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Abstract
Prion diseases are fatal neurodegenerative disorders characterized by the cellular prion protein (PrPC) conversion into amisfolded and
infectious isoform termed prion or PrPSc. The neuropathological mechanism underlying prion toxicity is still unclear, and the debate
on prion protein gain- or loss-of-function is still open. PrPC participates to a plethora of physiological mechanisms. For instance, PrPC

and copper cooperatively modulate N-methyl-D-aspartate receptor (NMDAR) activity by mediating S-nitrosylation, an inhibitory
post-translational modification, hence protecting neurons from excitotoxicity. Here, NMDAR S-nitrosylation levels were biochem-
ically investigated at pre- and post-symptomatic stages of mice intracerebrally inoculated with RML, 139A, and ME7 prion strains.
Neuropathological aspects of prion disease were studied by histological analysis and proteinase K digestion. We report that hippo-
campal NMDAR S-nitrosylation is greatly reduced in all three prion strain infections in both pre-symptomatic and terminal stages of
mouse disease. Indeed, we show that NMDAR S-nitrosylation dysregulation affecting prion-inoculated animals precedes the
appearance of clinical signs of disease and visible neuropathological changes, such as PrPSc accumulation and deposition. The
pre-symptomatic reduction of NMDAR S-nitrosylation in prion-infected mice may be a possible cause of neuronal death in prion
pathology, and it might contribute to the pathology progression opening new therapeutic strategies against prion disorders.

Keywords Prions . NMDA receptor . S-Nitrosylation . Nitric oxide . Copper . Excitotoxicity

Introduction

Prion diseases are a group of rare, rapidly progressive and fatal
neurodegenerative pathologies affecting both humans and

animals [1, 2]. The causative agent of prion diseases is the
scrapie prion protein (PrPSc, or prion), derived from a confor-
mational conversion of the cellular prion protein (PrPC) into a
β-sheet enriched isoform [3–6]. Prions can recruit PrPC
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molecules and force their conversion into misfolded isoforms,
which are more prone to aggregation [7, 8]. The deposition of
prion aggregates is a neuropathological feature of the disease,
together with brain gliosis, spongiform degeneration, and neu-
ronal loss [9, 10].

The mechanism underlying prion neurotoxicity has been
largely debated, and both a gain of toxic function for PrPSc

and a loss of function for PrPC have been proposed [11–13].
Therefore, to fully understand prion pathologies, a clear defi-
nition of PrPC function is of utmost importance [14, 15].

One of the most intriguing roles of PrPC consists in the
protection of neurons from excitotoxicity, by modulating glu-
tamatergic synapses and preventing excessive calcium influx
[16–29]. In particular, PrPC inhibits N-methyl-D-aspartate re-
ceptors (NMDARs) in a copper (Cu)-dependent manner [26,
27]. In our previous work, we showed that PrPC modulates
NMDARs by promoting S-nitrosylation, a post-translational
modification consisting in the covalent attachment of nitric
oxide (NO) to a cysteine thiol group [30–33]. This reaction
is supported by NO, produced by nitric oxide synthase (NOS)
[31, 34, 35], and PrPC-bound Cu(II). In the synaptic cleft,
PrPC is localized in lipid raft domains in close proximity to
NMDARs [36, 37]: here, PrPC binds Cu and sustains its redox
cycling [38–42]. PrPC-bound Cu(II) acts as electron acceptor
by being reduced to Cu(I), thus allowing NO oxidation and
subsequent S-nitrosylation of GluN2A and GluN1 receptor
subunits. S-Nitrosylation determines NMDAR desensitization
and prevents NMDAR-coupled ionic channel over-activation
[30–32]. Consequently, PrPC knockout mice lack this neuro-
protective mechanism and present an increased susceptibility
to excitotoxicity [30].

