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Prion diseases typically involve brain deposition of abnormally folded prion protein, which is associated with
activated glia and increased cytokine production. Cyclophilin A (CypA) is a ubiquitous protein with peptidyl
prolyl cis-trans isomerase activity, which regulates protein folding, and can be secreted by cells in response to

Prp . inflammatory stimuli. On the basis of in vitro studies, CypA was proposed to mediate glial activation during prion
ls);fle infection. To investigate the role of CypA in vivo, we inoculated CypA*/*, CypA*/~ and CypA~’~ mice with the
Microglia RML prion strain, and recorded the time to onset of neurological signs and to terminal disease, and the astrocyte
Neuroinflamation and microglia response at presymptomatic and symptomatic stages. Time to onset of disease and survival were

significantly shorter in CypA-deficient mice than CypA-expressing controls. CypA-deficient mice had sig-
nificantly greater microglial activation in the presymptomatic stage, and analysis of anti- and pro-inflammatory
microglial markers indicated a shift towards a pro-inflammatory phenotype. There was no difference in astrocyte
activation. This suggests that CypA contributes to dampening the pro-inflammatory microglial response during

the early stage of RML-induced prion disease.

1. Introduction

Prion diseases, including scrapie of sheep and goat, chronic wasting
disease of deer and elk, bovine spongiform encephalopathy and its
human counterpart, variant Creutzfeld-Jakob disease (vCJD), are fatal
infections of the central nervous system (CNS). The infectious agent
(prion) is PrP%, an aggregated and partially protease-resistant isoform
of the cellular prion protein (PrP€), which replicates by inducing mis-
folding and aggregation of host-encoded PrP€ (Colby and Prusiner,
2011).

Accumulation of PrP%¢ in the CNS is associated with activation of
microglia, proliferation and hypertrophy of astrocytes, spongiform
change (vacuolation of the neuropil in the gray matter), synaptic de-
generation and neuronal loss (Sikorska et al., 2012). In scrapie-infected
mice, gliosis occurs at an early stage of the disease and in areas of
proteinase-K (PK)-resistant PrPS¢ deposition, and precedes spongiosis
and neuronal loss (Carroll et al., 2016).

Glial activation during prion infection is accompanied by upregu-
lation of neuroinflammatory genes and cytokine production (Carroll
et al., 2016). This response may have both beneficial and detrimental
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effects (Aguzzi and Zhu, 2017; Carroll and Chesebro, 2019; Hickman
et al., 2018). Phagocytic microglia may engulf PrP5¢ aggregates, helping
to reduce the prion load (Carroll et al., 2018; Zhu et al., 2016); how-
ever, the increase in cytokine production that accompanies glial acti-
vation may contribute to neuronal dysfunction and degeneration.
Proinflammatory cytokines such as tumor necrosis factor a (TNFa) and
interleukin-1f3 (IL-1B) are elevated in vCJD and in experimental scrapie
(Kordek et al., 1996; Sharief et al., 1999), and prion-infected mice with
amplified expression of IL-1p have accelerated disease progression and
exacerbated neuropathology (Cunningham et al., 2005; Field et al.,
2010). In contrast, the onset and progression of disease are delayed in
IL-1 receptor I-deficient mice (Schultz et al., 2004; Tamguney et al.,
2008), and the IL-1 receptor antagonist anakinra rescues the neuro-
physiological deficits and lowers the threshold for seizures in a mouse
model of CJD in which IL-18 is produced by reactive astrocytes (Bertani
et al., 2017).

