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Abstract Activation of microglia is a central event in the
atypical inflammatory response occurring during prion en-
cephalopathies. We report that the prion protein fragment
encompassing amino acids 90–231 (PrP90-231), a model of
the neurotoxic activity of the pathogenic prion protein (PrPSc),
causes activation of both primary microglia cultures and N9
microglial cells in vitro. This effect was characterized by cell
proliferation arrest and induction of a secretory phenotype,
releasing prostaglandin E2 (PGE2) and nitric oxide (NO).
Conditioned medium from PrP90-231-treated microglia in-
duced in vitro cytotoxicity of A1 mesencephalic neurons,
supporting the notion that soluble mediators released by acti-
vated microglia contributes to the neurodegeneration during

prion diseases. The neuroinflammatory role of COX activity, and
its potential targeting for anti-prion therapies, was tested measur-
ing the effects of ketoprofen and celecoxib (preferential inhibitors
of COX1 and COX2, respectively) on PrP90-231-induced
microglial activation. Celecoxib, but not ketoprofen significantly
reverted the growth arrest as well as NO and PGE2 secretion
induced by PrP90-231, indicating that PrP90-231 pro-inflamma-
tory response in microglia is mainly dependent on COX2 acti-
vation. Taken together, these data outline the importance of
microglia in the neurotoxicity occurring during prion diseases
and highlight the potentiality of COX2-selective inhibitors to
revert microglia as adjunctive pharmacological approach to con-
trast the neuroinflammation-dependent neurotoxicity.
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Introduction

Neuroinflammation, a defense mechanism toward pathogens,
traumatic injuries, and environmental toxins, is nowadays also
recognized as a major mediator of neurotoxicity in various
neurological and neurodegenerative disorders, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyo-
trophic lateral sclerosis (ALS), multiple sclerosis (MS), and
transmissible spongiform encephalopathies (TSE, or prion
diseases) [1].

TSE, including Creutzfeldt-Jakob disease (CJD),
Gerstmann-Sträussler-Scheinker disease (GSS), and fatal fa-
miliar insomnia (FFI) in humans, scrapie in sheep, and bovine
spongiform encephalopathy (BSE) in cattle, are neurodegen-
erative disorders characterized by gray matter vacuolation,
neuronal loss, and gliosis [2]. Prion protein (PrPC) misfolding
into an aberrant isoform, called PrPSc, often, although not
invariantly, deposited as amyloid aggregates in patients’ brain
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[3], is considered the causative event of TSE [2, 4]. PrPSc,
isolated from scrapie-infected brains, induces neurotoxicity in
primary neurons and brain organotypic cultures [5–7] indicat-
ing that, besides transmissibility, PrPSc accumulation is also
responsible for neurodegeneration. However, a possible role
of molecular intermediates along PrPC-PrPSc transition as
effectors of neuronal death is still under debate [8].

Gliosis is a process that comprises proliferation and/or
activation of astrocytes and microglia [9], representing a com-
mon hallmark in several neurodegenerative diseases such as
AD, MS, and HIV-associated dementia [10]. As far as TSE,
immunohistochemical analysis of scrapie- and CJD- affected
brains demonstrated the presence of marked microglial re-
sponse [11, 12]. Neuronal death and gliosis occurring during
TSE can be partly mimicked in vitro by treating cell cultures
with synthetic and recombinant polypeptides encompassing
the crucial 106–126 amino acid PrP sequence [13–17]. The
amyloidogenic peptide PrP106-126 is toxic for neurons
in vitro and induces astrocytes proliferation via the activation
of voltage-sensitive Ca2+ channels [18]; moreover, it activates
a tyrosine kinase signaling cascade inmicroglial cells [19] and
stimulates microglia to secrete soluble factors that exert tro-
phic activity on astrocytes but induce apoptosis in neurons
[20, 21]. However, one limitation in the use of small peptides
is their intrinsic toxicity that does not allow structural studies
[22].

A better structure-activity relationship characterization has
been obtained after the synthesis of the recombinant fragment,
encompassing the amino acids 90–231 of the human PrP
(PrP90-231) [23]. This fragment corresponds to the so-called
PrP27-30, the protease-resistant core of PrPSc, which is gen-
erated by a pathological metabolism of PrP [24] and accumu-
lates in the brain of TSE-affected patients [25, 26]. PrP90-231
is a possible neurotoxic species derived from misfolded PrP
[22, 27]. One of the most relevant features of PrP90-231 is its
intrinsic plasticity that allows the transition from a soluble α-
helix-rich into a β-sheet-prevalent and aggregation-prone
conformer. This transition can be obtained in vitro inducing
a partial thermal denaturation [28, 29]. The refolding process
increases PrP90-231 hydrophobicity and resistance to prote-
ase K degradation and produces gain of toxicity in vitro [30].
We demonstrated that the neuronal death induced by PrP90-
231 is mediated by several mechanisms, including unbalance
of MAP kinase activity [31], impairment of lysosomal func-
tion [32], and potentiation of glutamatergic excitotoxicity
[33]. The structure-effect relationship was further demonstrat-
ed using quinacrine and novel acridine derivatives, which
prevent cell death interfering with the conformational transi-
tion [34], or usingmutant peptides that are more prone to adopt a
toxic three-dimensional structure [35]. Importantly, PrP90-231
in vitro neurotoxicity is comparable, as far as efficacy and
mechanisms, to that induced by PrPSc partially purified form
Hamster brain [6, 36], strongly validating the use of this peptide

to study in vitro PrPSc toxicity. Finally, PrP90-231 in vitro
neurotoxic effects are accompanied by strong activation of
astrocytes and microglia, indicating its relevance also to charac-
terize the glial reaction to PrPSc and glial-mediated neurotoxicity
[37, 38].

Microglia, the CNS resident macrophages, is readily acti-
vated by different stimuli, including pathogens and particulate
matter (e.g. axonal debris), acquiring phagocytic and secretive
activity. Although forming the first line of brain defense,
uncontrolled microglia activation may directly cause neuro-
toxicity through the release of inflammatory cytokines, pros-
taglandins (PGs), and nitric oxide (NO) radicals [39–41].
Abnormal microglial activation is observed in TSE patients
[42], regulating a complex cross-talk between neurons and
glial cells in brain areas characterized by PrPSc deposition
[43]. In AD, the presence of numerous inflammatory media-
tors (PGs, cyto- and chemokines, free radicals, etc.) within
neurodegenerative lesions led to the hypothesis of the causa-
tive role of neuroinflammation in neuronal injury and that
anti-inflammatory drugs may act as protective agents [44],
also in line with epidemiological studies showing that classi-
cal nonsteroidal anti-inflammatory drugs (NSAIDs) might
prevent or retard AD progression [45].