In the present study, we analyzed the levels of NMDAR S-
nitrosylation in prion-infected mice. By using hippocampal
samples isolated from mice infected with three different prion
strains, we evaluated GluN2A andGluN1 S-nitrosylation levels
at both terminal and pre-symptomatic stages of the disease and
compared with those in age-matched control mice. In prion-
infected mice, we found a reduction of NMDAR S-
nitrosylation level at both terminal and pre-symptomatic stages,
suggesting an early loss of PrPC protective function. Therefore,
the impairment of NMDAR S-nitrosylation may be one of the
mechanisms causing neuronal cell toxicity in prion pathology.

Results

Characterization of Prion Disease in Intracerebrally
Inoculated Mice at Pre-symptomatic and Terminal
Stage

Before investigating the effect of prion infection on NMDAR
S-nitrosylation levels, we characterized biochemical and neu-
ropathological aspects of prion disease in the mouse models

we used. Brain samples of CD1 female mice intracerebrally
inoculated with three different mouse-adapted scrapie strains
RML, 139A, and ME7 were collected 30 days post-infection
(dpi), considered as pre-symptomatic stage, and at the termi-
nal stage of the disease, corresponding to 150.2 ± 5.1, 154.7 ±
7.1, and 160.3 ± 8.7 dpi (± standard deviation, SD), respec-
tively. In the present study, we focused our attention on the
hippocampus, since PrPC is strongly expressed in this brain
structure [43] and since this region is rich in glutamatergic
synapses [44].

Limited resistance to proteolysis is a diagnostic method for
PrPSc detection [4, 45]. Therefore, we treated hippocampal
homogenates from control and infected samples at pre-
symptomatic and terminal stages with proteinase K (PK) and
detected PK-resistant fragments by Western blotting. For all
three prion strains analyzed, we observed no PK-resistance at
pre-symptomatic phase of the disease (Fig. 1a). Conversely,
all samples of terminally diseasedmice presented PK-resistant
fragments, with 139A prion strain showing a milder accumu-
lation of PrPSc compared with the other two strains (Fig. 1b).

To verify the amount and distribution of PrPSc deposits, we
performed immunohistochemistry analysis of hippocampal
regions [10] (Fig. 2a–f). While no PrPSc was found in the
hippocampus of mice sacrificed at pre-clinical stage of the
disease (Fig. 2a–c), all the animals culled at terminal stage
were severely affected by PrPSc accumulation (Fig. 2d–f).
Regardless of the strain, a prevalent synaptic and diffuse pat-
tern of deposition was detected. Differences were mainly con-
fined to the region where hippocampal neurons receive direct
input from the enthorinal cortex, named stratum lacunosum-
moleculare, which was most affected in RML-injected ani-
mals (Fig. 2d), and to the presence of plaque-like deposits in
the hippocampus of ME7-injected mice (Fig. 2f).

To verify the presence of spongiosis, we performed hema-
toxylin and eosin (H&E) staining (Fig. 2g–l). As expected,
spongiform changes were present in all hippocampi of termi-
nally ill mice (Fig. 2j–l) but were considerably more severe in
ME7-injected mice than in RML or 139A-infected animals.

NMDAR S-Nitrosylation Is Reduced at the Terminal
Stage of Prion Diseases

While in healthy conditions PrPC and Cu cooperatively pro-
tect neurons by modulating NMDAR activity through the S-
nitrosylation [30], in prion diseases loss of PrPC protective
function, due to its conversion into PrPSc, might reduce
NMDAR S-nitrosylation levels. To test this hypothesis, we
measured GluN2A and GluN1 S-nitrosylation levels in hip-
pocampi isolated from mice infected with either RML, 139A,
or ME7 prion strain at the terminal stage and compared them
with those of age-matched controls. We evaluated S-
nitrosylation levels by using two distinct methods: the biotin
switch assay and the SNOB1 assay. Western blotting signals
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corresponding to S-nitrosylated proteins—GluN2A,
GluN1, and β-actin—were normalized against their re-
spective input signals. The resulting GluN2A and GluN1
ratio values were normalized versus β-actin ratio value,
and data from terminally ill and control animals were
compared by Student’s t test.

