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Abstract Glia over-stimulation associates with amyloid de-
position contributing to the progression of central nervous
system neurodegenerative disorders. Here we analyze the mo-
lecular mechanisms mediating microglia-dependent neurotox-
icity induced by prion protein (PrP)90-231, an amyloidogenic
polypeptide corresponding to the protease-resistant portion of
the pathological prion protein scrapie (PrP>¢). PrP90-231 neu-
rotoxicity is enhanced by the presence of microglia within
neuronal culture, and associated to a rapid neuronal [Ca™];
increase. Indeed, while in “pure” cerebellar granule neuron
cultures, PrP90-231 causes a delayed intracellular Ca™ entry
mediated by the activation of NMDA receptors; when neuron
and glia are co-cultured, a transient increase of [Ca™]; occurs
within seconds after treatment in both granule neurons and
glial cells, then followed by a delayed and sustained [Ca*™);
raise, associated with the induction of the expression of induc-
ible nitric oxide synthase and phagocytic NADPH oxidase.
[Ca™); fast increase in neurons is dependent on the activation
of multiple pathways since it is not only inhibited by the
blockade of voltage-gated channel activity and NMDA recep-
tors but also prevented by the inhibition of nitric oxide and
PGE, release from glial cells. Thus, Ca** homeostasis alter-
ation, directly induced by PrP90-231 in cerebellar granule
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cells, requires the activation of NMDA receptors, but is great-
ly enhanced by soluble molecules released by activated glia.
In glia-enriched cerebellar granule cultures, the activation of
inducible nitric oxide (iNOS) and NADPH oxidase represents
the main mechanism of toxicity since their pharmacological
inhibition prevented PrP90-231 neurotoxicity, whereas
NMDA blockade by D(—)-2-amino-5-phosphonopentanoic ac-
id is ineffective; conversely, in pure cerebellar granule cul-
tures, NMDA blockade but not iNOS inhibition strongly re-
duced PrP90-231 neurotoxicity. These data indicate that
amyloidogenic peptides induce neurotoxic signals via both
direct neuron interaction and glia activation through different
mechanisms responsible of calcium homeostasis disruption in
neurons and potentiating each other: the activation of
excitotoxic pathways via NMDA receptors and the release
of radical species that establish an oxidative milieu.

Keywords Prion protein - Neuronal death - Microglia -
Astrocytes - Nitric oxide - [Ca*™]; - NMDA

Introduction

Protein misfolding represents the molecular basis of both high
(Alzheimer and Parkinson diseases) and low incidence neurode-
generative disorders (i.e., transmissible spongiform encephalop-
athies or prion diseases) (Diack et al. 2016; Forloni et al. 2016).
Human prion diseases are paradigmatic of proteinopathies be-
cause their onset is correlated with the post-translational
misfolding of a host-encoded glycoprotein (named cellular prion
protein or PrP€) into an amyloidogenic and protease-resistant
conformer (prion protein scrapie or PrP5) (Prusiner 1998).
PrP5 generation represents the unifying pathogenic trait for prion
diseases occurring in humans (Creutzfeldt-Jakob disease,
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Gerstmann-Straussler-Scheinker disease, fatal familial Insomnia,
Kuru) or animals (ovine scrapie and bovine spongiform enceph-
alopathy, among others), otherwise heterogeneous as far as host,
etiology (sporadic, familial and infectious), neuropathology, and
symptomatology (Corsaro et al. 2012b; Ghetti et al. 1995;
Liberski et al. 2012; Montagna et al. 2003; Puoti et al. 2012).
PrP© = > PrP*° transition may occur stochastically, as in sporadic
forms, driven by familial mutations of the PrP-encoding gene
(PRNP), or as result of infective processes caused by the
interaction-refolding between PrP© and exogenous PrP%°, with
PrP5 acting as template (Caughey 2003; Jucker and Walker
2013; Soto et al. 2006). How PrP© misfolding into PrPS® may
lead to gray matter vacuolation, neuronal loss and gliosis, the
main pathological hallmarks of prion diseases, is still not
completely defined. Different theories were proposed, involving
either the loss of neuroprotective function of PrP or the gain of
neurotoxicity by PrPS® (Chiesa 2015). Noteworthy, amyloid fi-
brils and plaques containing PrPS° have been described within
gray matter in association with tissue vacuolation, glial prolifer-
ation and neuronal loss (Bruce et al. 1989; DeArmond et al.
1987) supporting the hypothesis that misfolded oligomeric spe-
cies, arising from PrP>® formation may produce neuronal apo-
ptosis and gliosis (Chiovitti et al. 2007; Mallucci et al. 2007;
Novitskaya et al. 2006).

This hypothesis further links prion neurotoxicity to
Alzheimer disease in which amyloid-beta (Af3) peptides have
been proposed to induce neuronal death as soluble mono-
oligomers (Kayed et al. 2003; Kim et al. 2003); importantly,
the occurrence of similar mechanisms of neurodegeneration in
different proteinopathies supports the search for common ther-
apeutic approaches for all the neurodegenerative conditions
caused by protein misfolding (Aguzzi and O’ Connor 2010;
Monaco et al. 2006; Tousseyn et al. 2015). Gliosis involves
the proliferation of reactive astrocytes and the recruitment of
activated microglia representing a constant hystopathological
feature in brain areas displaying neurodegeneration.
Moreover, gliosis is frequently observed in close vicinity or
in direct association with PrPS° or A3 aggregates in patients or
in animal models of Alzheimer’s and prion diseases (Bugiani
etal. 2000; Guiroy et al. 1994; Miyazono et al. 1991; Serrano-
Pozo et al. 2011).

While astrocytes play a pivotal role in maintaining brain
homeostasis providing trophic support to neurons and buffer-
ing neurotransmitter release, microglial cells represent the ef-
fectors of innate immunity within CNS removing pathogens,
dying cells, and misfolded proteins (Aguzzi et al. 2013).
Microglia activation follows PrPS¢ deposition and contributes
to neuronal apoptosis (Betmouni et al. 1996; Williams et al.
1997). In particular, activation of phagocytic microglia con-
tributes to lower the burden of amyloid proteins in CSN
(Koenigsknecht and Landreth 2004; Mandrekar et al. 2009),
but, if over-activated, it can also exacerbate neurotoxic pro-
cesses and thus is now considered a novel pharmacological
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target (McGeer and McGeer 2015). Amyloid-activated mi-
croglia was reported to induce synapse loss (Hong et al.
2016), direct neuron phagocytosis (Neniskyte et al. 2011), or
persistent production of oxidative molecules (Fiala et al. 2007;
Weldon et al. 1998). In particular, superoxide anion
(O, ) generated by phagocytic NAPH oxidases (Bedard and
Krause 2007) and nitric oxide (NO) by inducible nitric oxide
(INOS) represent the main mediators of glia-induced oxidative
stress in neurons (Haas et al. 2002). Synaptic rarefaction in
Alzheimer and prion diseases is associated to neuronal oxida-
tive stress, involving DNA oxidation, protein nitrosylation
and lipid peroxidation caused by sustained activation of
microglial cells. Microglia also contribute to maintain an ox-
idizing extracellular milieu that eventually will favor further
PrP5° (or AB) deposition and neuronal death (Guentchev et al.
2002; Leszek et al. 2016; Van Everbroeck et al. 2004). In fact,
in both Alzheimer and prion diseases, reactive microglia con-
tains intralysosomal deposits of pathological misfolded pro-
teins (Jeffrey et al. 1994; Xie et al. 2013).