Experimental pharmacological approaches for TSE have
been, so far, mainly targeted to prion replication through the
blockade of PrPSc interaction with its physiological counter-
part PrPC [46–48]; less effort has been produced to prevent
neuron apoptosis, acting on the pro-apoptotic activity of
prions, including neuroinflammation led by glial cell activa-
tion. It is, however, conceivable to envisage that the control of
excessive microglial activation could be beneficial to contrast
neuronal death also in prion diseases.

In the present work, we analyzed the effects of PrP90-231
on microglia activity, focusing on cell proliferation, prosta-
glandin release and nitric oxide production, as mechanism of
neurodegeneration, and the possible antagonism by in vivo
treatment with NSAID, ketoprofen and celecoxib, with differ-
ent COX selectivity.

Materials and Methods

Chemicals, Antibodies, and Dyes

Celecoxib (used at concentration of 0.5–2.5 μM),
ketoprofen (used at concentration of 0.5–5 μM), and
lipopolysaccharide (LPS) (used at concentration of 1 and
10 μg/ml) were purchased from Sigma-Aldrich (Milano,
Italy); murine prostaglandin E2 (PGE2) was purchased by
Cayman Chemical Company. High Sensitivity PGE2 EIA
kit was from Arbor Assays (Ann Arbor, MI USA). All
other compounds were from Sigma-Aldrich, unless other-
wise specified. 3F4 mouse monoclonal anti-PrP antibody
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was from Covance (Princeton, NJ, USA), dilution
1:50,000; anti-iNOS antibody (C11) was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), dilution 1:1,000
for Western blot and 1:100 for immunofluorescence; anti-
COX2 from Abcam (Cambridge, UK), dilution 1:1,000
for Western blot and 1:100 for immunofluorescence;
Alexa Fluor 488 anti-rabbit antiserum and Alexa Fluor
594 anti-mouse antiserum were purchased by Molecular
Probes (Life Technologies, Monza, Italy). 4′,6-Diamidino-
2-phenylindole (DAPI) was from Sigma-Aldrich.

Synthesis and Refolding of PrP90-231

PrP90-231 was obtained from transformed E. coli and puri-
fied, as previously described [23]. To induce structural
refolding, the protein was incubated for 1 h in NaCl-free
10 mM phosphate buffer, pH 7.2 at 53 °C [28]. As previously
demonstrated, controlled thermal denaturation of PrP90-231
induces a three-dimensional refolding toward a β-sheet-rich
structure and provokes gain of toxicity in vitro [29].
Microglial treatment was performed adding the recombinant
peptide directly to the culture medium.

Cell Cultures

Primary Microglia Cortical microglia was prepared from
7 day-old rats (Sprague Dawley, Charles-River Italia, Como,
Italy) as previously reported [49]. Briefly, tissue was minced
and digested with trypsin-EDTA 0.25 % (EuroClone, Milano,
Italy); mixed astrocytes-microglia cell dispersionwas cultured in
Dulbecco’s modified Eagle’s medium (DMEM, EuroClone)
supplemented with 10 % fetal bovine serum (FBS), penicillin/
streptomycin (100 IU/ml), glutamine (2mM), andmaintained in
5 % CO2 atmosphere at 37 °C. When cells reached confluence,
floating or barely adherent microglial cells were separated from
astrocytes by shaking flasks on rotational plates for 2 h [37].
Microglial cells were cultured in RPMI medium (EuroClone)
containing glutamine 2 mM, 100 U/ml penicillin, 100 μg/ml
streptomycin (EuroClone), and supplemented with 10 % FBS
and maintained in 5 % CO2 atmosphere at 37 °C. Experimental
procedures and animal care complied with the European Com-
munities Parliament and Council Directive of 22nd September
2010 (2010/63/EU) and were approved by the Italian Ministry
of Health (protocol number 3470–1) in accordance with D.M.
116/1992. All efforts were made to minimize animal suffering
and to use the minimum number of animals necessary to pro-
duce reliable results.

N9 Cells The murine immortalized microglial cell line N9
was cultured in RPMI supplemented with 5 % FBS, 2 mM
glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, and
50 μM 2-mercaptoethanol at 37 °C in humidified 5 % CO2

incubator [38].

A1 Cell Cultures Neuronal Mes-c-myc A1 (hereafter A1) cell
line was generated from mouse embryonic mesencephalic
primary culture. Phenotypical characterization and the dem-
onstration that A1 cells, upon differentiation, retain neuronal
features was described elsewhere [50–52]. A1 cells were
cultured inMEM/F12 (Gibco-BRL,Milan, Italy) supplement-
ed with 10 % FBS (Invitrogen, USA) and were induced to
differentiate by serum withdrawal and stimulation with 1 mM
cAMP (Sigma-Aldrich) and N2 supplement (Invitrogen).

Microglial-Mediated PrP90-231 Toxicity of A1 Cells

Microglia cells were treated with vehicle (saline phosphate
buffer, PBS) or PrP90-231 (100 nM). Every 12 h, conditioned
medium was collected and replaced with fresh medium con-
taining PrP90-231. Conditioned media were centrifuged for
30 min at 16,000×g at 5 °C and then added to A1 neuronal
cells (1:1 ratio with their medium). Medium conditioned by
dead microglia (dried and UV-irradiated for 15 min) was also
added to A1 cells in order to have an index of the cytotoxicity
of residual PrP90-231 contained in the microglial-conditioned
medium.

Cell Proliferation Assays

MTT Assay Mitochondrial function, as index of cell number
and viability, was evaluated by measuring the reduction of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, Sigma-Aldrich). The reduction of MTT to a
purple formazan product by mitochondrial dehydrogenase
was quantified spectrophotometrically, as previously reported
[53]. Briefly, cells were incubated for 1 h with 0.25 mg/ml
MTT, in serum-free DMEM at 37 °C; after medium removal,
formazan crystals were dissolved in dimethylsulfoxide and
absorbance was spectrophotometrically measured at 570 nm.

