from the vermis to the hemispheres (Figure
2C-E). Notably, a characteristic banding pattern already appeared

243



Prions in cerebellum

Ragagnin et al.

Figure 1. Immunoperoxidase staining of PrP??- in the cerebellum of i.cb.
inoculated mice during preclinical (92-107 dpi) period. A. PrP??“ deposits
(arrowheads) around the neurons in the medial (fastigial) cerebellar
nucleus (Med). B. Diffuse PrP??t deposits in IGL (arrowheads) and ML
(arrow) of dorsal (IXd) and ventral (IXv) sides of lobule IX. WM, white
matter. C,D. A stripe of PrP?" (between dotted lines) in the cortex of
Crus1 at early (C, 92 dpi) and late (D, 107 dpi) preclinical stages of the
disease. PrP?- forms vertical palisades in the molecular layer (ML) and
accumulates between granule cells in the subjacent internal granular layer
(IGL). E,F. Banding pattern of PrP?- aggregates in the anterior
cerebellum (bregma—5.68 mm). E. PrP??- is apparent throughout the
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median (Med) and anterior interposed (IntA) deep nuclei, whereas several
stripes of PrP?" have already formed in the cortex of the simple (Sim),
crus1, crus2, paramedian (PM) and paraflocculus (PFl) of the hemispheres.
PrP??- deposits are scarce in the vermis except in the Xth lobule where a
median PrP??" stripe and diffuse PrP??“ accumulation throughout IGL (¥)
are observed in the cortex. Bar=500 um. F. Schematic mapping of
PrP?2 immunoperoxidase staining (black areas) shown in E. G.
Magnification of the inset in E. PrP??" stripe (arrow) forming at the apex
of Sim. H. The crus 2 (Crus2) and paramedian lobule (PM) display a
characteristic pattern of PrP??- stripes (between dotted lines) which is
reproduced at the clinical stages in all mice. Bar =50 um.
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Figure 2. Immunoperoxidase staining of PrP??%, PrPME” and pPrpS™®!
in the mouse cerebellum at clinical stages (134-139 dpi) of the
diseases. A-E. i.ch. inoculated mice. A. PrP??" deposits around the
neurons have invaded the medial (fastigial) cerebellar nucleus (Med)
at the clinical stage of the disease. B-E. Banding pattern of Prp?2:
aggregates in the anterior (C-E) and median (B, bregma —6.64 mm)
cerebellum. B. Same legend as Figure 1H. C. At the clinical stage of
the disease, PrP??" stripes are clearly visible in the vermis (dotted
lines) as one median stripe flanked by 3 lateral stripes. Bar = 500 um.
D. Schematic mapping of PrP??“ (black areas) shown in C. IntP,
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interposed cerebellar nucleus; Lat, lateral (dentate) cerebellar nucleus.
E. Magnification of the inset in D. F. A banding pattern of PrPM&’
similar as that of PrP??" (E) is observed in the lobules VI and IV-V of
the vermis of a mouse inoculated i.c. G. Similar to PrP??“ deposits in
22L-infected mice, PrP"B! deposits surround neurons throughout the
dentate nucleus at the clinical stage. H. In the cerebellar cortex,
PrPe”B" accumulated between the granule cells in the IGL. Note the
small plagues of PrPFB" in the IGL (arrows), ML (arrowheads) and
Purkinje cell layer (white arrowhead). Bar =50 um.
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Table 1. Parasagittal bands of PrP??“ accumulation (grey) and of ZII/AldC-expressing PCs (Z+) throughout the lobules of the cerebellar
hemispheres and vermis of the clinically-ill mouse after inoculation of 22L scrapie prions via the i.cb., i.c. and i.p. routes. The maximal number

of PrP?2- bands observed is given in the grey boxes. PrP?2- bands form in the Z+ bands of the vermis and in the Z— bands of the hemispheres.
The numbers of parasagittal bands formed by Z+ PCs is given for comparison. PC loss in the Z+ and Z— bands is given in % of the PC linear
density in the non infected cerebellum. In most cases, PC loss is the most severe (bold) in the Z— bands. *, intense PrP??- immuno-staining
looking homogenous or in vertical palisades; **, Z+ PCs-containing folia; /, not analyzed.

i.ch. i.c. i.p.
7+ 7— 7— 7+ Z—
ZII/AIdC (Z+)
Lobules bands
Vermis | 3/5
/ 52 =24 68+9 /
I I I 9
/ 20+ 11 58+9 /
Il ] 5 9
49 +13 0+5 52 +17 602 42 +13 0+19
v N -5 9
40+8 42 + 11 45+ 10 47 =10 27+8 56 +13
v 7 e 113
40+8 42 + 11 45+10 47 =10 27+8 56 +13
vi 5 3 5/7
46 =10 50+9 53+4 44 +13 26+3 49 + 12
Vil s s 4
/ / / / /
Vil 5 57 7
728 82+10 54 +£10 74 =11 51+14 78 £ 6
IX 3 3 7
44 +18 52+13 0*x10 64 + 21 305 75+9
X I 3 -
0+x11 *x 0+20 *x 11+20 **
Hemispheres Sim - - - 3/5
74 +5 4011 63+6 68+8 46 + 25 32+7
Crust N 23 [ = | 5
56 =7 48+ 12 22+19 50+ 12 0+18 41+ 3
Crus2 3 5 4 6
92+2 95+2 82+6 93+2 52 +13 84+4
PM 3 3 5 6
80+ 13 91+3 88+ 4 915 55+ 14 68+14
Cop I I ] 5
89+7 88 +2 777 93+2 59+7 75+12

S -

/ / /
. -
/ / /
PC loss (%)

in the paramedian and crus2 folia of the hemispheres in the preclin-
ical period (Figure 1H) and was maintained at the clinical stage in
infected mice (Figure 2B). At any given time point, only part of
this PrP*?" banding pattern was visible in the cerebellum, probably
due to inter-individual differences in the time course of the disease
thus reflecting the degree of PrP??" propagation in different areas.
Aggregated PrP??" from the earliest stripes formed during the pre-
clinical period spread to neighboring and extended regions of the
cortex during the clinical period (Figures 1H, 2B, 3A-D).

In the cerebellar cortex of clinically ill mice inoculated i.c. with
ME7, the topographic pattern of PrPM®’ (Figure 2F) was similar to
that displayed by PrP??"“ (Figure 2E), although the staining of
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PrPME7 deposits with the SAF32 anti-PrP antibody was often less
intense than that of PrP**" deposits.