In vitro, different amyloidogenic peptides derived from
both Ap and PrPS¢ were reported to induce neuronal death
and glial cell over-activation; thus, they are widely used to
model the mechanisms of neurotoxicity in naturally occurring
proteinopathies and challenge the feasibility of therapeutic
strategies, at least as proof of principle (Chabry et al. 2003;
Corsaro et al. 2009; Corsaro et al. 2012a; Florio et al. 1996;
Fluharty et al. 2013; Forloni 1996; Post et al. 2000; Scorziello
et al. 1996; Selkoe and Hardy 2016). To this aim, we used an
amyloidogenic polypeptide matching human prion protein
90-231 amino acid sequence laying within the protease-
insensitive core of PrPS¢ (Notari et al. 2008; Xiao et al.
2014), synthesized as recombinant protein (Corsaro et al.
2002). We demonstrated that PrP90-231 induces both func-
tional activation of type I astrocytes and microglial cells
(Thellung et al. 2007b; Villa et al. 2016a, b) and apoptosis in
neuronal cells (Corsaro et al. 2006; Corsaro et al. 2011;
Thellung et al. 2011). Importantly, PrP90-231 treatment
causes similar membrane ion currents in neuronal models than
brain purified pathological PrP5¢ (Paulis et al. 2011;
Sorrentino et al. 2012). We previously characterized the mech-
anisms of PrP90-231 neurotoxicity in primary cultures of cer-
ebellar granules, focusing on the alteration of Ca** homeosta-
sis (Thellung et al. 2013), reporting that prolonged exposure
(24 h) to PrP90-231, but not acute treatment, induced a
sustained elevation of intracellular Ca™™* concentration
([Ca*™];), in cerebellar neurons. This effect was mediated by
the activation of NMDA and «-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors, since their phar-
macological inhibition prevented the [Ca*™); increase induced
by PrP90-231 and the consequent neurotoxicity. These exper-
iments were performed on “pure” cerebellar granule cultures
in which the addition of the antiproliferative drug cytosine
arabinoside (Ara-C) (Thellung et al. 2000b) restrains type I
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astrocytes content below 5% and microglial cells to almost
undetectable levels (about 0.3%). The toxicity of PrP90-231
in purified granule cultures suggests that the peptide produces
a long-lasting disruption of [Ca™]; homeostasis through acti-
vation of NMDA receptors; on the other hand, the low content
of astrocytes and microglial cells hinders glial-mediated neu-
rotoxic pathways that may actually be activated by PrP90-231.
The present work is aimed to characterize the molecular
mechanisms of contribution of glial cells in the toxic effects
of PrP90-231 in cerebellar granule neurons using a more in-
tegrated cellular model to better mimic glia recruitment and
activation by neurotoxic amyloidogenic peptides. We
established glia/neuron mixed cultures allowing the prolifera-
tion of astrocytes and microglia within cerebellar primary cul-
tures by delaying the addition of Ara-C. In this way, we in-
creased astrocyte and microglia content up to 15 and 5% of
total cells, respectively. PrP90-231 reduces granule cell via-
bility much more efficiently in the presence of glia than in
pure granular neuron cultures. The presence of glia increased
the expression of ROS-producing enzyme phagocytic
NADPH oxidase (PHOX) and the upregulation of inducible
nitric oxide synthase (iNOS); the relevance of reactive species
of oxygen and nitrogen in PrP90-231 neurotoxicity is dem-
onstrated by its reversal by PHOX and iNOS pharmacological
inhibition. Importantly, in the presence of glia, we registered
an immediate Ca*™* response in both neurons and glial cells: in
about 70% of glial cells and in 20% of granule cells the stim-
ulation with PrP90-231 elicited a rapid increase of [Ca*"];
that, in pure cerebellar granule cells (CGCs), we did not re-
cord. These data indicated that the presence of reactive glia
might increase the sensitivity of granule neurons to the Ca**-
dependent signaling of PrP90-231. However, in these exper-
imental conditions, microglia inhibition, but not NMDA
blockade, was sufficient to protect granules from PrP90-231
neurotoxicity, suggesting that the presence of glia causes the
activation of oxidative neurotoxic pathways that damages
neurons beyond the excitotoxic pathway. These data highlight
the interaction between direct, NMDA-dependent and glia-
dependent, oxidative PrP90-231 neurotoxicity, and indicate
that neuronal sensitivity to Ca™ homeostasis alteration is en-
hanced by radical species released from activated glial cells.

Materials and Methods
Chemicals

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), iNOS inhibitors N-w-nitro-L-arginine
(NNA) and W1400, PHOX inhibitor apocynin, and NMDA
antagonist D(—)-2-amino-5-phosphonopentanoic acid (AP-V)
were purchased from Sigma-Aldrich (Milano, Italy).
Fluorescent probe Oregon Green was purchased from

Molecular Probes-ThermoFisher (Monza, Italy). Primary an-
tibodies against iNOS, NOX2, GFAP, CD11b (0X42),
aldeheyde 4-dydroxynonenal (HNE), and BIII-tubulin were
from Abcam (Cambridge, UK), and secondary antibodies
and DAPI for nuclear staining were from Molecular Probes-
ThermoFisher.

Purification and (3-Refolding of PrP90-231

PrP90-231 was obtained and purified as previously described
(Corsaro et al. 2002) and stored at —80 °C, up to 30 days from
the purification. Before experiments, PrP90-231 was incubat-
ed for 1 h 53 °C to induce thermal denaturation misfolding
into a 3-structure-rich isoform (Chiovitti et al. 2007; Corsaro
et al. 20006). Therefore, throughout the paper, the term PrP90—
231 indicates the misfolded isoform of the peptide. Cell treat-
ments were performed adding PrP90-231 directly to the cul-
ture medium.

Primary Cultures

CGCs were obtained from 7-day-old Sprague-Dawley rat cer-
ebella as previously described (Gatta et al. 2010; Piccioli et al.
2001) and plated on poly-L-lysine-coated plastic or glass cov-
erslips. Cultures were grown in basal Eagle’s medium supple-
mented with 10% fetal calf serum (Sigma-Aldrich) KCl
25 mM, glutamine 2 mM, and gentamicin 100 pg/ml, and
kept at 37 °C in 5% CO, humidified atmosphere. To obtain
purified CGCs, 10 uM Ara-C was added to the culture medi-
um after 24 h to prevent the proliferation of glial cells. To
prepare glia-enriched CGCs, Ara-C was added after 5 days
in vitro (DIV). Treatments with PrP90-231 were initiated at
7 DIV. Experimental procedures and animal care complied
with the EU Parliament and Council Directive of 22
September 2010 (2010/63/EU) and were approved by the
Italian Ministry of Health (protocol number 2207-1) in accor-
dance with D.M. 116/1992. All efforts were made to minimize
animal suffering and to reduce the number of animal used.

[Ca™]; Measurement

Cells were incubated in standard external solution (135 mM
NaCl, 5.4 mm KCI, 1.8 mM CaCl,, | mM MgCl,, 5 mM
HEPES, 10 mM glucose, pH 7.4), and probed with 6 uM
Oregon Green AM ester (OG) (Molecular Probes, Eugene,
OR, USA) at 37 °C for 40 min. Then, cultures were transferred
to a recording chamber mounted onto a Nikon Eclipse TE300
and OG fluorescence was detected in living cells using a
Hamamatsu digital CCD camera with a 450/490-nm excita-
tion filter and a 520 nm emission filter (Nikon Italia, Firenze,
Italy) (Pellistri et al. 2008). Images were acquired with the
Simple PCI software (Compix Imaging Systems,
Hamamatsu Corp., Sewickley, PA, USA). Fluorescence

@ Springer



384

Neurotox Res (2017) 32:381-397

intensity was calculated in arbitrary units by building a scale
of the pixel intensity and expressed as percent of increase on a
baseline obtained from untreated cells or as percent of cells
showing fluorescence increase. The fluorescence of at least 40
cells was analyzed to obtain an average of the signal in each
condition.