Cell Proliferation Assay CyQUANT® DNA synthesis, as in-
dex of cell proliferation, was determined by fluorescence kit
CyQUANT® (Life Technologies, USA) [54]. After treat-
ments, cells were incubated with CyQUANT® for 1 h, fol-
lowing manufacturer’s instructions. The dye-DNA complexes
were read using a microplate fluorescence reader (Tecan®
Infinite 200 Pro, Switzerland) ex/em 485/530 nm.

Cell Counting

To directly evaluate the effects of PrP90-231 and LPS on the
proliferation of N9 cells, we treated these cells for 4 days and
counted them with an automated cell counting test. N9 cells
were ha rves t ed by t ryps in -EDTA and the ce l l
suspension diluted 1:10 in sterile DPBS and mixed with an
equal volume of 0.4 % Trypan Blue solution to evaluate the
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number of live/dead cells using TC20 Cell Counter (Bio-Rad
Laboratories, Inc., Hercules, CA).

mRNA Expression

Total RNA was prepared from N9 cells by using the Pure
Link® RNA Mini Kit (Life Technologies) according to the
manufacturer’s protocol. Total RNA was reverse-transcribed
using the iScript™ cDNA Synthesis Kit (Bio-Rad Laborato-
ries, Inc.) with 1 μg of total RNA and oligodT. The following
primers (from Tib-Molbiol, Genova, Italy) were used: iNOS:
forward 5′-TCCTACACCACACCAAAC-3′; reverse 5′-
CTCCAATCTCTGCCTATCC-3′ (NM_010927.3), β-actin:
forward 5′-TGTGATGGTGGGAATGGGTCAG-3′; reverse
5′-TTTGATGTCACGCACGATTTC-3′) [55]. Reactions
were performed with I-Cycler PCR system (Bio-Rad) for
one cycle (1 min at 94 °C) followed by 30 cycles (15 s at
94 °C, 30 s 63 °C, and 30 s at 72 °C) ended by 2 min at 72 °C.
PCR products were separated on 1.5 % agarose gels and
visualized by ethidium bromide staining. Reactions amplified
fragments of 198 bp for NOS and 514 bp for β-actin.

Determination of NO Release (Griess Reaction)

Accumulation of nitrites (NO2−) in culture medium, as an
indicator of NO release, was measured by the Griess reaction
[56]. Briefly, cells were treated in serum-free DMEM without
phenol red; after treatments, 50-μl culture supernatant and
Griess reagent (1:1) were incubated at room temperature for
15 min. Nitrite amount, proportional to color development,
was determined as absorbance at 540 nm (Tecan® Infinite 200
Pro).

PGE2 Secretion Assay

PGE2 release from N9 cell line and microglial primary cul-
tures were measured by competitive enzyme immunoassay kit
(High Sensitivity PGE2 EIA kit; Arbor Assays). After 24 h of
treatment with PrP90-231 with or without celecoxib, the
amount of PGE2 in the supernatants was spectrophotometri-
cally detected using a microtiter plate reader (Tecan® Infinite
200 Pro, abs. 450 nm).

Western Blot

Cells were lysed in 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 1 mM. Cell de-
bris and nuclei were discarded by brief centrifugation, and
protein content was determined by Bradford assay. Pro-
teins (30 μg/lane) were size-fractionated by SDS-PAGE,
blotted into PVDF membrane and probed with primary

antibodies diluted in PBS-TWEEN 20 0.1 %. Immunore-
activity was detected with peroxidase-linked anti-rabbit
IgG (dilution 1:5,000) (GE-Healthcare) followed by ECL
(Millipore) [57] and quantified by densitometry using a
Chemidoc-MP-4.0.1 image lab software (Bio-Rad).

Indirect Immunofluorescence Detection of COX2 and iNOS
Expression

N9 cells were grown on glass coverslips, fixed in 4 % para-
formaldehyde, rinsed in PBS (pH 7.4), and treated with 0.1 M
glycine and Triton X-100 (0.1 % in PBS). Non-specific sites
were blocked in 10 % normal goat serum for 30 min. After
incubation with primary antibodies for 1 h at r.t., secondary
Alexa Fluor 488 anti-rabbit and AlexaFluor 594 anti-mouse
antisera (1:200; Molecular Probes, Invitrogen, Milano, Italy)
were added for 1 h at r.t. After neuclear counterstain with
DAPI (Sigma-Aldrich), coverslips were mounted with
Mowiol (Calbiochem). Immunofluorescent staining was visu-
alized and photographed with a DM2500 microscope (Leica
Microsystems, Wetzlar, Germany) equipped with a
DFC350FX digital camera (Leica Microsystems). Quantifica-
tion of the level of cellular fluorescence from microscopy
images was performed using the NIH ImageJ software
(http://rsb.info.nih.gov/ij/).

Statistics

Data were obtained by three independent experiments con-
ducted in quadruplicate, unless otherwise specified. Statistical
analysis was performed by means of one-way ANOVA.

p<0.05 was considered statistically significant.