In the hippocampus of RML-terminal mice, with biotin
switch assay we detected lower GluN2A (n = 3, p = 0.0082)
and GluN1 (n = 3, p = 0.0216) S-nitrosylation levels com-
pared with those of age-matched controls (Fig. 3a). Similar
observations were obtained by using SNOB1 assay (GluN2A,
n = 3, p = 0.0019; GluN1, n = 3, p = 0.0362) (Fig. 4a and

Fig. 2 Histological characterization of prion disease mice at pre-
symptomatic and terminal stage. a–f PrPSc immunohistochemistry in
the hippocampus of prion disease mice at pre-symptomatic and terminal
stage. g–l H&E staining for the visualization of spongiform changes in

prion disease mice at pre-symptomatic and terminal stage. Arrows indi-
cate the stratum lacunosum-moleculare of the hippocampus. Scale bar
corresponds to 30 μm
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Fig. 1 PK-resistant fragments of
PrP are detected in terminally ill,
but not in pre-symptomatic mice.
Western blot of hippocampal
proteins from infected samples
and from age-matched controls,
digested (+) or not (−) with PK. a
Pre-symptomatic stage of prion
disease. b Terminal stage of prion
disease. Molecular weights are
stated on the left-hand side (kDa)
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Supplementary Fig. S1). Similar to RML-infected mice, our
results from 139A-terminal mouse hippocampi tested in the
biotin switch assay showed reduced GluN2A (n = 3, p =
0.0239) and GluN1 (n = 3, p = 0.0493) S-nitrosylation levels
(Fig. 3b). Although not statistically significant because of low
sample size available, we also reported a 60% reduction of
NMDAR S-nitrosylation by SNOB1 assay (Fig. 4b and
Supplementary Fig. S2). Finally, data obtained from ME7-
terminal mice confirmed what has been observed in RML-
and 139A-infected samples. Indeed, we described a reduction
in GluN2A (biotin switch assay, n = 3, p = 0.0446; SNOB1,
n = 3, p = 0.0842) (Figs. 3c and 4c) and in GluN1 S-
nitrosylation levels (biotin switch assay, n = 4, p = 0.1231;
SNOB1 assay, n = 3, p = 0.0039) (Figs. 3c and 4c and
Supplementary Fig. S3).

These findings clearly revealed that at the terminal stage of
prion infection, hippocampal NMDAR S-nitrosylation levels
are strongly reduced.

NMDAR S-Nitrosylation Is Reduced
at Pre-symptomatic Stage of Prion Diseases

To define if alterations in NMDAR S-nitrosylation consti-
tute an early event in the progression of prion diseases,

we analyzed GluN2A and GluN1 S-nitrosylation levels in
the hippocampus of mice infected with either RML or
139A or ME7 prion strain at the pre-symptomatic stage,
i.e., 30 dpi.

RML-infected hippocampi tested in the biotin switch
assay presented a reduced GluN2A (n = 4, p = 0.0205)
and GluN1 (n = 4, p = 0.0057) S-nitrosylation level com-
pared with age-matched controls (Fig. 5a). These results
were also confirmed by using SNOB1 assay (GluN2A,
n = 4, p = 0.0076; GluN1, n = 4, p = 0.0322) (Fig. 6a and
Supplementary Fig. S4). In 139A-infected animals, S-
nitrosylation reduction was observed for both NMDAR
subunits with biotin switch assay (GluN2A, n = 4, p =
0.0160; GluN1, n = 4, p = 0.0381) and SNOB1 assay
(GluN2A, n = 3, p = 0.0234; GluN1, n = 4, p = 0.0170)
(Figs. 5b and 6b and Supplementary Fig. S5).