Cell Viability by MTT Assay

Mitochondrial function, as index of cell viability, was evalu-
ated measuring the intracellular reduction of MTT (Sigma-
Aldrich) to a purple formazan by mitochondrial dehydroge-
nase (Thellung et al. 2000a). Briefly, 0.25 mg/ml MTT was
added to culture medium and incubated at 37 °C; after 2 h,
medium was removed and formazan crystals were dissolved
in dimethylsulfoxide. Absorbance was measured spectropho-
tometrically at 570 nm using microplate reader BioTek
ELx800 (Winooski, VT, USA).

Measurement of Nitric Oxide Release

The amount of nitric oxide (NO) released by cells was evalu-
ated measuring the concentration of nitrites in conditioned
medium (Arena et al. 2005). Briefly, 5 x 10° cells from puri-
fied or glia-enriched CGC cultures were plated into 60 mm?
petri dishes and treated with vehicle (PBS) or PrP90-231
(1 uM). Twenty-four and 48 h later, aliquots from conditioned
media were cleared of floating cells and debris by centrifuga-
tion and mixed with Griess solution (1/4 vol/vol ratio); nitrates
contained in cell-conditioned media rapidly react with Griess
reagent forming azo dye that is red at absorbance 570 nm with
an ELx800 microplate reader (BioTek).

Analysis of Protein Expression

Immunostaining Cells, grown on glass coverslips, were fixed
with ice-cold methanol and permeabilized with PBS contain-
ing 0.1% Triton X-100. Coverslips were blocked with bovine
serum albumin 2% in PBS (PBS-BSA 2%) and incubated with
primary antibodies diluted in PBS-BSA 2% for 1 h.
Secondary antibodies were AlexaFluor 488 and AlexaFluor
568 goat antisera raised against mouse and rabbit IgG.
Immunostained cells were observed using a fluorescence mi-
croscope DM2500 equipped with a DCF310FX camera
(Leica, Milano, Italy).

Immunoblotting Cytoplasmic fractions were obtained har-
vesting cells in lysis buffer (NaCl 150 mM, Tris/EDTA
20 mM pH 8, glycerol 10%, NP-40 1%, protease inhibitor
cocktail “Complete mini” [Roche Diagnostic, Mannheim,
Germany], PMSF 1 mM, orthovanadate | mM) and cleared
of nuclei by brief centrifugation (1000xg for 5 min at 4 °C)
(Corsaro et al. 2003). Protein concentrations were determined
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using Bradford assay and normalized in each samples with
lysis buffer. Proteins were boiled with Laemmli buffer, size-
fractionated on SDS-polyacrylamide electrophoresis, and
transferred to polyvinylidene fluoride membranes (pore
0.45 pm, BioRad). Membranes were blocked with PBS con-
taining 0.1% Tween-20 and 2% bovine serum albumin
(PBST-BSA) for 1 h. Primary antibodies were diluted in
PBST-BSA and incubated with membranes overnight at
4 °C. Membranes were then incubated with horseradish
peroxidase-conjugated secondary antibodies (GEHealthcare,
UK) for 1 h, and immunoreactivity was detected by enhanced
chemiluminescence (Clarity™ Western ECL Substrate GE
Healthcare). Immunoreactive signals were quantified by den-
sitometric analysis using ChemiDoc System (Bio-Rad,
Milano, Italy) and processed with Image Lab 4.0.1 (Bio-Rad).

Results

Analysis of Glial Content in Partially Purified
and Glia-Enriched CGC Cultures

To investigate the mechanisms by which glial cells contribute
to PrP90-231 neurotoxicity, we first evaluated the differences
of CGC sensitivity to this peptide in the presence of different
glia content in the primary cultures. We prepared pure and
“glia-enriched” CGC cultures, whose difference in glial con-
tent was obtained by adding the mitotic inhibitor Ara-C after 1
or 5 DIV, respectively. We quantified the amount of glial cells
in both culture models by immunostaining of specific
markers: glial fibrillary acidic proteins (GFAP), as a marker
of reactive type I astrocytes, and CD11b receptor (0X42), as
microglia marker; nuclear staining with DAPI was used to
calculate the total cell number (Fig. 1). Glia content in pure
CGC cultures was about 3—5% type I astrocytes and 0.3-0.5%
microglial cells (Fig. 1a, b); conversely, glia-enriched cultures
contained about 15% of astrocytes and 5% of microglia
(Fig. 1c, d). Beyond the expected increased glial cell content,
these immunostaining experiments showed that the culturing
settings produced shape differences in astrocytes that shifted
from a tiny branched profile, resembling the resting state, as
observed in the few astrocytes identified in pure CGC cul-
tures, to an enlarged morphology, typical of reactive astro-
cytes, when glial growth was allowed. The evaluation of mi-
croglia morphology was possible only in glia-enriched condi-
tions because in pure CGC cultures the content of these cells
was too low to analyze a significant number of cells.

PrP90-231 Neurotoxicity In Vitro Is Enhanced by Glial
Cells

Thus, we investigated whether the presence of astrocytes and
microglia might affect CGC sensitivity to the neurotoxic
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Fig. 1 Analysis of type [ astrocytes and microglia percent in “pure” and
glia-enriched CGCs. Pure (upper panels) and glia-enriched (lower
panels) CGCs were seeded on glass coverslips for 48 h. Cells were
fixed in ice-cold methanol and immunostained with anti-GFAP mouse
monoclonal antibody (a, ¢) and anti-CD11b (OX42) mouse monoclonal
antibody (b, d). Immunoreactivity of GFAP and CD11b was evidenced
with AlexaFluor488 anti-rabbit IgG and AlexaFluor568 anti-mouse IgG

activity of PrP90-231. To this aim, both pure and glia-
enriched CGC cultures were treated with PrP90-231
(1 uM). Cultures were photographed under phase-contrast
microscope and cell viability measured by MTT reduction
test, after 48 and 72 h.

In line with our previous results (Thellung et al. 2013),
exposure of pure CGCs to PrP90-231 for 48 h produced a
modest loss of viability, and 72 h of treatment was required
to cause a highly significant toxicity (about 35%). In contrast,
CGC cultures containing glial cells were highly responsive to
PrP90-231 that caused a reduction of cell viability of about 48
and 56%, after 48 and 72 h, respectively (Fig. 2a). Given the
heterogeneity of cerebellar granule cultures, particularly when
glial proliferation is allowed (neuronal death by PrP90-231 is
associated with astrocyte proliferation) (Thellung et al.
2007b), the correct interpretation of the quantitative results
ofthe MTT assay has to be integrated with qualitative analysis
of the cellular effects induced by PrP90-231. To this aim, we
analyzed phase-contrast microphotographs of both cultures
exposed for 72 h to the peptide (Fig. 2b). Comparing glia-
enriched CGC cultures with untreated pure CGCs, it is appre-
ciable that the neurite network among granule cells is pre-
served indicating that the presence of glial cells growing

antiserum, respectively; DAPI staining was used to evidence nuclei.
Images were obtained by fluorescence microscopy (objective lens: HC
PL Fluotar 20X/0.50; scale bar = 50 um). The table below, obtained by
counting cells with ImageJ software, reports the percent of GFAP- and
CD11b-positive cells on the total amount of DAPI-reactive nuclei. Values
represent the average + SEM observed in a 13-mm coverslip from three
independent CGC preparations

underneath neurite network is not detrimental for granule neu-
rons survival. In the presence of glia, 72 h of treatment with
PrP90-231 (1 uM) induced the shrinkage of CGC neuronal
bodies and a complete disruption of the neurite net (Fig. 2b,
right panels). Noteworthy, the severity of the neuronal damage
was significantly less pronounced in pure CGCs, showing the
presence of neurons with spared morphology (arrows in
Fig. 2b) and a still appreciable neurite net. Moreover, phase
contrast images evidence that CGCs comprise most of dead
cells, while glial cells did not show appreciable signs of
toxicity.