By contrast, no PrP™®' specific topographic pattern was
observed in 6PB1 i.c.-infected mice during the clinical period
(155-183 dpi). PrP®*®! deposits surrounded the deep cerebellar
neurons (Figure 2G). In the cerebellar cortex of these mice, diffuse
deposits and small plaques of PrP®"®! were scattered throughout
the IGL. Few PrP®™®' plaques were present in the PC and the
molecular layers (Figure 2H).

In mice inoculated i.c. either with 22L or ME7, we noticed that
the cellular ultrastructure of the cerebellar cortex was most often
poorly preserved due to PrP">E-induced degeneration. Nevertheless,

Brain Pathology 28 (2018) 240-263
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Figure 3. Immunoperoxidase staining of PrP??- and PrPM® in the
cerebellum of clinically ill mice inoculated i.c. A-D. Progressive invasion
of the cerebellar cortex compartments by PrP??- deposits in the Crus2,
paramedian lobule (PM) and copula (Cop) of the hemisphere. See the
contrasted striping pattern of PrP??- bands with weakly labeled 6+ and

in the few presynaptic profiles observed in PrP+ stripes, PC den-
drites and postsynaptic spines were devoid of PrP**" and PrPM*’
precipitates, which frequently decorated processes surrounding
neuronal profiles (Figure. 3E,F). This most likely corresponded to
glial processes, suggesting that astrocytes may participate in
PrP"SE production.

These data show that 22 and ME7 scrapie prions but not 6PB1
BSE prions induce a parasagittal banding pattern of PrP™F aggre-
gation. In addition, production of PrP™F on astrocyte processes
would be associated with the progressive IGL-to-ML prion inva-
sion of the cerebellar cortex.

Brain Pathology 28 (2018) 240-263
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7+ PrP??'— bands in the earliest stages (A, B) and the increased
immunostaining intensity in these regions in the latest stages (C, D).
Bar =500 um. E,F. Ultrastructural localization of PrPM&” in the cerebellar
molecular layer. Arrowheads point to stained astrocyte-like profiles
closely surrounding remnants of PC dendrites (PD). Bar = 500 nm.

The PrP?2" deposition pattern coincides with
spongiosis and loss of Purkinje cells in the
cerebellum

To further investigate whether prion-induced histopathology relates
to the parasagittal pattern of PrP**" accumulation, we analyzed
spongiosis, as well as neuronal loss in the cerebellar cortex of 22L-
infected mice.

Vacuolation scores (based on vacuole distribution and density)
were determined to establish the lesion profile of 22L scrapie in
each part of the cerebellum, using the scale of Fraser and Dickinson
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Figure 4. Banding pattern of spongiosis in the cerebellar cortex of 22L-
infected mice. A. Immunoperoxidase staining of a median stripe of
PrP?2-+ (between dotted lines) between PrP??“— zones in the cortex of
the ventral side of the lobule IX of the vermis. Note the increase in

(44). In mice infected with the 22L strain, only a few, widely and
unevenly scattered vacuoles were found in the white matter and
deep cerebellar nuclei (score 1). By contrast, robust spongiosis
occurred in the neuropil of the cerebellar cortex. At both preclinical
and clinical stages of the disease, the most severe spongiosis was
observed in the IGL (Figure 4A) and the highest vacuolation score
(4), that is, many vacuoles with some confluence, was reached in
clinically ill i.cb.-inoculated mice. These lesions significantly
increased from the preclinical (0.9 = 0.1) to the clinical (1.9 = 0.3)
period in the cerebellar cortex (P < 0.05), notably in the IGL
(1.1 +0.2t02.4*=0.3; P=0.012), but did not change significantly
in subcortical regions of the cerebellum. Similar lesion scores were
estimated in the vermis and the hemispheres in preclinically-ill
mice infected i.cb. (vermis 1.0 = 0.2, hemispheres 0.9 = 0.1) and
in clinically ill mice infected i.cb. (vermis 1.2 = 0.2, hemispheres
1.1 £0.2), i.c. (vermis 2.6 £ 0.3, hemispheres 2.3 = 0.1) and i.p.
(vermis 1.6 = 0.2, hemispheres 1.3 = 0.1). However, in both ver-
mis and hemispheres, vacuolation was significantly more severe in
the i.c. than in the i.p (vermis P < 0.008, hemispheres P < 0.004)
and i.cb. (P < 0.001) inoculated mice. In clinically ill 22L-infected
mice, the density of spongiosis in the IGL did not significantly dif-
fer between PrP?2"+ and PrP?2t— stripes, but much more vacuoles
were found in PrP**"+ stripes in the ML (22.1 + 3.9 vacuoles/10*
pum?) compared with PrP?*"— stripes (10.9 + 1.2 vacuoles/10*
um?) (Figure 4B). Thus, in the 22L-infected cerebellar cortex,
severe neuropathogenesis occurs according to the parasagittal band-
ing pattern of PrP?*" accumulation with PrP**"+ stripes exhibiting
the earliest and most severe spongiosis.

To estimate PC loss, we first counted the number of surviving
CaBP-immunolabeled cells in the cerebellum of mock- and 22L-
infected mice at the clinical stage of the disease. Approximately half
of the total PC population was lost in 22L-infected mice (Figure
5A) and the loss of neurons was not significantly different between
the different routes of inoculation in the whole cerebellum. Never-
theless, PC loss was significantly higher in the hemispheres (i.cb.
72.2% = 1.2; i.c. 68.4% = 6.5; i.p. 39.5% = 8.3) than in the vermis
(i.cb. 40.7% £ 1.9; ic. 38.7% *=3.8; ip. 324% *=4.2) in all
infected mice (i.cb. P <0.001, i.c. and i.p. P < 0.05, Figure 6A).
PC loss in both the hemispheres and vermis appeared less severe
after i.p. inoculation than after i.c. or i.cb. inoculations. Of note,
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spongiosis in the ML of the PrP??“+ stripe. IGL, internal granular layer;
WM, white matter. Bar = 50um. B. The density of vacuoles is increased
in the PrP??“+ stripes of the molecular layer in the cerebellum of all
infected mice irrespective of the inoculation route (*, P<0.05).

significant PC loss occurred in all lobules, except the lobule X of
the vermis and, depending on the inoculation route, a few other folia
of the hemispheres (Figure 5B). Nevertheless, two-way (lobule,
inoculation route) ANOVA followed by post hoc Tukey tests
showed that PC linear densities were not significantly different in
any of the cerebellar lobules between the i.c., i.cb. and i.p. inocula-
tion routes.