The mechanisms responsible for glial activation in prion diseases are
not clear. Tribouillard-Tanvier and colleagues found that exposure of
cultured microglia or astroglia to scrapie-infected brain homogenates
induced the release of several cytokines (Tribouillard-Tanvier et al.,
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2009). They used a brain fractionation approach and mass spectrometry
to identify the stimulatory factor(s), and found that the active scrapie
brain fraction contained several low-molecular-weight proteins that
stimulate cytokine release, including cyclophilin A (CypA)
(Tribouillard-Tanvier et al., 2012). The cytokine stimulating effect of
the active scrapie brain fraction was reduced by co-incubation with an
anti-CypA antibody or cyclosporin A (CsA), a CypA inhibitor
(Tribouillard-Tanvier et al., 2012). Moreover, purified fragments of
recombinant CypA had glial stimulatory effects comparable to those
triggered by the active scrapie brain fraction (Tribouillard-Tanvier
et al., 2012). Thus CypA was proposed as a primary mediator of gliosis
in prion infection.

CypA, also known as peptidyl prolyl cis — /trans isomerase A (PPIA),
is a ubiquitous protein highly expressed in the CNS, belonging to the
immunophilin family. Its PPlase activity regulates protein folding and
trafficking. Although CypA was initially believed to have mainly in-
tracellular functions, recent studies have shown that it can be secreted
by cells in response to inflammatory stimuli (Dawar et al., 2017). There
is also evidence supporting a critical function of CypA in neurodegen-
erative disorders involving accumulation of aggregated proteins, such
as Alzheimer's disease (Bell et al., 2012) and amyotrophic lateral
sclerosis (ALS) (Lauranzano et al., 2015; Pasetto et al., 2017). Given its
proposed role as a mediator of glial activation in prion diseases, and its
emerging involvement in protein misfolding diseases of the CNS, we
investigated the effects of genetic ablation of CypA on the natural his-
tory of disease in prion-infected mice.

2. Results

2.1. CypA-deficient mice have a shorter incubation time and faster disease
progression

Groups of CypA™/™, CypA™/~ and CypA~’~ littermate mice were
inoculated intracerebrally with the mouse-adapted scrapie strain RML.
Some animals in each group were culled for histological and bio-
chemical analyses at 70 and 110 days post-inoculation (d.p.i.), corre-
sponding respectively to early and late presymptomatic stages of the
disease in RML-inoculated wild-type mice. The remaining mice were
monitored for the appearance of clinical signs of scrapie and killed
when they reached the terminal stage of disease, as described in the
Material and Methods. The incubation period was slightly but sig-
nificantly shorter in CypA~/~ than CypA*/~ and CypA™’* mice
(Fig. 1A and Table 1). There was a CypA gene-dosage effect, with time
to onset of disease in CypA*/~ and CypA~’~ mice 3 and 6% shorter
than in CypA*/* mice (Table 1). Time to end-stage disease was also
significantly reduced in a gene dose-dependent manner, with CypA*’/~
and CypA~/~ surviving 3.5% and 7% less than CypA ™" mice (Fig. 1B
and Table 1).

2.2. CypA deficiency does not influence PrP*® accumulation in RML-
infected mice

To test whether CypA deficiency altered the progressive accumu-
lation of PrP%¢, we assayed protease-resistant and detergent-insoluble
PrP at 70, 110 d.p.i. and at the end-stage of disease. Brains were
homogenized in a Triton-X100/deoxycholate buffer, incubated with or
without PK, and analyzed by Western blot. Analysis of the undigested
samples with an anti-CypA antibody confirmed the absence of the CypA
protein in CypA ™/~ mice and showed lower CypA levels in CypA*/~
mice (Fig. 2, upper panel). PK-resistant PrP was barely detectable at 70
d.p.i., but was clearly seen at 110 d.p.i. and at end-stage disease. There
were no differences in the amount and/or glycosylation pattern of the
PK-resistant PrP fragments between mice of the different CypA geno-
types (Fig. 2, lower panel). Immunohistochemistry of PrP in brain
sections found no differences in the amount and distribution of pro-
tease-resistant PrP between CypA*/*, CypA*’/~ and CypA™/~ mice
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Fig. 1. Incubation and survival times are shorter in RML-inoculated CypA-de-
ficient mice. Kaplan-Meier plots showing time to onset of disease (A) and time
to terminal illness (B) of 9 CypA*’* (@), 11 CypA*™/~ (M) and 11 CypA~/~
(A) mice inoculated with a 10~2 dilution of RML scrapie-infected brain
homogenate. (A) Time to onset of disease was 3% and 6% shorter than in
CypA*’/~ and CypA*/™ mice (p < .05; Log-rank Test). (B) Time to death was
significantly reduced, with CypA~"~ mice surviving 3.5% and 7% less than
CypA*’/~ and CypA*/* mice (p < .05 and p < .001; Log-rank Test).