Results

PrP90-231 Effects on Microglia Activation

N9 microglia cell line reproduces in vitro many func-
tional features of primary microglia cultures [58]; re-
markably, both Aβ and prion peptides induce in these
cells a complex pattern of response including chemotax-
is, phagocytosis, and production of soluble pro-
inflammatory factors comparable to what was observed
in vivo during AD and TSE [37, 59–61]. To character-
ize the role of microglia activation in PrP90-231 neuro-
toxicity, we first analyzed the morphological and prolif-
erative response of N9 cells to this prion fragment,
using concentrations (0.1 and 1 μM) that we previously
reported to affect microglia activity [37]. In comparison
to control cells (Fig. 1a), PrP90-231 (1 μM) treatment
caused a time-dependent morphological alteration that was
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detectable already after 2 days, with an evident increase
in ramified cells (Fig. 1c). This effect was associated
with a significant reduction of cell proliferation but not
with cell death. In particular, N9 treatment with PrP90-
231 reduced cell growth by 27 and 59 %, after 2 and
4 days, respectively (Fig. 2a). As positive control, to
outline the sensitivity of microglial cells to pro-
inflammatory stimuli, we assessed the activity of the
pro-inflammatory bacterial endotoxin LPS on N9 mor-
phology and proliferation. LPS elicited morphological
change of microglial cells, which showed a ramified
phenotype (Fig. 1b) and reduced proliferation in a statis-
tically significant manner, although at a lower extent
when compared to PrP90-231 (Fig. 2a). Importantly,
PrP90-231 and LPS effects on N9 cell proliferation were
confirmed using the CyQuant labeling assay, which de-
tects double strand nucleic acids and represents a more
direct index of cell number. Four days treatment with
PrP90-231 (100 nM) or LPS (10 μg/ml) produced a
highly significant reduction of cell growth, that reached
almost 50 % in PrP90-231-treated N9 cells (Fig. 2b).
Similar effects were also obtained in microglial primary
cultures, using the CyQuant proliferation assay, in which
growth arrest was induced after treatment with both
PrP90-231 (reduction of 30 and 42 % in cell number
with 0.1 and 1 μM PrP90-231, respectively) and LPS
(−38 and −55 % with 1 and 10 μg/ml LPS, respectively)
(Fig. 2c). This effect was mainly cytostatic as further
demonstrated by the cell growth recovery occurring after
PrP90-231 wash-out (data not shown), and by automated
cell counting and Trypan blue exclusion test that showed
a reduction in cell number without inducing cell death
(Fig. 2d). These different approaches fully validated the
results obtained using the MTT assay, excluding that the
observed results are dependent on reduced mitochondrial
activity rather than modification in cell number or on
increased exclusion of formazan crystals from the cells,
induced by PrP90-231 as described for Aβ1-42 [62].

PrP90-231 StimulatesMicroglial Cell to Produce Nitric Oxide
and PGE2

Microglia activation is associated with the secretion of several
cytokines and pro-inflammatory molecules that participated to
the atypical neuroinflammation occurring during neurodegen-
erative disease. Thus, we investigated whether PrP90-231
in vitro modulation of pro-inflammatory factor release by
microglia was responsible for neuronal death. We mainly
focused our study on microglial release of both NO and
PGE2. PrP90-231, concentration-dependently, increased NO
release from both N9 (Fig. 3a) and microglia primary cultures
(Fig. 3c) resulting in a 3-fold increase over the baseline for the
concentration of 1 μM. PrP90-231 also induced a statistically

significant PGE2 secretion in both cell cultures (Fig. 3b, d),
showing an increase of about 2-fold over basal production.
Similarly, LPS stimulates NO (Fig. 3a, b) and PGE2 secretion
(Fig. 3c, d) in both N9 and primary microglia.

The effects of PrP90-231 on NO and PGE2 release were
related to increased expression of both inducible NO synthase
(iNOS) and COX2, evaluated in N9 cells by indirect fluores-
cence labeling (Fig. 4a) and in microglial primary cultures by
immunoblotting (Fig. 5a, b). iNOS and COX2 expression was
also induced by LPS (Figs. 4 and 5), enforcing the assumption
that, under our in vitro experimental conditions, both N9 and
microglial primary cells respond to PrP90-231 treatment with
the same enzymatic activation than typical pro-inflammatory
stimuli.

Conditioned Media from Activated Microglia Are Toxic
to Neuronal A1 Cell Line

To ascertain the relevance of the PrP90-231-dependent mi-
croglia activation as mediator of neurotoxicity, we investigat-
ed whether in vitro-cultured microglia is able to produce
functionally active amounts of toxic species upon treatment

Fig. 1 PrP90-231 affects morphology of microglial cells. Phase contrast
microphotographs of N9 cells treated with PBS (a), LPS (1 μg/ml) (b), or
PrP90-231 (1 μM) (c). Seven days of treatment with PrP90-231 or LPS
induced a marked change in N9 morphology. Scale bar 50 μm
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Fig. 2 PrP90-231 inhibits proliferation rate of microglial cells. a PrP90-
231 (100 nM) and LPS (10μg/ml) reducedN9 cell proliferation in a time-
dependent manner. Values are obtained by MTT reduction assay after 2
and 4 days of treatment and are expressed as percentage on untreated
controls. b Four days of treatment with PrP90-231 (100 nM) and LPS
(10 μg/ml) produced a significant inhibition of N9 cell proliferation.
Values are obtained by CyQUANT® test and expressed as percent of
untreated control. c PrP90-231 (0.1–1 μM) and LPS (1–10 μg/ml) treat-
ment of microglial primary cultures reduced cell proliferation in a
concentration-dependent manner. Values are obtained by CyQUANT®
test and expressed as percent of untreated control. Data are the mean
values±SEM of three independent experiments performed in

quadruplicate. d Inhibition of proliferation rate of N9 cells treated with
PrP90-231 or LPS. Treatment of N9 cells with PrP90-231 (100 nM) or
LPS (10 μg/ml) inhibited cell proliferation, as determined by live cell
counting and Trypan Blue exclusion test, using a TC20 automated cell
counter. Cell number was evaluated at t0 (soon after cell plating) and after
4 days of treatment with vehicle, PrP90-231, or LPS. Values are
expressed as percentage of cell number at t0. A significant decrease in
cell number was observed after both treatments, without inducing cell
death. Live cells: light gray bars; dead cells: dark gray bars. Data are the
mean values±SEM of three independent experiments performed in qua-
druplicate. *p < 0.05 and **p<0.01 vs. control

Fig. 3 PrP90-231 induces NO
and PGE2 secretion by microglial
cells. Treatment of N9 cells (a)
and microglial primary cultures
(b) with PrP90-231 (100 nM–
1 μM) or LPS (10 μg/ml)
stimulates NO release. NO
production, was determined by
Griess assays after 24 h of
treatment and expressed as
percent of untreated controls.
PGE2 secretion was measured, by
immunoassay, in N9 (c) and
microglial primary cultures (d)
after 24 h of treatment with
PrP90-231 (100 nM) and LPS
(10μg/ml). PGE2 concentration is
expressed in pg/ml. Data are the
mean values±SEM of three
independent experiments done in
quadruplicate. **p<0.01 vs.
control
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with this peptide. To this purpose, we evaluated the survival
of A1 immortalized mesencephalic neurons by MTT test after
incubation with conditioned medium derived from microglial
cells treated for 2 days with PrP90-231 (100 nM). Since
PrP90231 is per se neurotoxic for A1 cells, to minimize direct
cytotoxic effects of the residual peptide derived from

microglia treatments, conditioned media were high-speed
centrifuged before being added to A1 cells, to clear up the
PrP90-231. In fact, PrP90-231 undergo to spontaneous ag-
gregation after 48 h incubation at 37 °C [30], favoring its
precipitation as macroaggregates. Furthermore, to exclude the
possibility that A1 cell death was induced by spontaneous