We further explored the impact of prion infection on other neu-
ronal populations of the cerebellar cortex in 22L clinically ill mice.
In the IGL, the granule cell density was generally unaffected, and
there was no difference in granule cell densities between cerebellar
PrP??+ (19337 +1181 granule cells/mm?®) and PrP*“— (19403
+594 granule cellsmm?) stripes in i.c. inoculated mice
(P =0.948). A moderate, but significant granule cell loss was how-
ever found in i.cb. (21.9% * 5.7, P<0.01) and i.c. (18.5% * 3.3,
P <0.05), but not in ip. (11.5*=3.9%, P=0.393) inoculated
mice. Concerning interneurons of the ML, their density did not sig-
nificantly evolved (sham 279 * 66.2; P = 0.456) in mice inocu-
lated icb. (300.5+ 312 interneurons/mm?), ic. (351.9 +25.2
interneurons/mm?) or i.p. (368 * 25.1 interneurons/mm?>).

Importantly, at the preclinical period (107 dpi), CaBP-
immunolabeled PCs primarily disappeared in PrP**" accumulation
zones (Figure 5C,D) with 90.7% loss (3.6 PCs/mm) in PrP**"+
stripes and 27.9% loss (28.3 PCs/mm) in PrP??"— stripes (n = 1).
Loss of PCs in the 22L-infected cerebellum likely depended on apo-
ptotic mechanisms as some CaBP-labeled PC somata were labeled for
activated caspase-3 (Figure 5E). PC loss then continued throughout
the clinical course of the disease (Figure SF,G) with 68.2% loss (12.5
PCs/mm) in PrP??"+ stripes and 7.8% loss (36.2 PCs/mm) in
PrP??— stripes (n = 1). Quantitative analysis of PC loss performed
with i.c. inoculated mice (n= 3) revealed that nearly all PCs disap-
peared from the PrP*"“+ stripes (86.3 = 10% loss; 3.7 + 2.7 PCs/
mm) by the clinical period, while about 3.5 times more PCs were still
present in PrP?“— stripes (47.7 + 17.1% loss; 14.2 = 4.7 PCs/mm).
Although this difference was not significant for the whole cerebellum,
PC loss was significantly greater in the PrP*“+ stripes than in the
PrP**"— stripes in the hemispheres, but not in the vermis (Figure 6B).

Altogether, our data clearly indicate that Purkinje cells are the
neuronal cells most vulnerable to 22L prion toxicity with a massive
PC loss in PrP*?“+ stripes.

Brain Pathology 28 (2018) 240-263
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Zebrin-expressing PCs are more resistant to
22L prion-associated toxicity

Resemblance between the PrP??" accumulation and the zebrin (Z)
expression patterns prompted us to examine whether certain subpo-
pulations of PCs would be more sensitive to 22L prion toxicity.
We used either ZII/AldC immunohistochemistry or transgenic mice
expressing GFP in EAAT4 PC subtypes (ZII/AldC-expressing
PCs) to visualize the distribution pattern of zebrin-expressing PCs
and to investigate by this way whether the pattern of 22L-induced

Brain Pathology 28 (2018) 240-263
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PC loss follows the major pattern of cerebellar compartmentation.
We quantified the Z+ and Z— PCs at the clinical stage in cerebel-
lar sections of 22L-infected EAAT4-eGFP mice (i.c.), and wild-
type mice (i.cb. and i.p.) immunostained for ZII/AIdC (Table 1).
Although there was a significant neuronal loss in both zebrin-
expressing and non-expressing subpopulations (Figure 5H), PC
loss was about 2 times more severe in the stripes that did not
express zebrins in the cerebellum of i.c. (EAAT4+: 41.4% +5.2
vs. EAAT4—: 71.3% = 5.7, Figure 51-K) and i.p. (EAAT4+:
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Figure 5. PC loss in the cerebellum of 22L-infected mice. A,B.
Decreased linear densities of PCs in the cerebellum (A) and cerebellar
lobules (B) of clinically ill mice inoculated i.cb. (A, B), i.c. and i.p. (A)
with 22L prions. PC loss is similar, irrespective of the inoculation route
(i.c. 55.4% =4.9; i.cb. 63.0% *=3.3; i.p. 50.4% =5.6). All lobules of
the vermis and hemispheres except the lobule X of the vermis exhibit
significant PC loss. C,D. Arrow points to a narrow PrP??" stripe
labeled by immunoperoxidase in C, and in the green channel in D
where CaBP immunofluorescence (red channel) shows that some
PCs are already lost in crus2 at a preclinical stage (107 dpi) of the dis-
ease (22L i.cb.). E. Merged image of immunofluorescence of active
caspase-3 (green channel) and CaBP (red channel) showing apoptotic
PCs (arrows, and at higher magnification in inset) in the cerebellar cor-
tex of a clinically ill (134 dpi) mouse inoculated i.cb. F,G. In clinically ill
(134 dpi) mice inoculated i.cb., merged images of Prp??

Ragagnin et al.

immunoperoxidase (green channel) and CaBP immunofluorescence
(red channel) showing the loss of PCs in PrP??" stripes in the IV-VI
lobules (F) and in the paramedian lobule (PM) and copula pyramidis
(Cop) (G). H. The decrease in the linear density of zebrin-PCs
(EAAT4+ or aldolase C+) is less than the decrease in zebrin—PCs in
the cerebellum of all clinically ill 22L-inoculated mice compared with
sham/mock-infected mice. A, B, H. *P<0.05; **P<0,001; #P < 0.05.
I. Merged image of EAAT4-eGFP (green channel) and CaBP immuno-
fluorescence (red channel) showing 5+ and 6+ stripes of EAAT4+
PC (yellow) and a 5— stripe of EAAT4— PCs (red channel) in the
crus2 and PM of a mock-infected EAAT4-eGFP mouse. J,K. In crus2
and PM of a clinically ill (139 dpi) EAAT4-eGFP mouse inoculated i.c.,
most of the surviving CaBP+ PCs (J, red) are present in the 5+ and
6+ stripes of EAAT4+ PCs (yellow) shown in merged image K and
not in the 5— stripe of EAAT4— PCs. C-G, I-K. Bar =50 um.

25.6% *4.4 vs. EAAT4—: 50.1% = 8.6) 22L-infected mice
(P < 0.001). With i.cb.-inoculated mice, the loss of EAAT4+ PCs
was not significantly different from that of EAAT4— PCs. Never-
theless, EAAT4+ PC loss in the cerebellum of i.cb.-inoculated
mice was higher (57.1% *6.9) than that measured with i.c.

A

(41.4% = 5.2, P=10.938) and i.p. (25.6% = 4.4, P=0.001) inocu-
lated mice.