The pre-symptomatic ME7-infected animals were charac-
terized by lower S-nitrosylation levels of GluN2A (n = 4, p =
0.0018) and GluN1 (n = 4, p = 0.0500) than healthy age-
matched animals (Fig. 5c, biotin switch assay). By using
SNOB1 assay, a 15% reduction in S-nitrosylation levels of
both NMDAR subunits was measured, though not statistically
evaluable due to the single sample employed (Fig. 6c and
Supplementary Fig. S6).

Fig. 3 S-Nitrosylation of NMDAR subunits in hippocampi of control and
terminally infected mice detected by biotin switch assay. On the left side:
representative images of S-nitrosylated fractions, controls without either
biotin (−Biot) or ascorbate (−Asc), and corresponding input of GluN2A,
GluN1, andβ-actin. Controls without either biotin or ascorbate were done
using non-infected samples. On the right side: graphs showing the

quantification of S-nitrosylated GluN2A and GluN1 immunoblot signals
in infected mice expressed as percentage of the control values.
Experiments were performed in hippocampi of RML (n = 3 experiments)
(a), 139A (n = 3 experiments) (b), and ME7 (n = 3 experiments) (c) in-
fected mice at terminal stage of disease. All error bars indicate SD;
*p < 0.05; **p < 0.01; n.s. not significant
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These results show a reduction in NMDAR S-nitrosylation
levels also at the pre-symptomatic stage of prion diseases,
when the presence of PrPSc is not yet detectable by biochem-
ical and histological methods.

Discussion

A comprehensive definition of PrPC physiological activity is
crucial, since its alterations may represent a pathological
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Fig. 4 S-Nitrosylation of
NMDAR subunits in hippocampi
of control and terminally infected
mice, measured by SNOB1 assay.
On the left side: cropped
representative images of
immunoblot signals
corresponding to SNOB1-bound
GluN2A, GluN1, and β-actin in
control and terminally ill mice
infected with RML (n = 3 experi-
ments) (a), 139A (n = 2 experi-
ments) (b), and ME7 (n = 3 ex-
periments) (c) prion strain.
Controls without SNOB (− snob)
were done using control samples.
Uncropped images are available
in Supplementary Figs. 1–3. On
the right side: graphs showing the
quantification of S-nitrosylation
immunoblot signals in prion-
infected mice represented as per-
centage of the control values. All
error bars indicate SD; *p < 0.05;
**p < 0.01
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Fig. 5 S-Nitrosylation of
NMDAR subunits in hippocampi
of control and pre-symptomatic
prion-infected mice detected by
biotin switch assay. On the left
side: representative images of S-
nitrosylated fractions, controls
without either biotin (−Biot) or
ascorbate (−Asc), and corre-
sponding input of GluN2A,
GluN1, and β-actin. Controls
without either biotin or ascorbate
were done using non-infected
samples. On the right side: graphs
showing the quantification of S-
nitrosylated GluN2A and GluN1
immunoblot signals in infected
mice expressed as percentage of
the control values. Experiments
were performed in hippocampi of
RML (n = 4 experiments) (a),
139A (n = 4 experiments) (b), and
ME7 (n = 4 experiments) (c) in-
fected mice at pre-symptomatic
stage of disease. All error bars
indicate SD; *p < 0.05;
**p < 0.01
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mechanism in prion diseases [46]. Although PrPC genetic ab-
lation, both prenatally [47, 48] and post-natally [21], does not
trigger gross disturbances in mice, upon deeper analysis many
subtle phenotypic changes have been reported. Indeed, PrPC

has been implicated in a plethora of physiological processes
with defined mechanisms of action [11, 14, 15, 49–51].

In a previous work, we described the neuroprotective
mechanism based on NMDAR inhibition through S-
nitrosylation and mediated by PrPC, Cu, and NO [30]. At
glutamatergic synapses, PrPC-bound Cu(II) can be reduced
to Cu(I) to support NO oxidation [38] and the ensuing NO+

electrophilic attack to GluN2A and GluN1 extracellular cys-
teine thiols, resulting in NMDAR S-nitrosylation [31]. S-
Nitrosylation induces the receptor desensitization and pre-
vents the NMDAR-coupled ionic channel over-activation in
stressful conditions (Fig. 7a) [32].