To confirm this observation and discriminate CGCs from
astrocyte and microglia growing underneath the neurite net-
work, we analyzed by immunocytofluorence the neuronal
population contained in the glial-enriched CGC cultures in
basal and PrP90-231-treated (72 h) conditions, using the
neuron-specific anti-BIII-tubulin monoclonal antibody
(Banelli et al. 2015). Cultures were counterstained with the
nuclear dye DAPI to evidence nuclear condensation or frag-
mentation and identify astrocytes (larger nuclei of 3III-tubu-
lin~ cells) (Fig. 3). Untreated cells showed the presence of a
dense neuritic network that connects CGCs, whose bodies
appears ovoid and without signs of nuclear condensation or
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Fig. 2 PrP90-231 toxicity in “pure” and glia-enriched CGCs. a Pure
and glia-enriched CGCs were treated with vehicle (control) or
with PrP90-231 1 uM for 48 and 72 h. Cell viability was measured
by MTT reduction test and expressed as loss of viability in comparison
with vehicle-treated controls. Glia-enriched CGCs are significantly more
sensitive to PrP90-231 than pure CGCs. Values have been obtained from
at least three experiments in quadruplicate. **p < 0.01 vs. respective
control. b Pure and glia-enriched CGCs were treated with PBS
(vehicle) and PrP90-231 1 uM; after 72 h, cultures were photographed
by phase-contrast microscopy (objective lens: C PLAN 10 x 18;
scale bar = 50 um). The treatment with PrP90-231 caused neuronal
condensation shrinkage that, although already evident in pure CGCs
(arrows indicate viable neurons), was significantly stronger in
glia-enriched CGCs

fragmentation (Fig. 3, upper panels). Treatment with PrP90—
231 produced dramatic disruption of neurites in BIII-tubulin®
cells that also showed condensed apoptotic nuclei, indicating
that CGCs are strongly and selectively damaged by PrP90—
231 (Fig. 3, lower panels). In contrast, larger nuclei belonging
to glial cells, which do not express I1I-tubulin, are not con-
densed or fragmented by PrP90-231 treatment. Altogether,
these data indicate that per se the presence of glial cells is
not detrimental for CGC viability in vitro and that the expo-
sure of glia-enriched CGC cultures to PrP90-231 induced a
specific toxicity on the neuronal component that is significant-
ly higher than what exerted on pure CGC cultures.
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PrP90-231 Elicits Fast, Transient [Ca*"]; Peak, Followed
by Prolonged Increase of [Ca*"]; in Glia-Enriched CGCs

Sustained increase of cytosolic [Ca**], through the activation
of NMDA/AMPA glutamatergic receptor, triggers PrP90—
231-dependent toxicity in pure CGC cultures, although, under
these culturing setting, no rapid transient increase of [Ca*™*];
was significantly appreciable (Thellung et al. 2013). Here, we
verified whether the presence of glia within CGC cultures may
potentiate the alterations of [Ca™]; homeostasis induced by
PrP90-231. To this aim, we measured [Ca**]; by live cell
fluorimetry using the Ca**-sensitive probe Oregon Green
(OG), secking either for fast responses or for more sustained
and long-lasting increase of [Ca™]; after treatment with
PrP90-231. Recordings were performed in individual cerebel-
lar granules or type I astrocytes identified according their size
and shape; in particular, we recorded fluorescence variations
during the first 2 min (Fig. 4) or after 5 (Fig. 5) and 24 h (not
shown) of treatment with PrP90-231 (1 uM). We report
[Ca™]; increase as median difference in cell fluorescence after
treatment and as percentage of cells showing fluorescence
increase (Table 1). Differently from what observed in neu-
rons from pure CGC cultures that did not show short term
changes in OG fluorescence, granule cells from glia-
enriched CGC cultures showed a rapid and transient in-
crease of [Ca*™); that was followed by a return to basal
level (within 1-2 min) (Fig. 4a). On the other hand, in
astrocytes, PrP90-231 induced a fast and transient [Ca™*];
increase that was detectable in both culture conditions. In
detail, in glia-enriched CGC cultures, PrP90-231 induced
a transient [Ca*™"]; increase in 20% of neurons and 70% of
astrocytes that was estimated about 80 and 70% over bas-
al, respectively (Fig. 4b).

Noteworthy, different cellular mechanisms led to the fast
[Ca*™]; increase in granule neurons and astrocytes. The incu-
bation of glia-enriched CGC cultures in Ca™-free medium
fully abolished the ability of PrP90-231 to generate fast
[Ca™]; increase in neurons and strongly reduced the response
in astrocytes, but the treatment with Cd**, a non-selective
blocker of voltage-sensitive calcium channels prevented
[Ca*™]; in neurons only (Table 1). Altogether, these data indi-
cate that PrP90-231 stimulates a rapid and transient Ca**
influx from the extracellular compartment in granule neurons
and astrocytes, but only in CGCs it was mediated by the open-
ing of voltage-gated calcium channels (Table 1). To better
understand whether high glia content in CGC cultures inter-
fere with PrP90-231-dependent sustained increase of [Ca*™];
in neurons, we measured, by live cell fluorimetry, OG fluores-
cence in pure and glia-enriched CGCs after 5 h of exposure to
PrP90-231 (Fig. 5). The treatment with PrP90-231 produced
a net increase [Ca**]; in cerebellar neurons significantly
higher in glia-enriched cultures (+100% of control cells) than
in pure CGCs (+25%). These data indicate that the presence of
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PrP 90-231 (72 Hrs)

Fig. 3 Evaluation by immunostaining of PrP90-231 neurotoxicity.
Immunostaining of glia-enriched CGCs for Slll-tubulin after 72 h of
treatment with PrP90-231 1 uM (lower panels) or vehicle (upper panels)
was performed to show the integrity of CGC neurite net. DAPI nuclear
staining was used to evidence shape and condensation of nuclei (objective
lens: HC PL Fluotar 20X/0.50; scale bar = 50 um). Upper panels show

high amount of glial cells increases cerebellar granules
sensitivity to cytosolic Ca*™* homeostasis alterations induced
by PrP90-231, that represent a molecular basis for the striking
higher neurotoxicity observed in glia-enriched CGC cultures.
[Ca™™]; measurement was performed also after 24 h of
PrP90-231 treatment in glia-enriched CGCs, but in these
conditions, neuronal viability was deeply affected hampering
the loading with OG and preventing the measurements
(data not shown).

PrP90-231 Stimulates NO Production Through iNOS
Expression and Upregulates PHOX Expression
in Glia-Enriched CGC Cultures