These data indicate that zebrin expression in specific subpopula-
tions of cerebellar Purkinje cells is associated with some PC resist-
ance to prion toxicity.
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Figure 6. A. Variable severity of PC loss in the cerebellar vermis and
hemispheres between the i.ch., i.c. and i.p. inoculation routes of 22L
scrapie as reflected by differential decrease in PC linear density.
*P<0.05; **P<0.001. B. PC loss between PrP??~+/PrP??— bands
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in the vermis and the hemispheres of clinically ill i.c. inoculated mice.
PC loss is significantly more severe in the PrP??+ bands in the
hemispheres (*P < 0.05).

Brain Pathology 28 (2018) 240-263
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PrP??" accumulates in Z+ bands of the vermis
and in Z— bands of the hemispheres

We next probed whether the PrP?*" banding pattern in the cerebel-
lar cortex of 22L-infected mice fully matches with the banding

Brain Pathology 28 (2018) 240-263
© 2017 International Society of Neuropathology

pattern of EAAT4 and ZII/AldC zebrins-expressing Purkinje cells.
Although the parasagittal EAAT4 or aldolase C zebrin pattern was
somewhat blurred by PC loss in 22L-infected mice, the PrP?*"
deposition pattern in single and consecutive sections of the
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Figure 7. Banding patterns of EAAT4-eGFP and PrP??" in the median
level of the cerebellum (A, C-E, bregma —6.64; B, F-H, bregma —6.72)
of sham (A, B) and clinically ill (203 dpi), 22L i.p. inoculated (C-H) mice.
A,B. In the cerebellum of the mock-infected EAAT4-eGFP mouse, the
stripes of the EAAT4-eGFP PC subpopulation (green channel) which
coincide with CaBP immunostained PCs (red channel) are indicated in
yellow in the merged image of the vermis (A) and the stripes of
EAAT4-eGFP PCs are seen in the paramedian lobule (PM) and copula
pyramidis (Cop) (B) of the hemisphere. C-E. In the cerebellum of a dis-
eased EAAT4-eGFP mouse presented at a level similar to the vermis

Ragagnin et al.

shown in A, stripes of green fluorescent EAAT4-eGFP PCs (C) coincide
with stripes of immunoperoxidase labeled deposits of PrP?%- (between
dotted lines in D). In the merged image (E) of C and D, PrP??" staining
is visualized in the red channel. 1+, a+, 2+, parasagittal stripes of
EAAT4-eGFP+ PCs in the lobules VI and IV-V of the vermis. F-H. In
PM and Cop of the cerebellar hemisphere, immunoperoxidase stained
PrP?2- stripes (dotted lines in G, red channel in merged image in H)
coincide with stripes of EAAT4-eGFP— PCs (F, H). e1+, e2+, 5+, 5—,
6+, parasagittal stripes of PCs expressing (+) and non-expressing (—)
EAAT4-eGFP in PM and Cop. Bar =50 um.

cerebellar cortex closely corresponded to the EAAT4 and ZIl/aldC
zebrins patterns (Figure 7, Table 1). During the clinical course of
the disease (139—-145 dpi), this was particularly clear in the lobules
III-VII of the vermis. In these lobules, there was nearly perfect
overlapping of PrP**" stripes with the 1+, a+, 2+, 3+ and 4+
stripes of EAAT4+ PCs, while the EAAT4— 1—,a—,2— and 3—
stripes were only weakly stained for PrP?*" (Figure 7A,C—E). How-
ever, three PrP??" stripes were observed in the IX™ and X™ lobules
of the vermis, which contains almost exclusively EAAT4+ PCs
(Figure 8). CaBP immunostaining as well as EAAT4 fluorescence
disclosed a decreased PC density in these areas (Figure 9). By con-
trast, a reversed correspondence was observed in the hemispheres.
The parasagittal stripes of robust PrP>*" accumulation occurred in
the el—, e2—, 5— and 6— stripes containing EAAT4— PCs and
crossed into the crus2, paramedian and copula pyramidis folia,
while the adjacent EAAT4+ stripes displayed much weaker if any
PrP??" immunostaining (Figure 7B,F—H).

These overall data show that the parasagittal banding pattern of
PrP?" precipitation in the mouse cerebellar cortex is similar to the
organizational pattern of PC subpopulations disclosed by zebrin
expression. Although PrP**™ accumulates both in Z+ bands of the
vermis and in Z— bands of the hemispheres, Z— PCs are by far the
most sensitive neuronal cells to 22L prion toxicity. Since Z— PCs
are lost in and out the PrP*?" bands, Z— membership rather than
PrP??" is likely to promote PC death.

Prominent microgliosis and astrogliosis occur
in PrP?2"+ bands

The activation of microglial cells and astrocytes is an early compo-
nent of the brain response to prion infection, known to aggravate
neurodegeneration by exacerbating neuroinflammation (16, 28, 49,
73, 81, 94). To further explore whether the loss of PCs in PrP?2t 4
stripes would also depend on microglia, we examined the activation
state of microglial cells and astrocytes in cerebellar sections of
22L-infected mice.

Immunolabeling of Iba-1 to detect activated microglial cells
revealed that the density of active microglial cells dramatically
increased throughout the cerebellar cortex of clinically ill 22L-
infected mice (329.2 + 26.1 cells/mm?, n = 4 mice inoculated i.c./
33.3 cells/mm?, n = 1 sham mouse, data not shown) with a signifi-
cant peak in PrP*?+ stripes (427.7 = 54.0 cells/mm?2) compared
with the PrP??“— stripes (230.7 = 32.6 cells/mm2) (Figure 10A).

Contrasting with the presence of reactive microglia throughout
the infected cerebellum, the astrocyte response to 22L prions was
restricted to patches of intensely GFAP-labeled astrocyte processes
and Bergman palisades in the IGL and the ML of the cerebellar

252

cortex, respectively (Figure 10B-D). Double immunohistochemis-
try for GFAP and PrP**" revealed the topographic coincidence of
astrogliosis and PrP*?" patterns with reactive astrogliosis occurring
in PrP**"+ stripes (Figure 10D).