(not shown).

To assay detergent-insoluble PrP, brain extracts were centrifuged at
18,000 x g for 2 min, the supernatant was collected and ultracentrifuged
at 186,000 x g for 45 min. The proteins in the first and second pellets
(Py and P), and in the final supernatant (S) were analyzed by Western
blot, and the PrP in the different fractions was quantified by densito-
metry and expressed as percentages of the amount of PrP in all the
fractions. Most PrP in brain extracts from uninfected CypA*’™*, CypA™*/
~ and CypA~/~ mice was recovered in the S fractions (Fig. 3A). In
RML-infected mice culled at 70 d.p.i., 30-40% of PrP was found in the
insoluble P and Py fractions (Fig. 3B). The insoluble fraction increased
further with disease progression, with almost all PrP recovered in the P,
fractions at 110 d.p.i. and at the end-stage of disease (Fig. 3C and D).
There was no significant difference in the distribution of PrP in the
different fractions between mice of the different genotypes at any of the
disease stages.

2.3. CypA deficiency does not affect RML-induced neurodegeneration

Hematoxylin and eosin staining of brain sections showed similar
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Table 1
Onset of disease and survival of RML-infected CypA*/*, CypA*/~ and CypA™/~ mice.
CypA genotype Median onset (days) Change in median onset Hazard ratio p value
(days; percentage) (95% confidence interval)
+/+ 144
+/= 140 4 (2.9%) 0.36 (0.11-1.18) ns
/= 136 8 (5.8%) 0.14 (0.04-0.48) < 0.01vs. +/+ and +/—

CypA genotype Median survival (days)

(days; percentage)

Change in median survival

Hazard ratio
(95% confidence interval)

p value

+/+ 154

+/- 149 5 (3.35%) 0.30 (0.09-0.98) < 0.05vs. +/+
-/= 144 10 (6.9%) 0.13 (0.04-0.43) < 0.001vs. +/+
< 0.01vs. +/—
70 d.p.i. 110 d.p.i. End stage 2.4. CypA-deficient mice have increased microglial activation at an early
A+ A o[- [+ H[- o[- [+ H[- - disease stage
Immunohistochemical analysis of brain sections with an anti-glial
18- " — A — CypA fibrillary acidic protein (GFAP) antibody detected similar astrocytosis
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Fig. 2. CypA deficiency does not influence PK-resistant PrP accumulation in
RML-inoculated mice. Brain extracts of CypA*/*, CypA*/~ and CypA~’~
mice culled at 70 or 110 days post-inoculation (d.p.i.), or at the end stage of
disease, were incubated with O (top and middle panels) or 5ug/mL of PK for
30 min at 37 °C (lower panel), and analyzed by Western blot using an anti-CypA
antibody (top panel) or anti-PrP antibody 6H4 (middle and lower panels). Very
faint PK-resistant PrP bands are detectable at 70 d.p.i. The amounts and gly-
cosylation patterns of the PK-resistant PrP fragments were similar in CypA™*/*,
CypA™’/~ and CypA™’~ mice at 110 d.p.i. and at the end stage of disease. The
experiment shown is representative of three replicates.