As prion diseases, similar to other neurodegenerative dis-
orders, show alterations at the level of glutamatergic synapses
and increased susceptibility to excitotoxicity [52], we hypoth-
esized that the loss of PrPC-mediated neuroprotection through
NMDAR S-nitrosylation could be implied in the pathology
progression. Our results confirmed that NMDAR S-
nitrosylation is impaired in mouse models of prion disease.
By comparing GluN2A and GluN1 S-nitrosylation levels in
prion-infected mouse hippocampi with those in controls, we
found a reduction of NMDAR S-nitrosylation at both terminal
and pre-symptomatic stages of the disease, when the amount
of PrPC to PrPSc conversion was still not biochemically de-
tectable. We confirmed our results by inoculating mice with

different prion strains that develop different disease features,
such as neuropathological lesion profile, biochemical proper-
ties, and PrPSc deposition pattern in the brain [53, 54].

Since a similar phenotype occurs in PrPC knockout models
[30], NMDAR S-nitrosylation decrease in prion-infected mice
is likely caused by loss of PrPC function.

The mechanism underlying prion damage has been largely
debated. Given its accumulation in the brain and ability to
transmit fatal neurodegeneration [55–57], PrPSc was initially
considered to be the neurotoxic species. However, many lines
of evidence show that PrPSc itself is not sufficient for the
disease progression and point to a central role of PrPC loss
of biological activity [12, 58, 59]. Our results suggest a com-
bination of gain- and loss-of-function mechanisms to explain
prion pathology: while the loss of PrPC biological activity is
not sufficient to induce neurodegeneration, NMDAR S-
nitrosylation reduction enhances the susceptibility to
excitotoxicity, leading to cell death in the presence of stressful
conditions caused by PrPSc accumulation.

Different hypotheses may explain the impairment of
NMDAR S-nitrosylation in prion-infected mouse hippocam-
pus [11]. First, the biological activity of PrPC might be lost
upon contact or binding to PrPSc, blocking some functional
domains of the protein, such as the N-terminal flexible region
binding Cu ions (Fig. 7b) [60–62]. Secondly, Cu sequestration
by PrPSc aggregatesmay reduce Cu availability in the synaptic
cleft, thus limiting NO oxidation and ensuing cysteine S-
nitrosylation (Fig. 7c) [63, 64]. Moreover, the impaired
NMDAR S-nitrosylation in prion-infected mice could be due
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Fig. 6 S-Nitrosylation of
NMDAR subunits in hippocampi
of control and pre-symptomatic
prion-infected mice measured by
SNOB1 assay. On the left side:
cropped representative images of
immunoblot signals correspond-
ing to SNOB1-bound GluN2A,
GluN1, and β-actin in control and
pre-symptomatic mice infected
with RML (n = 4 experiments)
(a), 139A (n = 3 experiments) (b),
and ME7 (n = 1 experiments) (c)
prion strain. Controls without
SNOB (− snob) were done using
control samples. Uncropped im-
ages are available in
Supplementary Figs. 4–6. On the
right side: graphs showing the
quantification of S-nitrosylation
immunoblot signals in prion-
infected mice represented as per-
centage of the control values. All
error bars indicate SD; *p < 0.05;
**p < 0.01
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to differences in NMDAR and/or NOS expression. While we
did not observe any decrease in NMDAR expression during
prion disease progression, evidence reported in literature
shows an increase in brain NO level, NOS expression, and
NOS activity [65, 66]. Therefore, NOS/NO pathway is unlike-
ly to be the limiting factor that impedes the proper NMDAR
S-nitrosylation.