Correlation between prion-induced perisynaptic
astrocyte activation and TNFR1 upregulation

Reactive astrogliosis in neurodegenerative diseases is often associ-
ated with the release of pro-inflammatory factors such as TNF-a

PrP22L

Figure 8. PrP??" banding pattern and PC loss in the X" lobule of the
cerebellar vermis of a clinically ill (235 dpi) mouse inoculated i.p. with 22L
prions. A. Asterisks show a lateral and a median PrP??“ bands labeled
with immunoperoxidase. B. The PCs of the lobule IX are all labeled with
EAAT4-GFP green fluorescence (green channel). €. The merged image
shows decreased density of fluorescent PCs (green channel) in the
PrP??- bands (red channel). Arrow shows the median line. Bar = 50 um.
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Crus2

Prions in cerebellum

Figure 9. PC loss in the cerebellum of clinically ill 22L-infected
EAAT4-GFP mice. Merging CaBP-immunofluorescence (A,C, red
channel) and EAAT4-GFP fluorescence (B,D, green channel) images
of cerebellar sections in the median (A, B, bregma —6.72 mm) and
posterior (C, D, bregma—7.20 mm) cerebellum after i.c. (139 dpi) and
i.p. (205 dpi) inoculation. At both levels, most of the surviving CaBP-
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Figure 10. Inflammation patterns in the 22L-infected cerebellum. A.
In the cerebellar cortex of clinically ill mouse inoculated i.c., the den-
sity of reactive microglia immunostained for Iba-1 in the molecular
layer is significantly higher in PrP?2“+ stripes than in PrP?2-— stripes
(*P<0.05). B,C. Immunoperoxidase staining of PrP??% (B) and immu-
nofluorescence of GFAP (C) in PM and Cop of the cerebellum of a
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immunofluorescent PCs (red in A and C) are EAAT4-GFP expressing
PCs (orange-yellow in B and D). PC loss is less severe in the vermis
which contains a majority of resistant EAAT4-GFP PCs. Arrowheads
show bands of decreased density of PCs in the IX" (A-D) and X (A,
B) lobules of the vermis. Bar =500 um.

clinically ill mouse inoculated i.cb. D. Merged image of B (red channel)
and C (green channel) showing enhanced GFAP fluorescence of astro-
cytes in PrP?2+ stripes (between dotted lines in B and D). The CaBP
immunofluorescent PCs are shown in the PrP??— stripes of the
same region in Figure 5G. IGL, internal granular layer; ML, molecular
layer, WM, white matter. Bar =50 pum.
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Figure 11. TNFR1 immunostaining in the vermis of the anterior (A,
bregma —5.68 mm) and posterior (B-E, bregma —7.20 mm)
cerebellum of clinically ill EAAT4-GFP transgenic mice inoculated i.c.
with 22L prions. A. TNFR1 immunofluorescent stripes (arrows) and
palisades in the anterior lobules V to I. B. TNFR1 immunofluorescent
stripes and palisades alternate with immunonegative stripes (arrow-
heads) in the VI, VIII and IX lobules. A, B, bars =200 um. C, D, E.
Merged images of TNFR1 (red channel) and CaBP (C, blue channel) or

(124). Interestingly, upregulation of the TNF-a receptor type 1
(TNFR1) (27, 95, 107) has been shown in the cerebellum of 22L-
infected mice, which might accelerate the neurodegenerative pro-
cess in response to prion-induced release of TNF-a. Of note,
TNFR1 accumulation follows a parasagittal banding in the ML
(95) that recalls the parasagittal banding pattern of prion pathogene-
sis in the cerebellar cortex. To shed further light on the structures
concerned by TNFR1 accumulation in prion-infected cerebellum,
we first compared the TNFR1 accumulation and PrP*?" precipita-
tion patterns. In mock-infected mice, a weak TNFR1 immunostain-
ing was detected in the deep cerebellar nuclei and throughout the
ML of the cerebellum (data not shown). TNFR1 staining intensified
in the preclinical period in the cerebellar hemispheres of mice ino-
culated i.cb. with 22L prions. Intensely stained TNFR1+ regions
were bracketed by unstained palisades (data not shown) and by the
clinical stage, TNFR1+ palisades and stripes were observed
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EAAT4-GFP (D, E, green channel) show TNFR1 immunofluorescent
stripes and palisades (C, pink; D, yellow; E, orange-red, asterisks)
overlapping the surviving PC dendrites in the cerebellar molecular
layer. C. Magnification of inset in B. The linear density of the surviving
CaBP immunofluorescent PCs (C, blue) and EAAT4-GFP fluorescent
PCs (D, E, green) is visibly decreased in the TNFR1 immunonegative
stripes (arrowheads). C, E, bars =50 um.

throughout ML in all infected mice (Figure 11A,B). The PrP**"
and TNFRI immunostaining patterns were complementary with
PrP?*" accumulating between TNFR1 palisades and stripes (Figure
12A,B). Estimating PC survival throughout the banding pattern of
TNFRI1 in infected mice showed that CaBP-stained PCs, including
EAAT4+ PCs and, to a lesser extent EAAT4— PCs, survived in
TNFR1+ palisades and stripes (Figures 11D,E and 12C-H).
Nevertheless, TNFR1 and CaBP were not consistently co-localized
as the dendritic spines of CaBP-stained PCs were usually sur-
rounded by TNFR1 immunofluorescent dots (data not shown). This
suggests that TNFR1 was not located on PC processes in clinically
ill 22L-infected mice. Since the vGLUT 1-immunostained presyn-
aptic terminals of parallel fibers were distributed uniformly in the
ML of both clinically ill and non-infected mice, which thereby
excludes parallel fiber boutons as the preferred sites of increased
TNFRI1 expression (data not shown), we examined the possibility
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Figure 12. TNFR1 increases in PrP??“— stripes where PCs survive.
A,B. Merged images of TNFR1 (green channel) and PrP??" (red
channel) immunofluorescence in PM (A) and VIth lobules (B) from a
clinically ill (134 dpi) mouse inoculated i.cb. TNFR1 is enhanced in
PrP?2t—  stripes (between dotted lines in A) and palisades
(arrowheads). Inset shows higher magnification of PrP?%- deposits and
TNFR1 staining. Bar=50um. C,D. Immunofluorescence of TNFR1

Ragagnin et al.

stripes (red channel) in the ML of crus 2 and PM of a clinically ill (145
dpi) mouse inoculated i.c. with 22L. D-H. Magnification of inset in A.
E-H. Immunofluorescence of CaBP (blue channel, E) and EAAT4-
eGFP (green channel, F) and in merged image of E and F zebrin+ (yel-
low, arrows) and zebrin- (blue, arrowheads) PCs are visualized (G). H.
Merged image of D and G. TNFR1 immunofluorescence (red) is asso-
ciated with both types of PCs. Bar =50 um.

that these sites were non neuronal components of the ML such as
the astrocytes. The patterns of TNFR1 and GFAP-labeled astroglio-
sis were clearly distinct, but complementary in the ML of infected
mice (Figure 13A—C). TNFR1 and the glial glutamate transporter
EAATI appeared however to localize on the same structures in the
ML of the 22L-infected mice (Figure 13D). An ultrastructural
examination of this region revealed TNFRI1 immunoperoxidase
staining at the plasma membrane of distal astrocyte processes sur-
rounding asymmetrical PC-parallel fiber synapses (Figure 13E,F).
Interestingly, the most intense labeling occurred close to the postsy-
naptic component of the synapses, that is, the PC dendritic spines
(Figure 13E,F).