spongiform changes in CypA*/", CypA*™/~ and CypA™/~ mice
(Fig. 4A). The number of neurons in the CA1l area of the hippocampus,
which undergo massive degeneration in the RML model (Moreno et al.,
2013), was similar in terminally ill mice of the different CypA geno-
types (CypA*™/" =229 + 21; CypA*/~ =355 * 43; CypA~/~
= 324 * 30; mean = SEM of 20-36 sections from two animals per
group; Fy g6 = 2.617; p = .0788 by one-way ANOVA). Western blot of
total brain homogenates found reduced levels of the synaptic marker
synaptophysin in RML-infected mice at the terminal stage of disease,
but no significant differences between CypA-expressing and CypA-de-
ficient mice (Fig. 4B and C). Thus, the hastened disease course in CypA-
deficient mice was not associated with more neurodegeneration.

in mice of the different CypA genotypes at pre-symptomatic and end
stages (Fig. 5A). Consistent with this, Western blot analysis of brain
homogenates found increased levels of GFAP in both CypA-expressing
and -deficient mice (Fig. 5B and C).

Analysis of microglia with an anti-ionized calcium-binding adapter
molecule 1 (IBA1) antibody showed marked microgliosis in CypA-de-
ficient mice at 70 d.p.i., with the IBAl-positive area fraction sig-
nificantly larger in CypA~/~ than CypA*/~ and CypA*/* animals
(Fig. 6A panels i-iii, and 6B). At the end-stage of disease microglia were
further activated, but to a similar extent in mice of the different CypA
genotypes (Fig. 6A panels iv-vi, and 6C). Supporting earlier microglial
activation in CypA-deficient mice, Western blot analysis of brain
homogenates showed large amounts of IBA1 in CypA~™/~ mice at 70
d.p.i., which equaled those found in CypA*’/* and CypA~/~ mice at
the end-stage of disease (Fig. 6D and E).

To address the functional commitment of activated microglia, we
measured M2-like (heparin-binding lectin Ym1) and M1-like (TNFa)
markers. The levels of Ym1 were significantly lower in CypA~/~ than
in CypA*’/* mice at 70 d.p.i., whereas TNFa levels were comparable
(Fig. 7). At the end stage, the levels of both proteins were significantly
higher in CypA~/~ than CypA*/" mice (Fig. 7). This suggests a shift
towards a pro-inflammatory microglia phenotype in mice lacking CypA.

3. Discussion

Genetic CypA ablation shortened the incubation time and survival
in RML-infected mice, with earlier microglia activation and changes in
microglial markers consistent with a shift towards a proinflammatory
phenotype. These results indicate that CypA may contribute to at-
tenuating proinflammatory microglial activation during the early phase
of prion infection, and support the emerging immunomodulatory role of
CypA in neurodegenerative diseases of the CNS.

We found that CypA deletion accelerated RML-induced disease
without any significant effect on the degree of neurodegeneration, as
shown by analysis of synaptophysin levels and direct count of hippo-
campal CAl neurons, which are particularly vulnerable to the RML
strain. There was also no obvious difference in spongiosis between
CypA-expressing and -deficient mice. Since CypA*/~ and CypA~/~
mice have no supernumerary neurons in the hippocampus which could
have masked enhanced neurodegeneration (data not shown), other
factors may have contributed to aggravate the clinical outcome of
scrapie in these mice.