In this study, we point out that the reduction of NMDAR S-
nitrosylation in prion-infected mice precedes the appearance
of clinical signs of disease and of visible neuropathological
changes, such as PrPSc accumulation, aggregation, formation
of plaque-like deposits, and spongiosis. Therefore, dysregula-
tion of NMDAR S-nitrosylation may be considered a possible
cause of neuronal death in prion pathology.

The finding of decreased NMDAR S-nitrosylation in
prion-infected mouse hippocampus opens the possibility for
a new therapeutic approach against prion disorders. At pres-
ent, most therapeutic strategies are aimed at inhibiting PrPSc

conversion [67–69]. Alternatively, PrPC downregulation has
also been proposed to treat prion diseases [70, 71]. In light of
our results, restoring NMDARmodulation may block the pro-
gression of excitotoxicity and ensuing neuronal loss. A prom-
ising possibility is given by a new class of drugs, named

NitroMemantines, which combines memantine with a NO-
generating group [72, 73]. Memantine is a Food and Drug
Administration-approved drug for the treatment of
Alzheimer disease and acts by blocking NMDAR-prolonged
activation [74, 75]. In NitroMemantine, a NO group is added
to target NMDAR nitrosylation sites. NitroMemantine mech-
anism of action may therefore replace the protective NMDAR
S-nitrosylation we found impaired in prion disorders [33].

Methods

Ethic Statement

Animals were obtained from Charles River Laboratory and
housed at the animal facility of IRCCS Foundation BCarlo
Besta^ Neurological Institute, Milan, Italy. CD1 female mice
were housed in groups of two to five animals in individually
ventilated cages in a room with controlled 12:12 light/dark
cycle and with food and water ad libitum. Regular veterinary
care was performed for assessment of animal health. Animal
facility is licensed and inspected by the Italian Ministry of
Health. Experimental procedures were performed in
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GluN2A and GluN1 NMDAR subunits. In the presence of excitotoxic
stimuli, S-nitrosylation induces NMDARdesensitization and prevents the
NMDAR-coupled ionic channel over-activation, avoiding excitotoxicity.
b–c In prion disease, loss of PrPC-mediated neuroprotection through

NMDAR S-nitrosylation enhances the susceptibility to excitotoxicity,
leading to cell death in the presence of stressful conditions. During early
stage of prion disease, the biological activity of PrPC might be lost upon
contact or binding to PrPSc, blocking some functional domains of the
protein, such as the N-terminal flexible region binding Cu ions (b). At
terminal stage of prion disease, PrPSc aggregates may sequester Cu, re-
ducing its availability in the synaptic cleft, thus limiting NOoxidation and
ensuing cysteine S-nitrosylation (c)
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accordance with European regulations (Directive 2010/63/
EU) and with Italian Legislative Decree 26/2014 and were
approved by the local authority veterinary service and by the
Italian Ministry of Health, Directorate General for Animal
Health. All efforts were made to minimize animal suffering
and to reduce the number of animals used.

Animal Groups

Sixty CD1 female mice were used in this study. Thirty animals
were divided in three groups of ten mice. Each group was
inoculated with a different mouse-adapted scrapie strain:
RML, 139A, and ME7. Brain samples were collected at dif-
ferent timepoints. Five animals for each group were sacrificed
30 dpi at pre-symptomatic phase of the disease. The remaining
mice were monitored and sacrificed at the terminal stage of the
disease, which is characterized by superficial breathing and
lateral decubitus. Thirty control mice were not injected with
infected brain homogenate, and brain samples were collected
at ages corresponding to pre-symptomatic and terminal stage
of infected mice.

Intracerebral Inoculation

Two-month-old CD1 mice were anesthetized with intraperito-
neal administration of tribromoethanol (100 μL/10 g) and ste-
reotaxically inoculated in the striatum (using these coordi-
nates: − 0.5 caudal, + 2 lateral, + 3.5 depth) with 20 μL of
10% w/v brain homogenates from terminally ill animals in-
fected with RML, ME7, or 139A scrapie strains. All surgical
procedures were performed under sterile conditions.