These results provide evidence that the glial response to prion
invasion is closely circumscribed by the parasagittal banding pat-
tern of pathogenesis in the cerebellar cortex (Figure 14). In addition
to the increased density of activated microglia in the PrP?*“+
bands, the increase in GFAP+ astrocytes in these bands and the
up-regulation of TNFR1 expression at astrocyte tips enveloping PC
postsynaptic spines in PrP*?"— bands suggest a biphasic reaction
of astrocytes during prion disease.

DISCUSSION

The scrapie strain property and the cerebellar
compartmentation, but not the neuroinvasion
route, determine the pattern of PrP?2-
accumulation

The present anatomical analysis provides evidence that both scrapie
PrP?*" and PrPM®7 precipitate according to a parasagittal banding
pattern in the mouse cerebellum, as previously documented (4, 20,
61, 95), while the 6PB1 bovine strain displays a random accumula-
tion pattern. Although there is substantial evidence that prions
spread to the cerebellar cortex along well defined, synaptically
linked neural pathways (10, 11, 17, 111, 126), we here show that
the neuroinvasion route does not however impact on the banding
patterns of PrP scrapie deposits.

For instance, PrPSE distribution in the central nervous system
and PrP™E-induced cerebellar neuropathology have been shown to
be mainly influenced by the molecular features of PrP™>F as well as
polymorphism and mutations of the cellular prion protein encoding
gene PRNP (50, 70, 71, 84, 91, 109, 123). The differential deposi-
tion of PrP?*“ and PrPM™" across the parasagittal organization of
Purkinje Cell (PC) modules indicates here that a local
“compartmentation parameter” also modulates pathogenesis of 221
and ME7 scrapie prions and possibly CJD. Of note, bands of
PrP?*" aggregates start to appear in the IGL before invading adja-
cent ML areas, suggesting that the cortical compartmentation of
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PrP**" accumulation occurs in both the IGL and ML and that cells
of the IGL are intrinsically more responsive to prion infection.
With time, the sustained production of PrPTSE leads to the com-
plete invasion of the cerebellar cortex, as revealed by the progres-
sive disappearance of PrP??" stripes. Cell-specific differences, such
as variations in the PrP¢ glycosylation profile between cells tar-
geted by prions, might modulate the interaction between PrP™E
and the host PrP, at the root of regional differences in the rate of

PrP™SE production (13, 30, 31, 130).

Purkinje cells are major targets of 22L prions

We show significant loss of PCs, but not of cortical interneurons, in
the cerebellum of prion-infected mice, indicating that PCs are the
main neuronal targets of 22L scrapie. As PCs are the sole efferent
projections of the cerebellar cortex and extensive PC death was
shown to impact on motor coordination, cerebellar learning, and to
provoke ataxia (100), the targeting of 22L prions to PCs likely
accounts for the ataxia observed in the scrapie-diseased mice. Com-
parison of PC survival between the PrP***+ and PrP**"— stripes
throughout the cerebellar cortex revealed that PC loss occurred in
the PrP??"“+ stripes in the preclinical period, and conversely more
PCs survived in the PrP??“— stripes all along the course of the dis-
ease. In addition, vertical palisades of PrP??" formed in regions of
the ML where the dendrites of PCs, but not the soma, have degen-
erated, arguing that PrP??“ accumulation starts at the dendrites
(116). Remarkably, PrP“™ deposits are also closely associated with
cerebellar cell dendrites (74). The clustering of PrP“’® deposits in
the ML may reflect some loss of individual PCs but also degenera-
tive processes that affect other surrounding components in the ML,
such as terminals of afferent fibers (5) or Bergmann astrocytes (see
below). Our observations however confirm that granule cells and
parallel fibers are resistant to 221 prions neurotoxicity (116).

The topographic coincidence of PrP*?* accumulation and PC loss
is consistent with the spatial overlap of PrPT>E and neurodegenera-
tion observed in several other murine models of prion disease (41,
86, 88, 129). Spongiosis was extensive in the ML of the PrP?*“+
stripes and even more throughout the IGL where a robust PrP**"
accumulation occurred at the clinical stages of the disease, suggest-
ing a coupling between PrP**" accumulation and neurotoxicity.
Contrasting with this hypothesis is our observation of a significant
PC loss in PrP*?"— stripes associated with little to moderate neuro-
nal loss in the PrP**"-enriched IGL. In the IGL of sCJD patients,
granule cell loss is also negatively correlated with PrP™F accumula-
tion (22, 37, 132) and uncoupling between high prion infective titers
and neurotoxicity has recently been demonstrated (102).

Although the global loss of PCs was not significantly different
between clinically ill mice inoculated i.c., i.cb. and i.p., the i.c.
route induced the most severe vacuolation and PC death than the
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Figure 13. Subcellular localization of TNFR1 in the cerebellar ML of
clinically ill (139 dpi) mice inoculated i.c. A-C. Complementary
immunofluorescence patterns of TNFR1 (red channel, A) and GFAP
(green channel, B) stripes and palisades in the ML of crus 2 and PM of
a clinically ill (145 dpi) mouse inoculated i.c. C. Merged image of A and
B. GFAP immunofluorescent palisades of Bergman astrocytes are
present in the stripes and palisades displaying weak TNFR1
immunofluorescence. Note also the reactive GFAP astrogliosis in the

Brain Pathology 28 (2018) 240-263
© 2017 International Society of Neuropathology

IGL and WM. Bar =50um. D. Merged confocal image showing partial
co-localization (yellow) of TNFR1 (green channel) and EAAT1 (red chan-
nel). Row with weak immunofluorescence is indicated by *. Bar= 10
um. E,F. Transmission electron micrographs of preembedded immuno-
peroxidase staining of TNFR1 in the ML neuropil. Perisynaptic astrocyte
processes (arrowheads) bear the most of immunoperoxidase staining
close to PC spines (S) establishing asymmetrical synapses (arrows)
with parallel fiber boutons (PF). Bar = 500 nm.
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HEMISPHERE

Z+ Z+

PPz PPzt

Figure 14. Schematic representation of prion-induced pathogenesis in
cerebellar compartments. PrP??" aggregates (dark orange) in ML, PCL
and IGL in the bands made by Z— PCs of the vermis and in the bands
made by Z+ PCs of the hemisphere. Bergmann astrocytes (B) gliosis

other routes in the vermis and the hemispheres. This suggests that
the rate and/or intensity of scrapie pathogenesis might be increased
after neuroinvasion by the i.c.-related intracerebral pathways. Such
a link between the severity of pathogenesis and the neuroinvasion
pathways is however difficult to establish. As the amounts of 221
prions and the starting time-point of cerebellum neuroinvasion by
22L prions by i.c. and i.p. inoculation routes cannot be precisely
determined, our comparative analysis of the three neuroinvasion
routes (i.c., i.p., i.cb.) did not allow to determine whether differen-
ces in severity of pathology, that is, PC loss, spongiosis and PrP**"
accumulation, originate from an asynchrony between the disease
courses or from different pathogenic mechanisms.