CypA is mainly found in the cytoplasm, but can also be released in
the extracellular space. It has PPIase activity that induces the cis-trans
isomerization of peptidyl-prolyl bonds. This activity is important in
cytosolic protein folding and assembly, but can also affect the structure
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Fig. 3. CypA deficiency does not influence the amount of detergent-insoluble PrP. Mouse brain extracts were centrifuged at 18,000 x g for 2 min. The pellet (P,) was
recovered and the supernatant was ultracentrifuged at 186,000 x g for 45 min. PrP in each fraction [final supernatant (S), first (Py) and the second pellet (P)] was
analyzed by Western blot using the monoclonal antibody 12B2, quantified by densitometry and expressed as a percentage of the total amount of PrP. No significant
differences in the distribution of PrP in the S, P and P, fractions were found between CypA ~/~, CypA*/~ and CypA*/™ mice, either uninfected (A), or RML-infected
at 70 d.p.i. (B), 110 (C) d.p.i. or at the end-stage of disease (D). Data are the mean + SD of 3-5 replicate experiments using brains from 2 to 3 mice of each genotype.
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Fig. 4. CypA™/*, CypA™/~ and CypA~’~ mice show similar neurodegenerative changes. (A) Representative images showing hematoxylin and eosin staining of the
hippocampus of CypA*/*, CypA*”/~ and CypA~’~ mice at the end stage of disease. Scale bar: 250 um. (B) Brain homogenates from CypA*’/* and CypA~™/~ mice
were analyzed by Western blot with anti-synaptophysin (Syn) and anti-actin antibodies. Synaptophysin levels were quantified by densitometry, normalized for the
level of actin and expressed as percentages of the level in CypA™/* mice at 70 d.p.i. Data are the mean * SEM of two independent experiments using brains from

three mice of each genotype. F3 15 = 4.897; p = .0144 by two-way ANOVA.

and activity of cell surface proteins, as in the case of CD147 and the
prolactin receptor (Yurchenko et al., 2002; Syed et al., 2003). PrP€ is
rich in proline residues, specially in the N-terminal octapeptide repeat
region, which makes it a potential substrate of CypA PPIase. Peptidyl-
prolyl isomerization may affect the conformation of cell surface PrP€
and its propensity to interact with PrP*® and/or undergo PrP*¢-induced
conformational conversion. However, we found no differences in the
amounts of protease-resistant and detergent-insoluble PrP between
CypA-expressing and -deficient mice, indicating that the propensity to
PrPS¢ conversion was not affected. In line with this, genetic ablation of
peptidyl-prolyl-isomerase 1 also had no effect on PrPS® accumulation in
RML-infected mice, and did not influence PrP5 replication by protein
misfolding cyclic amplification (Legname et al., 2018).

Inhibition of the cyclophilin family of PPlases by CsA induced the
formation of potentially neurotoxic cytosolic PrP species in cultured
cells (Cohen and Taraboulos, 2003), raising the possibility that an in-
creased propensity to cytosolic PrP formation may have contributed to
aggravating RML-induced disease in CypA*’/~ and CypA~’~ mice.
However, inhibition of endoplasmic reticulum-resident CypB, rather
than cytosolic CypA, appears to be primarily responsible for the gen-
eration of cytosolic PrP in CsA-treated cells. Consistent with this, we
found no biochemical evidence of increased cytosolic PrP in RML-in-
fected CypA-deficient mice. In addition, the neurotoxicity of cytosolic
PrP has been questioned, with a number of studies showing a neuro-
protective role of this topological isoform (Roucou et al., 2003; Restelli
et al., 2010; Fioriti et al., 2005; Quaglio et al., 2011).

Genetic CypA depletion brought forward the onset of disease and
reduced the life span in the SOD1%°** mouse model of ALS, without
exacerbating motor neuron degeneration (Lauranzano et al., 2015). The
amount of insoluble TDP-43, a RNA binding protein whose assembly in
heterogeneous nuclear ribonucleoprotein (hnRNP) complexes requires
CypA, was increased in CypA~/~ mice and quite likely contributed to

aggravating the neurological illness in the SOD1%?*4/CypA~/~ model.
This suggests that TDP-43 pathology may contribute to hastening the
disease also in RML-infected CypA-deficient mice.

Glia are activated during the early stages of prion infection before
neuronal loss, spongiform change, and the onset of clinical signs
(Williams et al., 1997). Genetic or pharmacological microglial deple-
tion enhanced PrP5¢ deposition and neurodegeneration in prion-in-
fected organotypic cerebellar cultures, and raised brain PrP*° levels and
hastened disease progression in scrapie-infected mice (Carroll et al.,
2018; Zhu et al., 2016; Falsig et al., 2008). These detrimental effects
were explained by the ability of microglia to phagocyte and degrade
PrP%, bringing to light a neuroprotective role of microglia in prion
infection. We found increased microglia activation in CypA-deficient
mice at 70 d.p.i., but the amounts of PK-resistant and detergent-in-
soluble PrP were not reduced at this or later disease stages, suggesting
that phagocytic activity was not boosted.