Fig. 4 Detection of iNOS and COX2 expression in N9 cells by indirect
immunofluorescence staining. a Cells were treated for 24 h with PrP90-
231 (100 nM) or LPS (10 μg/ml) and immunostained with specific
antibodies directed against COX2 and iNOS. Antisera conjugated with
Alexa Fluor® 594 or Alexa Fluor® 488 dyes were used to detect iNOS
and COX2 expression, respectively. PrP90-231 and LPS induced a sig-
nificant expression of both iNOS and COX2. Nuclear counterstaining

was obtained by fluorescent DAPI. Scale bar 50 μm. COX2 (b) and
iNOS (c) fluorescent staining of each microscopy image was quantified
using Image J software. COX2 (green) and iNOS (red) expression was
estimated as percentage of DAPI (blue) fluorescence, representing
total cell number. Values represent the mean ±SEM of three independent
experiments performed in quadruplicate. **p<0.01 vs. vehicle

Fig. 5 PrP90-231 induces the expression of COX2 and iNOS in
microglial cells. COX2 (a) and iNOS (b) expression in microglial primary
cultures in vehicle-, PrP90-231- or LPS-treated cells, was evaluated by
immunoblotting and quantified by densitometric analysis. Treatment with
PrP90-231 (100 nM) and LPS (10 μg/ml) significantly increased the

expression of both COX2 and iNOS. Equal protein loading of each lane
is showed by α-tubulin expression. Values represent the mean ±SEM of
three independent experiments performed in quadruplicate and represent
the ratio between COX2 or iNOS band intensity and their respective α-
tubulin expression.**p<0.01 vs. control
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release of neurotoxic factors from microglia, independently
from the activation induced by PrP90-231, we repeated the
experiment using conditioned media derived from microglia
treated with vehicle (PBS) or media conditioned by dead
microglia (dried and exposed to UV rays for 30 min before
the treatment with PBS or PrP90-231). While conditioned
medium from PBS-treated microglia did not affect A1 cells
viability, conditioned medium from PrP90-231-treated mi-
croglia cultures caused a strong reduction of A1 viability
(Fig. 6a). PrP90-231 conditioned medium derived from
UV-treated microglia cells was modestly effective, although
some residual A1 toxicity was detected (Fig. 6a). These
data strongly suggest that, in this experimental setting,
neuronal toxicity is determined by soluble molecules se-
creted by microglia cells after PrP90-231 treatment. In
order to delve deeper in the possible mediators of neuronal
death produced by PrP90–231-activated microglia, we mea-
sured NO content in the same conditioned media used for
cell toxicity experiments (Fig. 6b). High levels of NO were
detected only in the medium derived from microglial cells
treated with PrP90-231, the experimental condition that
caused the highest toxicity of A1 cells. Conversely, the
medium of cells subjected to UV treatment contained min-
imal concentrations of NO (Fig. 6b). These data excluded
that the low toxicity observed after PrP90-231 treatment of
UV-treated microglia was due to the presence of toxic
species, and allowed us to hypothesize that in this experi-
mental condition, a small amount of residual PrP90-231
could be present in the conditioned medium, thus exerting
direct toxicity. Thus, we performed immunoblotting analy-
sis to detect the presence of PrP90-231 in the culture media
conditioned by live and dead cells (Fig. 6c). To this pur-
pose, media were centrifuged at 16,000×g for 30 min and
subjected to immunoblotting using the anti-PrP 3F4 anti-
body. In the conditioned medium derived from living cells,
no 3F4-immunoreactive bands were detected (Fig. 6c), un-
like with the significant amounts of PrP90-231 identified in
the conditioned medium by UV-treated microglia. Further,
we show that live microglia exert a highly efficient phago-
cytosis of PrP90-231, as revealed by indirect immunostain-
ing that identify the presence of large amounts of 3F4-
positive clusters in the majority of microglia, after PrP90-
231 exposure (Fig. 6d). This result indicated that microglia
activation by PrP90-231 is associated to (or caused by) a
phagocytic activity able to remove the peptide from the
culture medium (Fig. 6c). Conversely, this PrP fragment
persists in the medium when added to dead microglia: this
residual soluble PrP90-231 could exert a direct toxicity on
A1 cells, accounting for the low toxicity observed using
this conditioned medium.

On their whole, these data support the idea that, in this
experimental setting, neurotoxic factors released by microglia
in response to PrP90-231 are responsible for A1 cell death.

Effect of Cyclooxygenase Inhibitors on PrP90-231-Induced
Microglia Activation

To investigate whether microglia activation could be pharma-
cologically regulated, we evaluated the efficacy of COX1 and
COX2 preferred inhibitors, ketoprofen and celecoxib, respec-
tively, to prevent PGE2 secretion induced by PrP90-231.

Four days of treatment with both ketoprofen (0.5–5 μM)
and celecoxib (0.5–2.5 μM) did not significantly modify N9
cell proliferation rate (data not shown), suggesting that both
COX isoforms are not primarily involved in the regulation of
cell growth in resting microglia cells. Conversely, celecoxib
was able to completely revert N9 growth inhibition induced
by PrP90-231 (100 nM, for 2 days) and significantly reduced
this effect after 4 days of treatment (Fig. 7), while ketoprofen
was ineffective (Fig. 7). These results suggest that COX2, but
not COX1, is primarily involved in microglia activation by
PrP90-231.