The production of oxygen and nitrogen radical species from
activated glial cells contributes to neuronal death induced by
PrPS¢ and prion-derived amyloidogenic peptides (Brown et al.
1998; Garcao et al. 2006; Villa et al. 2016b). We previously
reported that PrP90-231 stimulates the production of NO,
PGE,, CCLS5, and monocyte stimulating factors from both
astrocytes and microglia (Thellung et al. 2007a; Thellung
et al. 2007b; Villa et al. 2016b). Thus, in light of the increased

that in control CGCs, Slll-tubulin stains a well-distributed net without
evidencing significant condensed or disaggregating areas. Cultures that
have been treated for 3 days with PrP90-231 (lower panels) evidenced
appreciable hallmarks of neurite SIlI-tubulin clustering in cell bodies and
neuritis, disaggregation of the net, and appearance of condensed nuclei

neurotoxic activity of PrP90-231 observed in the presence of
glia, we tested whether a sustained inflammatory response
involving the production of oxygen/nitrogen reactive species
could represent a molecular correlate of the neurotoxic activity
exerted by glial cells on CGCs in response to PrP90-231.
First, we evaluated the production of NO in pure and glia-
enriched CGC cultures in basal conditions and after exposure
to PrP90-231. To this purpose, Griess assay was used to cal-
culate the amount of NO released by the different cell cultures,
after 24, 48, and 72 h of treatment with PrP90-231 (1 uM)
(Fig. 6a). Although PrP90-231 increased NO release in both
culture conditions, in pure CGCs 3 days of treatment with
PrP90-231 were required to observe a statistically significant
increase of NO release (Fig. 6a); conversely, glia-enriched
CGCs showed a significant increase in release of NO already
after 24 h, and exceeded of more than threefold NO released
from PrP90-231-treated pure CGC cultures at any tested
times. Remarkably, NO production from glia-enriched cul-
tures was steadily sustained by prolonging the treatment time,
overcoming, after 3 days of exposure to the peptide, of almost
sevenfold NO release in the absence of treatment. To further
evidence the production of radical species induced by glial
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Fig. 4 Measurement of rapid [Ca**]; increase in CGCs exposed to 90—
231. a “Pure” and glia-enriched CGCs, seeded on glass coverslips, were
loaded with calcium-sensitive fluorescent probe Oregon green (OG) for
15 min. Cells were treated with PBS (basal, not shown) or PrP90-231
(1 uM) (see arrows) and OG fluorescence monitored under single cell
fluorimeter. Before the addition of PBS or the peptide, cellular OG
fluorescence was measured to determine the baseline in resting
conditions. Fluorimetric analysis was carried on granule cells and in
glial cells that, basing their large area and being microglial cells
relatively less represented, were assumed as type I astrocytes.

cells, we measured by immunoblotting the expression of
iNOS and the phagocytic NADPH oxidase (PHOX) in both
pure and glia-enriched CGC cultures and the modulatory ef-
fects of PrP90-231. Control and PrP90-231-treated (1 uM,
for 24 h) cultures were analyzed for the expression of iNOS
and PHOX catalytic subunit gp91P"* (NOX2) (Fig. 6b) and
the results from three independent experiments quantified by
densitometry (Fig. 6c, d). In basal conditions, both purified
and glia-enriched CGC cultures did not express iNOS
(Fig. 6b, ¢), indicating that basal level of NO is not dependent
on the activity of iNOS. Conversely, untreated cells express
PHOX in both pure and glia-enriched CGC cultures, although
in the latter condition, the enzyme was significantly upregu-
lated. PrP90-231 strongly induced iNOS expression in glia-
enriched CGC culture only, while it produced a significant
increase of PHOX expression in both pure and glia-enriched
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Fluorescence analysis reports that 1-2 min of treatment with PrP90—
231 1 uM evoked a rapid increase, followed by a rapid return to
baseline, without evidencing plateau phases. [Ca*™]; shift was observed
in granule and glial cells without evidencing significant differences in
pattern. b The table reports a quantification of [Ca*™]; increase (calculated
at the peak) and the percent of cells that showed it. Values of [Ca*™];
increase have been calculated as OG fluorescence (in arbitrary units)
and expressed as percent of OG fluorescence increase with respect of
PBS-treated cells. **p < 0.01 vs. untreated cells

CGC cultures (Fig. 6b, d). Moreover, in glia-enriched cultures,
iNOS expression induced by PrP90-231 treatment occurred
mainly in microglia rather than in astrocytes, as shown by
double immunocytofluorescence experiments (Fig. 7a, b).
Hence, we explored the possibility to quantify the extent of
damage that the reactive species produced by activated
microglia in cerebellar cultures could induce on neuronal
structures. Among the hallmarks of oxidative stress linked
with progression of neurodegenerative conditions, the
aldeheyde 4-dydroxynonenal (HNE) produced by membrane
lipid peroxidation (Castellani et al. 2002; Zarkovic 2003) is
able to forms adducts with cellular proteins (Zhang et al.
2017). Both pure and glia-enriched cerebellar granule cultures
were treated for 24 h with PrP90-231 (1 uM) and analyzed by
Western blot and immunocytofluorescence for the formation
of protein adducts with the aldehyde (Perluigi et al. 2005),
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CGC culture of PrP90-231
treatment (% of untreated)
«Pure» CGC 125 +/- 23
Glia-enriched CGCs 200 +/-43 *

Fig. 5 Measurement of [Ca**]; in CGCs after prolonged treatment with
PrP90-231. (a) [Ca**]; was measured by OG fluorescence in “pure” and
“glia-enriched” CGC cultures after 5 h of treatment with PBS (control) or
PrP90-231 (1 uM). Live cell images were acquired from at least 40
granule neurons from each treatment, and the intensity of OG
fluorescence was calculated as pixel intensity; values were expressed as
% of increase in comparison with untreated samples. The treatment with
PrP90-231 induces [Ca™™]; increase that was significantly higher in glia-
enriched than what observed in pure CGCs. b Quantification of [Ca*™];
increase reported as percent of control cell level. *p < 0.05 vs. untreated
cells

using an anti-HNE antibody (Fig. 8). To better evidence which
cell subpopulation primary is mainly affected by HNE pro-
duction, we counterstained the cultures with monoclonal an-
tibody against 31II-tubulin, expressed in neuronal cytoskele-
ton. In pure CGC cultures (Fig. 8a, upper panels) a net differ-
ence in HNE adducts was observed in control vs. PrP90-231-
treated cultures; glial-enriched GCG (Fig. 8a, lower panels)
evidenced a higher amount of HNE labeling already detect-
able in untreated conditions and further increased by exposure
to PrP90-231. Noteworthy, HNE distribution, and thus mem-
brane lipid peroxidation, was mostly detectable in neurons as
shown by the co-expression of BIII-tubulin. To better quantify
the extent of lipid peroxidation induced by PrP90-231, we
measured, by Western blot, the expression of HNE-protein
adducts in pure or glial-enriched cerebellar granule cells, be-
fore and after 24 h of PrP90-231 treatment (Fig. 8b, c).
Immunoblotting results are in accordance with immunofluo-
rescence experiments, showing that glial enrichment of CGC
cultures, per se, produced an increase of HNE-bound proteins,
which was further significantly stimulated by PrP90-231.

Taken together, these data indicate that the glial component
(and in particular microglia) within CGC cultures is highly
reactive to PrP90-231 in terms of increase NO and ROS re-
lease through the over-expression of iNOS and PHOX; the
augmented oxidative damage on neuronal structures might
be, at least in part, responsible for the higher toxicity of
PrP90-231 in glia-enriched cerebellar granule cultures.

Pharmacological Modulation of PrP90-231-Induced Ca™"
Signaling and Neurotoxicity

Treatment of glia-enriched CGC cultures with PrP90-231
causes a rapid increase of [Ca*™]; in non-neuronal cells and,
in lower percentage, in granules (Table 1). We previously
observed that neurons from pure CGCs did not show fast
response to PrP90-231 as far as [Ca™™); increase that occurred
only after prolonged treatment, via NMDA-dependent mech-
anism (Thellung et al. 2013). These differences suggest that
the contemporary presence of granule neurons, astrocytes, and
microglial cells increases calcium-mediated signals by PrP90—
231, although it is undetermined if the transient increase in
[Ca™]; is derived from PrP90-231 binding or from some still
undetermined soluble molecules released from glial cells. To
address this issue, we tested whether the pharmacological
blockade of NMDA receptor, or the inhibition of NO or pros-
taglandins release, might affect [Ca**]; peak in neurons or in
astrocytes after treatment with PrP90-231 (Table 1). Glia-
enriched CGC cultures were incubated with the competitive
NMDA receptor antagonist AP-V (100 uM), iNOS inhibitor
N-w-nitro-L-arginine (L-NNA) (500 uM), and COX2 inhibi-
tor celecoxib (10 M), before being exposed to PrP90-231
(1 uM). As shown in Table 1, AP-V, NNA, and celecoxib
prevented [Ca*™]; rapid increase in granule cells, determining
a complete inhibition of Ca*™ signaling. Conversely, in astro-
cytes while AP-V was almost completely ineffective, NNA
and celecoxib caused a partial, although statistically signifi-
cant, reduction of [Ca™"]; peak, as far as both number of reac-
tive cells and mean fluorescence (Table 1).