However, microglia can take on activation profiles with detrimental
effects, and there is evidence that much of the pro-inflammatory re-
sponse in experimental models of prion infection is attributable to this
cell type (Vincenti et al., 2015). At 70 d.p.i., CypA-deficient mice had
lower brain levels of Ym1 than CypA-expressing animals, but similar
TNFa levels, suggesting a shift towards a pro-inflammatory microglial
polarization. At the end stage, CypA ™/~ mice had higher TNFa levels.
Pro-inflammatory cytokines such as TNFa and IL-1f can exacerbate
neurological dysfunction in neurodegenerative conditions such as prion
diseases through modifications in neuronal network excitability
(Bertani et al., 2017; Vezzani and Viviani, 2015). This may account for
the acceleration of scrapie disease in CypA-deficient mice.

RML-induced astrocytosis was not enhanced in CypA-deficient mice
at any disease stage, as indicated by GFAP immunostaining and
Western blot analysis, suggesting no effect on this glial cell type.
However, it is becoming clear that, like microglia, astrocytes can
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Fig. 5. CypA*’", CypA™/~ and CypA~/~ mice show similar astrocytosis. (A) Representative images showing immunohistochemical detection of astrocytes in the
hippocampus of RML-infected CypA™*/*, CypA*/~ and CypA~’~ mice using a monoclonal antibody anti-GFAP. No differences in degree of astrocytosis are seen at
70 d.p.i. (i-iii) or at the end stage (iv-vi) between mice of the three CypA genotypes. Scale bar: 50 um. (B) Brain homogenates from CypA*/* and CypA ™/~ mice were
analyzed by Western blot with anti-GFAP and anti-actin antibodies. GFAP levels were quantified by densitometry and normalized for the level of actin. Data are the
mean * SEM of two independent experiments using brains from three mice of each genotype. F3 15 = 18.88; p < .0001 by two-way ANOVA.

assume different functional states, including the neurotoxic Al pheno-
type (Liddelow and Barres, 2017; Liddelow et al., 2017). It will be in-
teresting to see whether a molecular Al signature emerges during RML
infection and if CypA deletion promotes acquisition of this noxious cell
phenotype.

In summary, our in vivo analysis of the consequences of CypA de-
ficiency in prion infection indicates a protective immunomodulatory
role of this protein which contrasts with its proposed role as a mediator
of prion-induced neuroinflammation suggested in vitro (Tribouillard-
Tanvier et al., 2012). However, neuroinflammatory CypA activity in
vitro was attributed to truncated fragments of CypA via CD147 binding
and not to the full-length protein. In fact, specific inhibition of extra-
cellular CypA isoforms was neuroprotective in a SOD1%** ALS mouse
model by reducing CD147-activated neuroinflammation, while genetic
CypA ablation was not (Lauranzano et al., 2015; Pasetto et al., 2017). It
would be interesting to use -cell-impermeable CsA derivatives
(Malesevic et al., 2010) in RML-infected mice to specifically assess the
contribution of extracellular CypA in disease pathogenesis.

4. Materials and methods
4.1. Animal models

Procedures involving animals were conducted in conformity with
the institutional guidelines at the Istituto di Ricerche Farmacologiche
Mario Negri IRCCS, in compliance with national (D.lgs 26/2014;
Authorization n. 19/2008-A issued March 6, 2008 by Ministry of
Health) and international laws and policies (EEC Council Directive
2010/63/UE; the NIH Guide for the Care and Use of Laboratory
Animals, 2011 edition). They were reviewed and approved by the
Mario Negri Institute Animal Care and Use Committee, which includes
ad hoc members for ethical issues, and by the Italian Ministry of Health
(Decreto no. 370/2016-PR and 386/2015-PR). Animal facilities meet
international standards and are regularly checked by a certified veter-
inarian who is responsible for health monitoring, animal welfare su-
pervision, experimental protocols and review of procedures.