Microglia activation by PrP90-231 also caused release
of NO that, transformed in highly reactive peroxynitrite
radicals, is able to react and alter membrane phospho-
lipids and proteins. For this reason, the intensity of NO
release from microglia is considered a major index to
determine microglia-mediated neurotoxicity during TSE,
and a relevant biological parameter to evaluate the anti-
prion therapeutic potential of anti-inflammatory drugs.
Thus, we investigated the effect of celecoxib and
ketoprofen on PrP90-231-induced iNOS expression and
NO production from N9 cells. iNOS mRNA was exam-
ined by RT-PCR amplification and quantified by densito-
metric analysis (Fig. 8a). N9 cells, treated for 6 h with
PrP90-231 (100 nM) or LPS (10 μg/ml) showed a marked
increase in iNOS mRNA (+65 and +70 % vs. untreated
control cells). Celecoxib (1 μM), but not ketoprofen
(5 μM), while did not affect basal iNOS mRNA expres-
sion, caused a slight, but significant from a statistical
point of view, inhibition of the increment in iNOS mRNA
induced by PrP90-231 (Fig. 8a). Similar results were
obtained analyzing by immunoblotting the effects of
celecoxib on iNOS protein expression stimulated by
PrP90-231 (Fig. 8b). PrP90-231 (100 nM) and LPS
(10 μg/ml) treatment of N9 cells increased iNOS protein
levels that were partly reduced, although reaching statis-
tical significance, in the presence of celecoxib (−55 % vs.
PrP90-231 treated cells).

The different efficacy between celecoxib and
ketoprofen in affecting iNOS expression in activated mi-
croglia prompted us to analyze whether COX1 and/or
COX2 blockade reduces NO production by microglial
cells activated by PrP90-231 or LPS. N9 cells were treat-
ed with PrP90-231 or LPS in the presence or absence of
celecoxib or ketoprofen. NO release was measured after
24 h of treatment, as nitrate accumulation in the
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conditioned media, using the Griess reaction (Fig. 9a, b).
PrP90-231 (0.1–1 μM) led to a highly significant increase
of basal level of NO release (+178 and +326 %,

respectively); similar effects were induced by LPS (+
235 % of untreated controls, Fig. 9a). In the presence of
celecoxib (2.5 μM), NO release, elicited by both

Fig. 6 Medium conditioned bymicroglial cells treated with PrP90-231 is
toxic to A1 cells. a Conditioned medium (CM) from live or dead
microglial cells, treated with either vehicle and PrP90-231 (100 nM),
was added to A1 neuronal cell line. A1 viability was assessed after 48 h
by MTT test. Data are the mean values±SEM of three independent
experiments performed in quadruplicate **p<0.01 vs. vehicle; §§
p<0.01 vs. PrP90-231-treated UVexposed microglia; b Analysis of NO
release induced by PrP90-231 (100 nM) in live and UV-irradiated
microglial cells. c Immunoblotting analysis of residual PrP90-231
contained in culture medium in the presence of live or dead microglia.

Live microglial removes PrP90-231 from medium beyond detectable
level. In contrast, medium from UV-irradiated cells show detectable
amount of uncleaved PrP90-231. PrP90-231 aliquot used for cell treat-
ment was also immunoblotted (first lane). d PrP90-231 is internalized in
primary microglia cells. Cells were treated overnight with PrP90-231
(100 nM), fixed with paraformaldehyde (4 %) and immunostained with
the specific anti-PrP antibody (clone 3F4). DAPI was used to counterstain
cell nuclei. Images, collected by fluorescence microscopy reveals that
primary microglia actively uptake high amount of PrP90-231. Scale bar
50 μm

Fig. 7 Effect of celecoxib and ketoprofen on glial activation induced by
PrP90-231. N9 cells were pretreated for 2 h with celecoxib (2.5 μM) or
ketoprofen (5 μM) before being exposed to PrP90-231 (100 nM). Cell
proliferation was evaluated by MTT assay after 2 and 4 days. Celecoxib,

but not ketoprofen, significantly reverted PrP90-231 antiproliferative
effects in a highly significant manner. **p<0.01 vs. untreated control;
§§ p<0.01 vs. PrP90-231-treated samples
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concentrations of PrP90-231 and by LPS, was almost
completely abolished. Conversely, ketoprofen had no sig-
nificant inhibitory effect on NO secretion (Fig. 9b).

Similar results, although less evident, were obtained
treating primary microglia cultures with celecoxib before
adding PrP90-231 (0.1–1 μM) (Fig. 9c). In these

Fig. 8 Effects of celecoxib and ketoprofen on iNOS expression in N9
treated with PrP90-231. a N9 cells were pretreated with celecoxib
(2.5 μM) and ketoprofen (5 μM) 2 h before being treated with PrP90-
231 (100 nM). After 6 h of incubation, iNOS mRNAs was amplified by
RT-PCR experiments. Amplification products were quantified as iNOS/
β-actin ratio by densitometry, and expressed as percent on untreated
controls. Values represents the average ± of three independent

experiments. *p<0.05 vs. control values; § p<0.05 vs. PrP90-231 values.
b N9 cells were pretreated with celecoxib (2.5 μM) before being exposed
to PrP90-231 (1 μM) or LPS (1 μg/ml). iNOS expression was evaluated
by immunoblotting, immunoreactivity was quantified by densitometry
and expressed as percentage of iNOS expression in the untreated controls.
Values represents are the mean±SEM of three experiments *p<0.05 vs.
control

Fig. 9 Effects of celecoxib or
ketoprofen onNO release induced
by PrP90-231 in microglial cells.
N9 cells were pretreated with
celecoxib (2.5 μM), ketoprofen
(5 μM), for 2 h before being
treated with PrP90-231 (100 nM
and 1 μM) or LPS (10 μg/ml).
After 24 h of treatment, NO
release was detected by Griess
assay. While celecoxib (a) almost
completely abolished NO release
induced by PrP90-231 or LPS,
ketoprofen (b) was not effective. c
Microglial primary cells were
pretreated for 2 h with celecoxib
(2.5 μM) before being treated
with PrP90-231 (0.1–1 μM) or
vehicle. After 24 h NO release
was detected by Griess assay.
Celecoxib significantly prevented
NO release by microglial cells in
response to PrP90-231. **p<0.01
vs. vehicle; °°p<0.01 vs. LPS;
§§p<0.01 vs. PrP90-231 100 nM;
#p <0.05 and ##p<0.01 vs.
PrP90-231 1 μM
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experiments, PrP90-231-induced NO production (+256 %
vs. control) was significantly reduced by celecoxib
(2.5 μM) pretreatment.