Sacrifice

Animals were deeply anesthetized by intraperitoneal injection
of tribromoethanol. Transcardial perfusion with phosphate-
buffered saline (PBS) + 5-mM EDTA was performed, and
the brains were removed. Two hemibrains for each group of
five animals were processed for histological analysis. From
the two remaining hemibrains and from the other three whole
samples, hippocampi were dissected, immediately frozen in
liquid nitrogen, and stored at − 80 °C to be processed for
biochemical measurements. Hippocampi derived from the
same mouse were always addressed to different biochemical
analysis (biotin switch assay or SNOB1). For each biochem-
ical method, four hippocampi were used at most. PK digestion
was performed by using exceeding hippocampal homogenates
from biotin switch assay.

Histological Staining

Hemibrains were fixed in Alcolin (Diapath), dehydrated, and
embedded in paraplast. Seven-micrometer-thick serial

sections were stained with H&E or immunostained with
monoclonal antibodies to PrP (6H4, Prionics). Before PrP
immunostaining, the sections were sequentially treated with
10 μg/mL of PK for 5 min and with 3-M guanidine isothio-
cyanate for 20 min. Non-specific binding was prevented using
ARK kit (Dako), and immunoreactions were visualized using
3-3′-diaminobenzidine (DAB, Dako) as chromogen.

PK Digestion

Fifty micrograms of proteins from control and infected hippo-
campal homogenates prepared in HEN buffer (see BProtein S-
Nitrosylation Detection by Biotin Switch Assay^ paragraph)
were digested with 50 μg/mL of PK for 1 h at 37 °C. Thirty
micrograms of protein extract was loaded as input without PK
digestion. After addition of sample buffer, samples were
boiled for 10 min at 95 °C and processed for SDS-PAGE
and Western blot detection of PrP.

Protein S-Nitrosylation Detection by Biotin Switch
Assay

To compare GluN2A and GluN1 S-nitrosylation levels in con-
trol and infected samples, the biotin switch assay was per-
formed as previously described [30]. Briefly, one control and
one infected hippocampus (age-matched samples at pre-
symptomatic or terminal stage of the disease) were separately
homogenized in 400-μL HEN buffer: 250-mM HEPES pH
7.5 (H3375, Sigma-Aldrich), 1-mM EDTA (E6758, Sigma-
Aldrich), 0.1-mM neocuproine (N1501, Sigma-Aldrich), and
protease inhibitor cocktail (Roche Diagnostics Corp.).
Homogenates were cleared by centrifugation at 2000 g,
10 min at 4 °C. Bicinchoninic acid assay was performed to
determine protein concentration in the supernatant. One mil-
ligram of proteins was diluted to 0.8 μg/μL in HEN buffer +
0.04% CHAPS (C9426, Sigma-Aldrich) and incubated at
50 °C for 1 h in 4 volumes of blocking solution: 9 volumes
of HEN, 1 volume of 25% w/v SDS (L3771, Sigma-Aldrich)
in ddH2O, and 20-mM S-methyl thiomethanesulfonate
(64306, Sigma-Aldrich) from the 2-M stock solution in
dimethylformamide. S-Methyl thiomethanesulfonate was re-
moved by acetone precipitation, and the pellet was resuspend-
ed in 100 μL of HENS buffer (HEN+ 1% SDS) per mg of
starting proteins. Ascorbate (A4034, Sigma-Aldrich), pre-
pared as 180 mM in ddH2O, was added to 30-mM final con-
centration in the samples and incubated for 3 h at 25 °C to
selectively reduce S-nitrosylated thiols. The efficiency of
thiols blocking was checked by performing a negative control
without ascorbate on control samples. Ascorbate was removed
by acetone precipitation, and the protein pellet was resuspend-
ed in 100 μL of HENS buffer per mg of starting proteins. Free
thiols were bound to EZ-Link HPDP-biotin (21341, Thermo
Scientific), which was added 1:3 to the samples from the 4-
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mM stock in dimethylformamide. The selective binding to the
resin was checked by performing a negative control without
biotin on control samples. After 1-h incubation at 25 °C,
HPDP-biotin was removed by dialysis in HENS buffer.
Biotinylated proteins were purified by adding to the samples
2 volumes of neutralization buffer (20-mM HEPES pH 7.5,
100-mMNaCl, 1-mM EDTA, 0.5% Triton X-100) and 50 μL
of wet immobilized NeutrAvidin agarose resin (29200,
Thermo Scientific) and incubating for 2 h at room temperature
(RT). After resin washing for five times with neutralization
buffer adjusted to 600-mM NaCl, biotinylated proteins were
eluted in a sample buffer, boiled, and processed for SDS-
PAGE and Western blot detection of GluN1, GluN2A, and
β-actin. For each sample, 30 μg of protein extract was loaded
as input. S-Nitrosylation signals were normalized on the cor-
responding input and onβ-actin value by applying the follow-
ing formula: (NMDAR subunit S-nitrosylation/input)/(β-actin
S-nitrosylation/input).