CypA’/ ~ (PPIA~/7) mice (strain 129S6/SvEvTac Ppiatm1lLubn/



1. Bouybayoune, et al.

Neurobiology of Disease 130 (2019) 104498

A CypA*H+ B 70 d.p.i.
R @ 300 -
P O ~
: g E:
= o
2 °$g200 L
o = X
= g5 1001 —= B
O 1
N~ E X
2 0
+/+ +/- -/-
C
il 3 ~ 300, End stage
o - @ E:
Q o |
*a £ 8200 T
© 8 s_)
T S 100-
X
ﬁé <
0 +/+ +/-
D E
70 d.p.i. End stage 2.0 & [T Cypa
++ -- ++ - - B cypA”-
CypA CypA CypA CypA % 15 T yp.
= C
r £5
17— - (BA 551.0-
2% S
© Kol
48 - Actin
0.0
1 2 3 4 5 6 7 8 9 10 11 12 70 d.p.i. End stage

Fig. 6. Increased microglial activation in CypA~/~ mice at an early stage of disease. (A) Representative images of immunohistochemical detection of microglia in the
hippocampus using a polyclonal antibody anti-IBA1. CypA~/~ mice at 70 d.p.i. show marked microglia activation compared to CypA*/* and CypA™*/~ (panels i-iii).
No differences are seen at the end stage of disease (panels iv-vi). Scale bar: 25 um. (B) Quantification of the IBA1-positive area in the hippocampus of RML-inoculated
mice at 70 d.p.i. Data are the mean + SEM of 8-10 sections from two mice of each genotype. F, 3 = 19.92; p = .0185 by one-way ANOVA; *p < .05 Tukey's post-
hoc test. (C) Quantification of the IBA1-positive area in the hippocampus of end-stage diseased animals. Data are the mean + SEM of 23-28 sections from four mice
of each genotype. F, o = 0.3582; p = .7085 by one-way ANOVA. (D) Brain homogenates from CypA*/* and CypA~/~ mice were analyzed by Western blot with anti-

IBA1 and anti-actin antibodies. (E) IBA1 levels were quantified by densitometry and normalized for the level of actin. Data are the mean + SEM of two independent
experiments using brains from three mice of each genotype. F315 = 4.994; p = .0108 by two-way ANOVA; *p < .05 Tukey's post-hoc test.

Ppiatm1Lbn; stock no. 005320) (Colgan et al., 2004) were obtained
from The Jackson Laboratory and maintained on a 129S6/SvEvTac
background. They were genotyped by standard PCR as recommended
by The Jackson Laboratory.

4.2. Prion transmission

One percent (w/v) of RML scrapie-infected brain homogenate was
prepared in phosphate-buffered saline (PBS) and cleared by cen-
trifugation at 900 x g for 5 min; 25 pL of the cleared homogenate was
injected intracerebrally into the right parietal lobe of CypA*’/*,
CypA*’/~ and CypA~’/~ mice using a 25-gauge needle. Mice were ob-
served weekly for signs of neurological dysfunction according to a set of
objective criteria (Bouybayoune et al., 2015). Onset of disease was
scored as the time at which at least two neurological signs were ob-
served, out of foot-clasp reflex, kyphosis, unbalanced body posture,
difficulty walking on a horizontal metal grid and remaining on a ver-
tical grid for at least 30s. Terminal disease was scored when mice be-
came unable to right themselves from a supine position in < 60s, to
walk on a horizontal metal grid, and/or had cumulative weight loss
equivalent to 20% of their body mass since the onset of disease.