Our results indicate that spongiosis and death of PCs, the most
sensitive neurons to 22L prions in the cerebellar cortex, preferen-
tially occurs in the PrP?*" stripes in the ML while granule cells
resist to 22L prions in spite of enhanced spongiosis and PrP**" pre-
cipitation in the subjacent IGL. This indicates uncoupling between
PC loss and the accumulation of PrP*?", and suggests that other
cell types than PCs such as Bergmann astrocytes or granule cells
contribute to PrP*?" production.

The stripe-like accumulation of PrP™F in the cerebellar cortex
recalls the structure of modular compartments in the cerebellum
(58) and the topography of PrP**" stripes corresponds to that of
PCs stripes defined by the expression of EAAT4 and ZII/AIdC
zebrins in most of the folia of the cerebellar vermis and hemi-
spheres. This reveals that a host parameter linked to the cerebellar
compartmentation restricts 221 scrapie pathogenesis. Whatever the
intra- or extracerebellar route of inoculation, a similar parasagittal
banding pattern of PrP**" was observed, indicating that the host
factor involved is not related to the extracerebellar organization of
PCs connectivity. Intriguingly, PrP?*" stripes overlapped with
zebrin+ (Z+) PC stripes in the vermis, but with zebrin— (Z—) PC
stripes in the hemispheres. This inverted coincidence of PrP**" and
zebrin expression supports the view that the modular pattern of the
cerebellar cortex rather than the biochemical properties of these PC
subpopulations, dictates the topography of PrP?*“ accumulation.
Although this cannot be satisfactorily explained, similar differences
between vermal and hemispheric zebrin expression patterns have
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VERMIS

Z Z+

PPt

extends over lost Z— PCs (dashed outline). The tips of Bergmann
astrocyte processes (red) express TNFR1 close to the dendrites of
surviving Z+ PCs. GC, granule cell (blue).

been previously reported (7). We cannot formally exclude that a
yet-to-be identified factor common to these PC subpopulations is at
the root of the topographic deposition of PrP*2",

In the hemispheres, PC loss is significantly greater in the
PrP?*“+ bands (ie, prion sensitive Z— PCs bands) than in the
PrP?*"— bands (ie, prion resistant Z+ PCs bands). In the vermis,
PrP??" accumulates in the resistant Z+ PCs bands. However, the
loss of Z+ PCs in the PrP**"+ bands in the vermis is less than the
loss of Z— PCs in the PrP**“+ bands of hemispheres. The loss of
PCs would rather concern the Z— subpopulation of these neurons.
This suggests that PC death is related to Z— membership rather
than PrP*?" accumulation. Scrapie is the first pathology described
that alters cerebellar patterns differentially in the vermis and hemi-
spheres. Nevertheless, the only pathologic feature that differs
between the two regions is the pattern of PrP*?" bands, that is, the
topography of PrP??" accumulation, the Z— PCs being more sensi-
tive than Z+ PCs throughout vermis and hemispheres. This sug-
gests that cerebellar compartmentation is a topographic parameter
of PrP*?" accumulation in the mouse cerebellum.

Of note, more Z— PCs than Z+ PCs have been lost in the cere-
bellar cortex of 22L-infected mice at the clinical stage of the dis-
ease, suggesting that those PCs expressing the zebrins EEAT4 and
ZII/AldC are less vulnerable to prion toxicity. However, many
more Z+ PCs were lost in mice inoculated directly in the cerebel-
lum (i.cb.) and the differential sensitivity of the PCs subpopulations
to prion toxicity was less pronounced in those mice when compared
with the i.c and i.p. inoculated mice. Although more resistant, the
direct inoculation of prions into the cerebellum might have precipi-
tated the death of Z+ PCs by skipping the pre-cerebellar neuroin-
vasion step.

In most diseases affecting PCs, the ZII/AldC- PC die first (9, 14,
39, 40, 89, 105, 106, 119) although other scenarios have been
observed (35, 36, 112, 113) suggesting that the pattern of cell death
in the cerebellum does not only depend on the higher sensitivity of
one peculiar PC subpopulation to toxic insult, but rather implies
specific death pathways (104). In prion diseases, the enhanced vul-
nerability of Z— PCs to 22L scrapie may be associated with excita-
tory inputs originating from climbing and mossy fibers and the
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high density of calcium channels (125) and glutamate receptors
(14, 83, 108) in Z— PCs. Extended survival of Z+ PCs would
instead relate to the expression of EAAT4 and ZII/AldC that permit
to satisfy energy demands and resist excitotoxicity (33). In addition,
loss of PrP¢ protective functions toward neuron excitability (38)
and excitotoxicity (26) upon its conversion into PrP™* would also
contribute to the improved vulnerability of specific PCs subpopula-
tions infected by prions.

Nevertheless, the link between neuronal sensitivity to scrapie
prions and cerebellar compartmentation appears to be more com-
plex than related to the sole ZII/AldC pattern. Indeed, PC loss can
be detected in the three PrP??“+ bands crossing the IXth and Xth
lobules of the vermis. Although most of the PCs of the IXth and
Xth lobules of the vermis express ZII/AldC and EAAT4, this
PrP??“+ particular pattern is also reminiscent of the specific
expression pattern of the heat shock protein 25 (Hsp25) in PCs (7).
Interestingly, Hsp25 is only expressed by a PC subpopulation in
the vermis but not in the hemispheres and its neuroprotective func-
tion could be altered along prion infection. This suggests that
PrP?*" prion pathogenesis could be influenced by either hemi-
sphere- or vermis-specific, unidentified zebrins.