A similar live cell imaging technique was employed to
estimate the involvement of NMDA activation and free radical
release in modulating the steady [Ca**]; increase weobserved
after prolonged treatment of glial-enriched CGC cultures. To
this purpose, glia-enriched CGC cultures were treated with
PBS (controls), AP-V (100 uM), and NNA (500 uM) before
the addition of PrP90-231 (1 uM for 5 h). [Ca*"]; was mea-
sured as OG fluorescence and expressed as percentages of
untreated granule cells. The results showed that, while in the
presence of NNA, PrP90-231 did not elicit increase of
[Ca*™];, the treatment with AP-V reduced the stimulatory ef-
fect of PrP90-231 of about 60% (data not shown). This sug-
gest that glial cells growing with neurons significantly reduce
the direct contribution of NMDA activity in PrP90-231-de-
pendent Ca** signaling and that glial release of NO may hold
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Table 1 Pharmacological

characterization of [Ca*™]; Cell types OG fluorescence increase (%  Responsive cells (% on No. of evaluated
increase in glia-enriched CGC of basal) total cells) cells
cultures
Granule cells
PrP90-231 (1 uM) 80 + 7% 20 + 3% 50
PrP90-231 in Ca™-free 0% 0% 30
medium
PrP90-231 + Cd** (1 0" 21
(50 uM)
PrP90-231 + AP-V (1 0% 14
100 pM
PrP90-231 + NNA (1 0" 42
500 uM
PrP90-231 + celecoxib 0% 0% 37
10 uM
Glial cells
PrP90-231 (1 uM) 70 + 3% 70 + 4 90
PrP90-231 in Ca™-free 28 + 6% 14 +2.5% 50
medium
PrP90-231 + Cd** 43+6 50+3 26
(50 uM)
PrP90-231 + AP-V 45+5 75£6 24
100 uM
PrP90-231 + NNA 31+ 7% 40 +3.5% 50
500 uM
PrP90-231 + celecoxib 28 + 5% 53 + 4% 40
10 uM

Cells were loaded with Oregon green (OG, 6 uM) and incubated with external solution with or without Ca**, or
in the presence of Cd*™* 50 uM, L-NNA 500 uM, AP-V 100 uM, and celecoxib 10 uM for 15 min. OG
fluorescence was recorded in single live cell (detecting CGCs from astrocytes on the basis of shape and dimen-
sion) to set fluorescence baseline. Afterward, cells were treated with PrP90-231 (1 uM) and OG fluorescence

were recorded at [Ca*™ ];

peak; values are expressed as percent of fluorescence increase compared on baseline and

as percent of cells showing calcium response, in comparison with total amount of cells
#p <0.05 and **p <0.01 vs. control; ¥ p <0.05 and ™ p <0.01 vs. PrP90-231

the capacity to “switch on” the ability of the peptide to impair
intracellular Ca™ homeostasis.

To investigate whether [Ca elevation, induced by
PrP90-231 in glia-enriched CGC cultures correlate with the
increased toxicity of the peptide, we investigated the relevance
of both NMDA receptor activation and the release of free
radicals from activated glia to induce CGC degeneration. To
this purpose, pure and glia-enriched CGC cultures preincubat-
ed with the NMDA receptor antagonist AP-V (100 pM) or
with the iNOS inhibitor L-NNA (500 uM) were treated with
PrP90-231 (1 uM) and cell viability evaluated after 72 h by
MTT assay (Fig. 9a). We show that in pure CGC cultures, AP-
V, but not L-NNA, significantly prevented the loss of viability
induced by PrP90-231. Conversely, in glia-enriched cultures,
the pretreatment with L-NNA strongly prevented the loss of
viability induced by PrP90-231, while the treatment with AP-
V was almost completely ineffective. It is worth to note that,
although the blockade of NMDA receptor in glia-enriched
granule neurons inhibits PrP90-231-induced rapid Ca*™* entry
(see Table 1), it did not prevent the toxicity of the peptide. This
indicates that in the presence of glial cells releasing high
amounts of NO and oxygen radicals, the sensitivity of neurons

++]i
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to PrP90-231 increases but their fast response in term of
[Ca*™]; elevation does not represent the activation of death
pathways.

The relevance of the of radical species produced by glial
cells in response to PrP90-231 was further confirmed treating
glia-enriched CGC cultures with two iNOS inhibitors, L-NNA
(500 uM) and W1400 (5 uM), the PHOX inhibitor apocynin
(100 uM), or the COX2 inhibitor celecoxib (10 uM), before
the addition of PrP90-231 (1 uM). Neuronal death was mea-
sured using MTT reduction test after 72 h of treatment
(Fig. 9b). CGC viability loss induced by PrP90-231 in
glia-enriched cultures was counteracted by both the iNOS
inhibitors and the PHOX blocker, while celecoxib was inef-
fective. This suggest that the reduction of the production of
NO and superoxide anion O, , effectively lowers neurotoxic
effects of PrP90-231 and that glia activation can lead to the
formation of a neurotoxic milieu of oxygen and nitrogen re-
active species; conversely, COX2-dependent production of
prostaglandins seems not essential for the neurotoxicity in-
duced by PrP90-231.

Altogether, these data led us to conceive a scenario in
which PrP90-231 neurotoxicity comprises (i) a direct
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Fig. 6 NO release and PHOX and iNOS expression in “pure” and glia-
enriched CGCs induced by PrP90-231. a Pure and glia-enriched CGCs
were treated with PrP90-231 1 uM for 24, 48, and 72 h; NO
concentration was measured by Griess assay. Values are expressed as
percent of NO release on time-matching vehicle-treated cultures
(controls, represented in the figure as continue line since it does not
change during the experiment), and are derived from the average of
three independent experiments performed in quadruplicate. *p < 0.05
and **p < 0.01 vs. controls. *°p < 0.01 vs. pure CGC culture. b Cells
were grown on 60 mm dishes and treated with PBS (control) and PrP90—
231 1 uM for 24 h. Cytoplasmic proteins (50 pg/lane) were resolved by
10% SDS-PAGE and immunoblotted to detect the expression of iNOS
and NOX2 (PHOX catalytic subunit); 10 pg/lane of each sample was

excitotoxic activity mediated by NMDA-dependent cytosolic
Ca** overloading in neurons and (ii) an indirect toxicity
caused by glial activation and the release of free radicals that
may produce oxidative stress in neurons or increase neuronal
sensitivity to the direct toxicity of peptide.