4.3. Biochemical analyses

Tissue homogenates were prepared in PBS using a glass/Teflon
tissue homogenizer. Detergent insolubility and proteinase-K resistance
were assayed as described (Chiesa et al., 1998). Western blots were
developed with: mouse monoclonal anti-PrP antibodies 12B2 (Central
Veterinary Institute, Wageningen, NL, 1:5000) or 6H4 (Prionics,
1:5000), anti-cyclophilin A (Millipore #07-313, 1:500), mouse mono-
clonal anti-glial fibrillary acidic protein (GFAP) antibody (Abcam
ab9484, 1:2000), rabbit polyclonal anti-ionized calcium binding
adapter molecule 1 (Ibal) (Wako Reagent, 1:1000), anti-synaptophisin
(SYSY 101-002, 1:5000), anti-TNFa (abcam ab34674, 1:500) and anti-
Ym1 (STEMCELL #60130, 1:1000).

4.4. Histology

Brains were fixed in Alcolin (Diapath), dehydrated in graded
ethanol solutions, cleared in xylene, and embedded in paraffin. Serial
sections (8 um thick) were cut and stained with hematoxylin and eosin.

For GFAP and Ibal immunohistochemistry, mice were deeply an-
esthetized and perfused through the ascending aorta with phosphate
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Fig. 7. Ym1 and TNFa levels in the brain of RML-infected CypA*/™ and CypA ™/~ mice. (A) Brain homogenates from CypA™/* and CypA~/~ mice were analyzed by
Western blot with anti-Ym1 and anti-vinculin antibodies. Ym1 levels were quantified by densitometry and normalized for the level of vinculin. Data are the
mean + SEM of three mice of each genotype. F3 ¢ = 32.91; p = .0004 by two-way ANOVA; *p < .05, ** p < .001 Tukey's post-hoc test. (B) The brain homogenates
used in A were analyzed by Western blot with anti-TNFa and anti-actin antibodies. TNFa levels were quantified by densitometry and normalized for the level of actin.
Data are the mean * SEM of three mice of each genotype. F35 = 9.273; p = .0114 by two-way ANOVA; *p < .05 Tukey's post-hoc test.

buffered saline (PBS, 0.05M; pH 7.4) followed by 4% paraformalde-
hyde (PFA) in PBS. Brains were removed, post-fixed and frozen at
—80°C after cryoprotection. Brain sections were cut using a Leica
cryostat and incubated for 1h at room temperature (RT) with 10%
normal goat serum (NGS), 0.3% Triton X-100 in PBS 0.1 M, pH 7.4, then
overnight at 4°C with mouse monoclonal anti-GFAP antibody
(Millipore, 1:2500) or rabbit polyclonal anti-Ibal (Wako Reagent,
1:1000), followed by visualization with the Vectastain ABC kit (Vector),
using 3,3’ diaminobenzidine as chromogen. Sections were examined
under an Olympus BX61 light microscope. Images were collected at
20 x with a camera using AnalySIS software (Soft Imaging Systems
version 3.2). Ibal signals were quantified using ImageJ software
(http://rsbweb.nih.gov/ij/) and expressed as area fraction (Perego
et al., 2011). Pyramidal neurons in the CA1 region of the hippocampus
were counted using ImageJ by an operator (L.P.) blind to the experi-
mental groups. Slices were matched at comparable anteroposterior and
dorsoventral levels for comparison of the different experimental groups.

4.5. Statistics

Prism 7.0 (GraphPad Software Inc., San Diego, CA) was used for
statistical analyses. Onset and survival times were analyzed by Kaplan-
Meier Survival Analysis using the long-rank test to compare the curves.
All graphs illustrate the mean = SEM. For each variable, differences
between the groups were assessed using independent one-way analysis
of variance (ANOVA) or two-way ANOVA followed by Tukey's post hoc
analysis (details are reported in the figure legends). P values < .05 were
considered significant.
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