Glial responses to 22L prions follow patterns of
PC fate

Patterned microgliosis reveals ambivalent contribution
of microglia to neuroprotection and neurodegeneration

Our results indicate general reactive microgliosis throughout the
prion-invaded tissue. Activated microglia were observed in the
whole cerebellar cortex of 22L-infected, clinically ill mice in zones
where PrP?*" had not yet accumulated and were more dense in
zones where PrP**" accumulated and most PCs disappeared. The
contribution of microglia to prion disease remains debated. It is
classically admitted that microglia contribute to neuroinflammation
and neuronal damage in neurodegenerative diseases, including
prion diseases (51, 63, 81, 94, 114, 127). However, increasing evi-
dence suggests that microglia also exerts neuroprotection (60, 96).
The activation of microglia in the 22L-infected cerebellar cortex
might reflect an initial protective immune response, while the more
robust microglial reaction provoked by PrP?*" and/or neuronal
death in the PrP**" stripes would exacerbate neurodegeneration.

Histological and cytological compartmentation
patterns of astrogliosis support a dual neuroprotective
and neurodegenerative response of astrocytes along
prion disease

In this study, we also reported on the gliosis of the Bergmann astro-
cytes that is exclusively confined to the PrP*?“+ stripes where
massive PC loss occurs. Of note, a strong increase in GFAP-
immunoreactivity surrounding PCs has been shown to precede PC
loss in the cerebellar cortex of scrapie-infected sheep (80, 85)
before the pathological and spongiform changes (49, 62). Although
this intense glial reaction has been proposed to be associated with
the removal or control of PrPS¢ deposits and thereby some protec-
tive role, the consistent loss of PCs in these areas also argues for an
astrocytic contribution to prion pathology (28, 59, 64, 73). In prion
diseases, astrocytes may lose their synapse homeostatic function
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(54). Astrocytes may also exert direct neurotoxic effects by fueling
the production of PrPS® and by exacerbating neuroinflammation.
Astrocytes are indeed targets for prions causing human CJD and
animal TSEs (78). A role of astrocytes in PrPS° production (34,
133) is further supported by the close association of the Bergmann
glia with PCs (131) and Bergmann radial gliosis in ovine scrapie
(53, 103) and human TSEs (31) as well as experimental rodent
prion diseases (47). Interestingly, in the ML of the normal mouse,
the expression pattern of ecto-5'-nucleotidase by Bergmann glia
and postsynaptic PC spines corresponds to the banding pattern of
ZII/AldC+ PCs (8, 110). In 22L-infected mice, the vertical pali-
sades of PrP*?" deposits formed PrP*?%(+), PC-deprived stripes in
the ML that are reminiscent of the vertical palisades of Bergmann
astrocytes. At the ultrastructural level, the PrP*?t (or PrPMY)
immunoperoxidase labeling profiles resemble that of astrocytic
processes surrounding remnants of PC dendrites and synapses in
the PrPS¢(+) stripes. Our observations again lend support to the
concept that astrocytes play a role in PrPS¢ production, the develop-
ment and progression of the scrapie disease.

Our recent work established that upregulation of type 1 TNF-a
receptor type 1 (TNFR1) at the plasma membrane of neuronal cells
infected by distinct prion strains is a critical event for neurodegen-
eration (2, 95). The accumulation of TNFR1 at the cell surface orig-
inates from a defect of TNFR1 shedding and renders prion-infected
neurons highly vulnerable to TNF-a toxicity, even if TNF-a is
secreted at low doses by reactive microglia (25, 120). Here, we
were unable to detect any increase in the TNFR1 level in the most
vulnerable Z— PCs of the cerebellar cortex of 22L-infected mice,
probably because of the rapid loss of these neurons in the PrP**t-
enriched stripes. This does not formally exclude that a transient rise
of TNFRI1 in PCs sensitive to prion infection provokes their death
prior to PrP*?" accumulation.

We instead found that TNFR1 increased in Z+ PC stripes and
followed an expression pattern complementary to that of astrocytic
GFAP in the PrP**"-enriched, PC-depleted stripes, suggesting that
the rise of TNFR1 level does not relate to astrocytosis. TNFR1 sig-
nal is associated with the terminal processes of Bergmann astro-
cytes, but not PC or presynaptic parallel fiber profiles. At the
ultrastructural level, TNFRI is detected at the plasma membrane of
glial processes surrounding the excitatory synapses made by paral-
lel fibers on PC spines. This indicates that (i) cell surface TNFR1
expression in Z+ PCs is not enhanced by prion infection, preserv-
ing these PCs from TNF-a toxicity, and (i) TNFR1 shedding may
also be disturbed in astrocytes upon prion infection. What is thus
the functional role of TNFR1 increase in prion-infected astrocytes?
Of note, Bergmann glial cell processes ensheathing PCs (90) have
been shown to contribute to synapse protection (55). The increase
in TNFR1 level on the glial membrane facing the PC spine, that is,
the postsynaptic part of these synapses, might reflect some synaptic
protective response to the prion attack. Astrocyte TNFR1 expres-
sion indeed occurs exclusively close to surviving PCs, although we
cannot formally rule out that the accumulation of TNFR1 at the
perisynaptic astrocyte membrane leads to the degeneration of PC
spines, the compartment which has been shown to be the most sen-
sitive to 22L prions in the mouse cerebellum (115). In addition,
astrogliosis in scrapie-infected brain is mediated by the JAK-STAT
pathway (87), which is under the control of several receptors,
including TNFR1 and other inflammatory mediators produced dur-
ing gliosis in prion diseases (72).
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The dual response of Bergman astrocytes to 22L prions, that is,
up-regulation of GFAP in PC-deprived stripes and up-regulation of
TNFR1 close to postsynaptic PC spines in resistant PC stripes sug-
gests the following hypothetical scenario, in which TNFR1 on
astrocyte envelope of PC postsynaptic spines exerts some early pro-
tective response to neuroinvasion preceding astrogliosis with up-
regulated GFAP as a cause or a result of PC death.

CONCLUSION

The parasagittal compartmentation of the mouse cerebellar cortex
appears to restrict 22L scrapie pathogenesis including PrP*?™ accu-
mulation, PC neurodegeneration and gliosis. Whereas the banding
pattern of PrP?*" accumulation is most likely delineated by struc-
tural constraints of compartmentation, different biochemical proper-
ties of PC subpopulations might determine their differential
resistance to the scrapie prions. The increase in TNFR1 levels on
perisynaptic astrocytes adjacent to PC spines emerges as an early
event preceding PrP*" precipitation, GFAP astrogliosis and PC
death, and whose contribution to prion pathogenesis remains to be
investigated. Although the cell type responsible for PrP*?" produc-
tion is still uncertain, the present data suggest a critical role of astro-

cytes in prion pathogenesis.
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