Altogether, these data suggest that the high NO production
induced by PrP90-231 in microglial cells, possibly reaching
neurotoxic levels, could be antagonized by celecoxib.

Inhibitory Effects of Celecoxib on PGE2 Production
in Activated Microglial Cells

PrP90-231-mediated microglia activation is characterized by a
significant increase in PGE2 secretion also representing a
marker of the atypical inflammation occurring in course of
TSEs [63]. Thus, we measured the inhibitory effects of
celecoxib on PGE2 secretion, induced by 24 h of treatment
with PrP90-231 (100 nM) or LPS (10 μg/ml) in N9 cells
(Fig. 10a) and microglial primary cultures (Fig. 10b). PGE2

release byN9 cells increased from the basal level of 325 pg/ml
to 490 and 470 pg/ml following PrP90-231 or LPS treatment,
respectively (Fig. 10a). Similar results were obtained in mi-
croglia primary cultures, in which PGE2 secretion was strong-
ly induced by PrP90-231 and LPS, which caused PGE2 levels
to increase from 490 pg/ml (basal level) to 851 and 770 pg/ml,
respectively (Fig. 10b). These effects were significantly re-
duced by celecoxib pretreatment that significantly inhibited
PGE2 release in N9 cells, and completely abolished it in
microglial primary cell cultures (Fig. 10a, b).

Activation of iNOS and COX2 Are Independent Events

The dual effect of celecoxib that was able to revert both NO
and PGE2 release induced by PrP90-231 in microglial cells
prompted us to investigate whether the two events could be
related with the increased PGE2 levels in the culture medium
as a main stimulus for NO release. However, we observed that
the treatment of the cells with PGE2 did not induce NO release
(Fig. 11a), suggesting that PGE2 production does not influ-
ence iNOS activity, and, thus, that celecoxib inhibition of NO
release is not dependent on the inhibition of COX2 activity.
Similarly, we measured PGE2 release from microglia treated
with sodium nitroprusside (SNP, 100 μM), a NO donor, to
verify whether PGE2 release was dependent on NO levels in
the extracellular space. We did not observe significant in-
crease of PGE2 production in comparison with untreated
controls, but conversely, we found that the high NO levels
caused a reduction in PGE2 secretion (Fig. 11b). These results
demonstrate that the activation of iNOS and COX2 by PrP90-
231 are independent effects and that celecoxib is able to
directly interfere with both enzyme activity.

Finally, we evaluated, by MTT assay, the possible direct
toxicity of NO (using SNP) and PGE2 onA1 neurons viability.
SNP, concentration-dependently (0.5–50 mM), caused a high-
ly significant A1 cell death (max effect: 94 % reduction in

viability), which was statistically significant already at the
lower concentration tested. However, this effect that was not
reproduced by treatment with exogenous PGE2 (0.5–
500 μM), that even at the maximal concentration tested did
not reached statistical significance (−14 %).

Discussion

In prion diseases, neuronal loss is associated with atypical
neuroinflammation, characterized by microglial activation
and production of both NO and PGE2 [12, 64]. Recruitment
and activation of microglia are early events in TSE pathogen-
esis and often precedes the onset of neurological symptoms
[11, 21]. Notably, the presence of phagocytic microglia has
been described in the brain of prion-affected humans and
animals where it co-localizes with spongiotic areas and PrPSc

deposits [65]. PrPSc activates a functional cross-talk involving
neurons, astrocytes and microglial cells, being the latter stim-
ulated to release multiple soluble factors including prostaglan-
dins, cytokines, and reactive species of oxygen and nitrogen
[43, 66, 67]. In prion diseases, as well as in other neurode-
generative proteinopathies, microglia play a double role in
modifying the progression of the disease. On one hand,
microglial cells act as scavengers of amyloid material through
either the secretion of amyloid-degradative metalloproteases
[68] or by phagocytosis [69]. In particular, it was demonstrat-
ed that in course of prion-induced neuronal death, microglial
activation is induced by neuronal apoptotic bodies, and that
microglial phagocytosis is crucial to clear brain tissue from
PrPSc amyloid, resulting in a delay of the neurodegenerative
process [70]. On the other hand, microglia-induced neuroin-
flammation and oxidative stress play a major role in determin-
ing neuronal death. Immunohistochemical analysis of human
and animal prion-infected brain tissues revealed the presence
of oxidative stress markers suggesting that the significant
release of pro-inflammatory cytokines and neurotoxic free
radicals from activated microglial cells could contribute to
neuronal loss [71–73]. Thus, PrPSc-dependent prolonged as-
trocyte and microglia activation results in high and sustained
levels of reactive species with detrimental consequences for
neuronal survival. So far, however, anti-inflammatory thera-
pies have not proven beneficial to slow the progression of AD
neurodegeneration and it has been hypothesized that the inhi-
bition of microglial activation could represent a clinically
useful goal only in the early stages of the disease, when initial
amyloid deposition occurs [74, 75].

Among the therapeutic strategies pursued, so far unsuc-
cessfully, to slow-down neurodegeneration in TSE, the most
promising are targeted to prevent PrPSc replication to inhibit
the interaction between PrPC-PrPSc and the formation of PrPSc

neurotoxic oligomers [76]. However, multi-target strategies
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against prion neurotoxicity should also consider the control of
microglial overreaction using anti-inflammatory drugs, in par-
ticular those tested against microglial activation in AD [77].
Glial cultures have beenwidely used to characterize molecular
aspects of PrPSc-associated neuroinflammation because both
astrocytes and microglia are highly responsive to PrPSc, as
well as to synthetic peptides modeling its effects [18, 78–80].
Importantly, polypeptides corresponding to specific
amyloidogenic portions of PrP are able to induce microglia
to release prostaglandins, free radicals, including NO, and
cytokines in vitro [20, 37, 81–83]. Moreover, significant ev-
idence supports the neurotoxic role of NO in neuronal cell
death, both in vivo [84, 85] and in vitro [86], thus validating
our model of amyloid-driven neuroinflammation. The ability
of microglia to potentiate the neurotoxic effects of
amyloidogenic peptides has been described in microglia-
neurons co-cultures demonstrating that Aβ1-40 and 1–42
cause neuronal death through the activation of microglial cells
[87, 88].