Protein S-Nitrosylation Detection by SNOB1 Reagent

To compare GluN2A and GluN1 S-nitrosylation levels in con-
trol and infected hippocampi, the SNOB1 reagent (sc-361363,
Santa Cruz Biotechnology) was used as previously described
[30]. One control and one infected hippocampus were sepa-
rately homogenized in 500-μL PBS + 0.5% Triton X-100 +
protease inhibitors and centrifuged 10 min at 5000 rpm at
4 °C. After protein concentration determination, the same
amount of protein was used and PBS + 0.5%Triton was added
up to 1 mL. Samples were incubated with 0.5-mMSNOB1 for
30 min at 37 °C in the dark, according to the manufacturer’s
instructions. A negative control was performed incubating the
control sample with 0.5-mM biotin for 30 min at 37 °C in the
dark. To purify SNOB1-bound proteins, 50 μL of wet
immobilized NeutrAvidin agarose resin was added to the sam-
ples and incubated for 2 h at RT. Resin was washed five times
with PBS + 0.5% Triton. Then, proteins were eluted in sample
buffer, boiled, and processed for SDS-PAGE andWestern blot
detection of GluN1, GluN2A, and β-actin. For each sample,
30 μg of protein extract was loaded as input. S-Nitrosylation
signals were normalized on the corresponding input and onβ-
actin value by applying the following formula: (SNOB1-
NMDAR subunit / input) / (SNOB1-β-actin / input).

SDS-PAGE and Western Blot

Proteins in sample buffer (10% glycerol, 50-mM Tris-HCl pH
6.8, 2% w/v SDS, 4-M urea, 0.005% bromophenol blue) were
boiled and separated by SDS-PAGE in 8–12% polyacryl-
amide gels. Proteins were transferred on nitrocellulose, and
after 1 h in blocking solution, membranes were incubated
overnight at 4 °C with the following primary antibodies:
anti-GluN1 1:500 (G8913, Sigma-Aldrich); anti-GluN2A

1:500 (G9038, Sigma-Aldrich); anti-β-actin peroxidase
(AC-15) 1:10000 (A3854, Sigma-Aldrich); and anti-PrP
W226 (kindly provided by PD Dr. Michael Knittler, Institute
of Immunology Friedrich-Loeffler-Institute, Greifswald-Insel
Riems, Germany). After incubation with the secondary anti-
body, membranes were developed with ECL detection reagent
(GE Healthcare) and recorded by the digital imaging system
Alliance 4.7 (UVITEC). Band quantification was performed
with Uviband 15.0 software (UVITEC), obtaining an optical
density value.

Statistical Analysis

Control and infected samples were compared by performing
the Student’s t test, setting two-tailed distribution and two-
sample unequal variance. p < 0.05 was considered statistically
significant.
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