Discussion

The role of astrocytes and microglia in the pathogenesis of neu-
rodegenerative disorders is an intriguing issue given the structur-
al, nutritional, and defensive roles of these cells. This is particu-
larly true for neurodegenerative amyloidosis in which a spatial
and temporal co-localization of amyloid deposits, dying neurons,
and recruitment of reactive astrocytes and microglia is reported
(Bugiani et al. 2000; Guiroy et al. 1994; Miyazono et al. 1991).
Thus, control of glial hyperactivation is nowadays considered a
possible valuable common pharmacological strategy to delay the
onset or slowdown the progression of central nervous system
proteinopathies, including Alzheimer, Parkinson, Huntington,
and prion diseases (Eikelenboom et al. 2000; Leszek et al.
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separately loaded to quantify the expression of a-tubulin. ¢
Immunoreactivity for iNOS and d NOX2 was quantified by
densitometry from three experiments and expressed as iINOS-NOX2/x-
tubulin ratios. In pure CGC, iNOS expression was not detectable in basal
conditions and was not appreciably stimulated by the treatment with
PrP90-231; conversely, iNOS expression in glia-enriched CGCs,
although undetectable in non-stimulated conditions, was significantly
induced by the peptide. NOX2 expression, although detectable in pure
CGCs, was augmented of onefold in glia-enriched conditions. Moreover,
PrP90-231 upregulated NOX2 expression of further 100% in both
culturing conditions. **p < 0.01 vs. respective controls; °°p < 0.01 vs.
pure CGC culture

2016; McGeer and McGeer 2015). Amyloidogenesis is a process
in which the deposition of amyloid fibrils is preceded by the
generation of soluble oligomers, insoluble polymers and aggre-
gates, whose relative involvement in neurodegeneration is still
not completely defined; rather, intermediate species generated
along this process are thought to trigger a chemical cross talk
between neurons and glial cells which may ultimately causes
neuronal death (Bucciantini et al. 2002; Marella and Chabry
2004). Primary cultures of purified or glia-enriched neurons
and, more recently, brain organotypic cultures, are widely used
as in vitro models to study the reciprocal influence between
neurons and glia in physiological conditions or after the exposi-
tion to neurotoxic stimuli, including PrP peptides (Brown 1999;
Brown et al. 1998; Falsig et al. 2012). Among non-neuronal cells
recruited in response to neurotoxic stimuli, astrocytes and mi-
croglia are the most represented within neuronal primary cul-
tures, although they can be kept below 5% in standard culture
conditions by the addition of antiproliferative agents. Such re-
straint is required when research is focused on neurons and the
secretive contribution of highly reactive glial cells may hinder a
direct neuronal reaction to neurotoxic stimuli. On the other hand,
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Vehicle

Fig. 7 iNOS expression in astrocytes and microglial cells in glia-
enriched CGCs: effect of PrP90-231 treatment. Cultures were treated
with PBS (vehicle, left panels) or PrP90-231 (1 uM, right panels) for
24 h before being fixed and subjected to double immunostaining. a
INOS/OX42. b iNOS/GFAP. AlexaFluor488- and AlexaFluor568-

the blockade of glial proliferation in neuronal cultures is a limit-
ing factor when the goal is the characterization of the contribution
of non-neuronal cells to the neurotoxic potential of
amyloidogenic peptides or drugs (Brown 1999; Dugan et al.
1995; Garcao et al. 2006; Marella and Chabry 2004; Paradisi
et al. 2004). In fact, the neurotoxicity of amyloidogenic peptides
is likely sustained by a complex proinflammatory cross talk
connecting astrocytes/microglia with neurons that cannot be
evaluated in neuronal cultures in which glial proliferation is phar-
macologically reduced (Marella and Chabry 2004; Marella et al.
2005; Villa et al. 2016a, b). The purpose of the present study
was to investigate the differential mechanisms driving the
relative contribution of direct and glia-mediated mecha-
nisms of PrP90-231 neurotoxicity, focusing on possible
targets for pharmacological therapeutic strategies. We
used cerebellar granule cultures in which neuronal-glial
interaction is either restrained or enhanced by the control
of non-neuronal cell proliferation. We previously demon-
strated that PrP90-231 could exert direct neurotoxic ef-
fects in pure primary cultures of CGCs through a
prolonged activation of NMDA receptors resulting in a
sustained elevation of [Ca**];, (Thellung et al. 2013).
Since in these cultures the amount of astrocytes does not
exceeded 5% of total cells and microglia is almost
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PrP90-231 (24 Hrs)

conjugated antibodies were used to detect immunoreactivity for
GFAP/OX42 and for iNOS, respectively. The treatment with PrP90—
231 induced a significant expression of iNOS in OX42-positive cells,
while no detectable co-localization between iNOS and astrocyte-
specific marker GFAP was appreciable (scale bar = 50 pm)

undetectable, NMDA-dependent neurotoxicity of PrP90-
231 is likely caused by a direct interaction of the peptide
with neurons. Being microglia and astrocytes functionally
activated by PrP90-231 to produce proinflammatory and
neurotoxic molecules (Thellung et al. 2007b; Villa et al.
2016Db), it is reasonable to hypothesize that glial-mediated
neurotoxicity of PrP90-231 flanks or possibly overcomes
the direct effects of the peptide on neurons. In the present
study, we compared the effects of PrP90-231 in pure
CGC cultures with cultures in which glial cells were
allowed to proliferate for 5 days before adding Ara-C,
thus enriching the culture with up 15% of astrocytes and
5% of microglia. This latter model represents a good
mean to dissect the heterogeneity of the cellular mecha-
nisms responsible of PrP90-231 neurotoxicity and better
mimics the in vivo scenario in which the interactions
between all these brain cell populations are at the basis
of the neurodegenerative processes. We report that PrP90—
231 induces cell death in pure CGC cultures, only if the
treatment was prolonged for at least 3 days and that it was
correlated with a delayed NMDA receptor activation and
consequent elevation of [Ca**];. This observation is in
line with reports showing that the neurotoxicity of
PrP%°-related amyloidogenic peptides is dependent on
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Fig. 8 PrP90-231 induces lipid peroxidation in CGCs. a “Pure” (upper
panels) and glia-enriched CGCs (lower panels) were plated in 15-mm glass
coverslips, and treated with PBS (control) or PrP90-231 1 uM for 24 h. The
expression of neuronal (3-III tubulin and lipid peroxidation product 4-
hydroxynonenal (HNE) were evaluated by immunofluorescence.
Immunoreactivity for 3-III tubulin and HNE was evidenced with Alexa
Fluor 488- and Alexa Fluor 546- conjugated anti-IgG antibodies, respectively.
The amount of HNE was higher in glia-enriched GCG in comparison with
pure cultures and was further increased by cell exposure to PrP90-231. (ob-
jective lens: HC PL Fluotar 20X/0.50; scale bar = 50 yum). b Pure and glia-
enriched CGCs were plated in 60 mm petri dishes and treated with PBS

the direct interaction with neuronal cells that may trigger het-
erogeneous neurotoxic mechanisms, including alteration of
ionic conductance at the plasmamembrane, induction of en-
doplasmic reticulum stress, or impairment of lysosomal integ-
rity (Ferreiro et al. 2008; Florio et al. 1998; Paulis et al. 2011;
Thellung et al. 2011; Thellung et al. 2000b).

However, in cerebellar cultures enriched with high glia con-
tent, PrP90-231 exerted a significantly stronger neurotoxic ac-
tivity. Since cell viability analysis by MTT is based on metabolic
measures that evaluate all the cell populations composing the
cultures (neurons, astrocytes, microglia), we analyzed cell sur-
vival by microscopy visual inspection of cell morphology to
discriminate among cell populations. Phase-contrast images of
CGCs treated with PrP90-231 showed shrinkage of CGC bodies
and the disruption of neurite network, which was more dramatic
in glia-enriched CGC cultures. Conversely, no signs of toxicity
were observed in glial cells in both culture conditions,
confirming that the cytotoxic effects are exerted mainly in