The aim of the present work is to delve deep into the
cellular mechanisms associated with prion neurotoxicity,
focusing on the pathogenic relevance of diffusible mole-
cules produced by microglial cells upon their exposure to
PrPSc oligomers, using PrP90-231 as a model. To mimic

PrPSc-induced neuroinflammatory response in vitro, we
used microglial cells derived from primary cultures and
the immortalized microglial cell line N9. Both cell types
showed a robust activation by PrP90-231, that was com-
parable, or even higher to that induced by LPS, a known
pro-inflammatory molecule. We demonstrate that
prolonged treatment of microglial cells with PrP90-231
conditioned the culture medium leading, when transferred
to neuronal A1 cells, to a significant reduction of cell
viability.

We focused our investigation onNO production because its
overproduction contribute to neuronal death in several neuro-
degenerative conditions, including TSE [82]. While nearly
undetectable in basal conditions, iNOS expression and NO
production were significantly induced after PrP90-231 treat-
ment. Importantly, conditioned medium from PrP90-231-
treated microglia was highly enriched in NO content, that
significantly contributed to the toxic effects on A1 mesence-
phalic neurons. In fact, we demonstrate that these neurons are
highly sensitive to elevated NO concentration, as shown by
the neurotoxicity induced by the NO donor SNP. These effects
were specific since conditioned medium from untreated cells
or PrP90-231-treated dead microglia were virtually devoid of
neurotoxic effects. We observed only a low level of cell death

Fig. 10 Celecoxib inhibits PGE2

secretion induced by PrP90-231
or LPS. a N9 cells and b
microglial primary cultures were
pretreated with vehicle or
celecoxib (2.5 μM) 2 h before
being treated with PrP90-231
(100 nM) or LPS (10 μg/ml). Af-
ter 24 h of treatment, PGE2 re-
lease was measured by competi-
tive enzyme immunoassay.
**p<0.01 vs. control; §§p<0.01
vs. LPS; °p<0.05 vs. PrP90-231
°°p<0.01 vs. PrP90-231
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in the latter condition, likely due to residual PrP90-231 soluble
oligomers persisting in the conditioned medium and exerting
direct toxicity on A1 cells, independently from microglia
secreted factors. In fact, in these experiments, live microglial
cells actively remove PrP90-231 from the medium by phago-
cytic internalization and PrP90-231 was not present in the
conditioned medium. This was not the case treating dead mi-
croglia, and, since the peptide cannot be uptaken by the cells, it
was not completely removed after centrifugation, and partially
still present in the conditioned medium. Thus, PrP90-231 per-
sistence as soluble oligomers could be responsible for the low
neurotoxic activity observed in these experimental conditions.

In addition to NO, PrP90-231-stimulated microglia also
release high amounts of PGE2 due to a prolonged induction
of COXs. Thus, we investigated whether COX inhibitors
could counteract microglia activation induced by PrP90-231.
We compared the effects of COX1- and COX2-preferential

inhibitors, ketoprofen and celecoxib, respectively. Interesting-
ly, our results demonstrated that celecoxib, but not ketoprofen,
reverted all the effects elicited in microglial cells by PrP90-
231, and that, besides small quantitative differences, this effect
was observed in both microglia primary cultures and N9
cells. PrP90-231-induced microglia proliferation arrest was
significantly reverted by celecoxib pretreatment. Moreover,
celecoxib impaired microglial response to PrP90-231 caus-
ing a significant reduction of PGE2 production, but
also powerfully inhibiting iNOS expression and NO release.
Previous studies are concordant to indicate that the blockade
of COX2 and iNOS activities provides with protection
against neuroinflammation induced by amyloidogenic pep-
tides [75, 89, 90]. More surprisingly, we found that the
release of the two mediators were independent events rather
than being reciprocally modulated. In fact, the presence of
high PGE2 concentrations did not induce NO release, and
the NO donor SNP did not evoke PGE2 release. These data
suggests not only that iNOS activity is not directly stimu-
lated by PGE2, and vice versa COX2 is not induced by NO,
but also that celecoxib affects independently the activity of
the two enzymes. In line with this COX-independent activity
of celecoxib, recent studies identified a direct modulation of
the endoplasmic reticulum stress response, via the inhibition
of the sarcoendoplasmic reticulum Ca2+ ATPase, able to
affect cell viability [91, 92].

Although the reciprocal modulation of iNOS and COX2 in
activated microglia is still matter of controversy and did not
represent a major goal of our work [93–95], it is possible that
in this cell population COX2 and iNOS expression are both
stimulated by PrP90-231 through the activation of a common
inflammatory pathway, directly or indirectly inhibited by
celecoxib. This hypothesis is in agreement with several re-
ports in which the induction iNOS and COX2 passes through
common enzymatic cascades and nuclear translocation factors
[96–98]. Interestingly, although prostaglandin production by
microglia was demonstrated in TSE patients and several ex-
perimental models (included this study), we did not observe a
direct toxic effect of PGE2 on A1 neurons. Thus, we can
speculate that the role of prostaglandins in the atypical neuro-
inflammation occurring during TSE is not related to a direct
neurotoxic effect, as we propose for NO, but might contribute
to sustain microglia activation, as observed in other tissues.

In conclusion, our study supports the possibility that the
control of neuroinflammation by COX2 inhibitors represent a
valuable approach within a multi-target pharmacological anti-
prion therapy.
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Fig. 11 PGE2 and NO production induced by PrP90-231 follows inde-
pendent pathways. a NO release was measured, by Griess assay, in N9
cells treated for 24 h with PrP90-231 (100 nM) (used as positive control)
or PGE2 (1 μM). PGE2 did not evoke significant stimulatory effects on
NO production. bN9 cell were treated for 24 h with PrP90-231 (100 nM)
or sodium nitroprusside (SNP, 100 μM), and PGE2 secretion was mea-
sured. Whereas PrP90-231 induced a significant increase of PGE2 pro-
duction, sodium nitroprusside exerted an inhibitory effect. *p<0.05 vs.
control; **p<0.01 vs. control. Data represent the mean values±SEM, of
three independent experiments performed in triplicate
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