—
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(control) or PrP90-231 1 uM for 24 h. Cytoplasmic proteins (50 pg/lane)
were resolved by 10% SDS-PAGE and immunoblotted to detect the amount
of HNE adducts to proteins; HNE immunoreactivity was detected throughout
the electrophoretic lane. HNE-protein binding was higher in glial-enriched
CGCs in comparison to pure CGCs. The treatment with PrP90-231 produced
a further increase of HNE adducts in both CGC cultures. To verify equal
protein loading, blots were reprobed with anti--tubulin monoclonal antibod-
ies. ¢ Immunoreactivity for 4-hydroxynonenal was quantified throughout the
lanes by densitometry and expressed as HNE—/«-tubulin ratios and expressed
as percent of controls in pure CGCs from three independent experiments.
*p < 0.05 and **p < 0.01 vs. control in pure CGC culture

neurons, although significantly enhanced by the presence of glial
cells. To investigate the role of glia in mediating PrP90-231
neurotoxicity on CGCs, we evaluated iNOS and PHOX expres-
sion in pure and glia-enriched CGCs under basal conditions or
after treatment with PrP90-231. Importantly, the expression of
iNOS was strongly enhanced after PrP90-231 treatment of
mixed neuronal-glial cultures, while it was not induced in pure
CGC cultures; such difference of enzymatic expression was con-
firmed by significant difference in NO release after treatment
with PrP90-231. While in pure CGCs, NO release was detect-
able at low levels only after 3 days of exposure to PrP90-231,
unlikely reaching toxic concentrations, it showed a rapid and
massive increase in mixed cultures that was highly significant
already after 24 h. PHOX expression, although detectable and
upregulated by PrP90-231 in both culture conditions, was sig-
nificantly higher in glia-enriched CGC culture. This suggests that
in PrP90-231 treated cultures, the increase of PHOX and iNOS
activity causes a higher production of hydroxyl anion O, and
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Fig. 9 Pharmacological antagonism of PrP90-231 neurotoxicity in
“pure” and glia-enriched CGC cultures. a Pure and glia-enriched CGC
cultures were incubated with AP-V (100 pM) and L-NNA (500 uM) for
30 min before being treated with vehicle (control) or PrP90-231 (1 pM);
cell viability was assessed by MTT assay after 72 h and expressed as loss
of viability vs. vehicle-treated controls. PrP90-231 caused a loss of via-
bility of about 35% in pure CGCs, and 55% in glia-enriched CGCs. L-
NNA prevented in a highly significant manner glia-enriched CGC loss of
viability, but did not protect pure CGCs; oppositely, AP-V antagonized
the neurotoxicity of PrP90-231 in pure CGCs only. Values represent the
average of three independent experiments in quadruplicate. **p < 0.01 vs.
control; °°p < 0.01 vs. PrP90-231. b Glia-enriched CGCs were incubat-
ed with L-NNA (500 uM), W1400 (5 uM), apocynin (100 uM), and
celecoxib (10 uM), 30 min before cell treatment with vehicle (control)
or PrP90-231 (1 uM); cell viability was measured by MTT assay after
72 h and expressed as loss of viability compared with vehicle-treated
controls. PrP90-231 caused a reduction of viability of more than 50%
that was significantly inhibited by L-NNA, W1400, and apocynin, while
celecoxib was non effective. Values represent the average of three inde-
pendent experiments performed in quadruplicate

peroxynitrites exposing neurons to highly oxidative milieu that is
responsible of neuronal death. In particular, the interaction be-
tween superoxide anions and NO leads to the formation of neu-
rotoxic peroxynitrite radicals from otherwise harmless NO, en-
hancing the direct neurotoxicity of amyloid peptides (Mander
and Brown 2005). In line with this observation, neuronal oxida-
tive damage, induced by superoxide anions O, and
peroxynitrites produced by microglial cells, was previously re-
ported to play a major role in the neurotoxicity during prion
diseases (Guentchev et al. 2002; Sorce et al. 2014). The differ-
ence in the induction of iNOS and PHOX expression in response
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to PrP90-231 between pure and glia-enriched CGC cultures is of
particular relevance since highlights different mechanisms on
toxicity that are simultaneously activated by PrP90-231.
Indeed, we observed that the inhibition of PHOX and/or iNOS
activity inhibits PrP90-231 neurotoxicity in glia-enriched CGC
culture, but is not effective in pure CGC cultures; on the contrary,
NMDA blockade by AP-V exerted neuroprotection in pure CGC
cultures, but failed to prevent PrP90-231 neurotoxicity in the
presence of glial enrichment. Given that the impairment of intra-
cellular Ca*™* homeostasis is a major pathway leading to neuro-
degeneration of CGC cultures (Scorziello et al. 1996, 1997,
Thellung et al. 2000b, 2013), we investigated whether glial-
dependent increased neurotoxicity of PrP90-231 can produce
Ca™ homeostasis dysregulation at a higher extent than pure
granule cultures. Differently from pure CGC culture in which
PrP90-231-induced neuronal death is dependent on a delayed
NMDA receptor-dependent increase of [Ca**];, in the presence
of glia, PrP90-231 elicits a rapid increase of [Ca™]; in both glial
and neuronal cells. The kinetics of [Ca™]; elevation in glia-
enriched CGC cultures in response to PrP90-231 is characterized
by a rapid recovery to basal [Ca™];, suggesting that Ca™ level
alterations are too rapid to induce neurotoxicity. Pharmacological
analysis of [Ca*™]; increase showed that Cd**, AP-V and the
incubation in Ca™-free medium prevented Ca*™ increase in all
CGCs, indicating that, in the presence of glial cells, the mecha-
nisms controlling Ca™ entry from extracellular space, through
voltage-gated calcium channels or NMDA receptor activation
are readily activated by PrP90-231. It remains to be determined
whether the rapid increase of [Ca™]; in neurons is elicited by
direct PrP90-231 binding to glutammatergic receptors, or is in-
duced by some soluble molecules released by glial cells. The
latter hypothesis is supported by the observation that [Ca*™*];
increase is fully prevented in CGCs, and partly in astrocytes,
by the inhibition of iNOS and COX2. In addition to a rapid
Ca™ movements in a subset of granules, we observed a signifi-
cant difference in the concentration of [Ca*™]; in CGCs from glia-
enriched cultures, after prolonged exposure to PrP90-231.
Indeed, after 5 h of treatment with PrP90-231, such increase
was detectable also in pure CGCs, but was almost doubled if
the treatment was performed in glia-enriched cultures. Since neu-
roprotection exerted by AP-V was limited to pure CGC cultures,
it is likely that glia activation may sustain elevation of [Ca*™]; in
neurons in a NMDA receptor-independent manner. Indeed, in the
presence of glia, PrP90-231 toxicity is dependent on the over-
expression and activation of PHOX and iNOS, resulting in high
prooxidative stress as evidenced by HNE protein adducts stain-
ing. Importantly, when the neuroinflammatory pathways are ac-
tivated, glia-dependent neurotoxicity predominates over the di-
rect effects. Thus, the neurotoxic signals activated by PrP90-231
involve multiple pathways acting either directly on neuronal
structures or dependent on the activation of glial cells. We pro-
pose that in vivo both mechanisms may participate in amyloid
peptides induced toxicity and the prevalence of NMDA-
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mediated excitotoxicity or glia-mediated oxidative stress is relat-
ed to the entity of neuroinflammation present. Furthermore, we
demonstrate that the pharmacological inhibition of these path-
ways can prevent neuronal death, supporting that the definition
of the mechanisms responsible for the multifactorial neurotoxic-
ity of PrP90-231 or other amyloidogenic proteins may provide
the basis to develop innovative therapies against CNS
proteinopathies.

Moreover, the establishment of culturing approaches
allowing the reciprocal modulation among glial cells and neu-
rons allows the identification of relevant intracellular path-
ways of toxicity induced by amyloid peptides as possible
pharmacological targets. Importantly, these pathways may be
non-detectable in pure neuronal cultures but become extreme-
ly significant in vivo where the interactions among neurons
and glia are at the basis not only of the physiological function-
ing but also of the neurodegenerative processes of the brain.
Defining the cellular details of this multifactorial neurotoxic-
ity of amyloidogenic peptides might highlight relevant targets
to develop novel neuroprotective approaches for CNS
proteinopathies.
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