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Abstract
N-methyl-D-aspartate receptors (NMDARs) are pivotal players in the synaptic
transmission and synaptic plasticity underlying learning and memory. Accord-
ingly, dysfunction of NMDARs has been implicated in the pathophysiology of
Alzheimer disease (AD). Here, we used histoblot and sodium dodecylsulphate-
digested freeze-fracture replica labelling (SDS-FRL) techniques to investigate
the expression and subcellular localisation of GluN1, the obligatory subunit of
NMDARs, in the hippocampus of P301S mice. Histoblots showed that GluN1
expression was significantly reduced in the hippocampus of P301S mice in a
laminar-specific manner at 10 months of age but was unaltered at 3 months.
Using the SDS-FRL technique, excitatory synapses and extrasynaptic sites on
spines of pyramidal cells and interneuron dendrites were analysed throughout
all dendritic layers in the CA1 field. Our ultrastructural approach revealed a
high density of GluN1 in synaptic sites and a substantially lower density at
extrasynaptic sites. Labelling density for GluN1 in excitatory synapses estab-
lished on spines was significantly reduced in P301S mice, compared with age-
matched wild-type mice, in the stratum oriens (so), stratum radiatum (sr) and
stratum lacunosum-moleculare (slm). Density for synaptic GluN1 on interneu-
ron dendrites was significantly reduced in P301S mice in the so and sr but
unaltered in the slm. Labelling density for GluN1 at extrasynaptic sites showed
no significant differences in pyramidal cells, and only increased density in the
interneuron dendrites of the sr. This differential alteration of synaptic versus
extrasynaptic NMDARs supports the notion that the progressive accumula-
tion of phospho-tau is associated with changes in NMDARs, in the absence of
amyloid-β pathology, and may be involved in the mechanisms causing abnor-
mal network activity of the hippocampal circuit.
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1 | INTRODUCTION

Glutamate is the main excitatory neurotransmitter in
the brain acting on both ionotropic and metabotropic
receptors [1]. The N-methyl-D-aspartate (NMDA)-type
glutamate receptors comprise a class of ionotropic
glutamate receptors that play a central role in syna-
ptic plasticity, circuit development, memory formation
and neuronal survival [1]. However, overactivation of
N-methyl-D-aspartate receptors (NMDARs) causes exci-
totoxicity to promote neuronal death that takes place in
the pathophysiology of neurodegenerative disorders,
including Alzheimer disease (AD) [2]. The impairments
in memory and cognition characteristic of AD, can be
correlated to neuropathological features that include the
formation of senile plaque of amyloid-β (Aβ) and neurofi-
brillary tangles (NFT) of phospho-tau, and synapse loss
in the hippocampus [3]. However, decreased synaptic
density is the strongest anatomical correlate of the degree
of clinical impairment [4].

Molecular cloning revealed seven different NMDAR
subunits: the GluN1 subunit, four GluN2 subunits
(GluN2A, GluN2B, GluN2C and GluN2D) and two
GluN3 subunits (GluN3A and GluN3B) [5]. Functional
NMDARs are heterotetramers composed by two
GluN1 obligatory subunits and two regulatory subunits:
GluN2 (A–D) or GluN3 (A–B) [6, 7]. The GluN1 subu-
nit exists in several alternatively spliced forms [1] and is
expressed ubiquitously throughout the brain, whereas
GluN2 subunits show both regional and developmental
variations in animals, with GluN2A and GluN2B
being the major regulatory subunits in the hippocampus
[8, 9]. These two subunits confer different pharmacolog-
ical and biophysical properties to functional NMDARs
and are believed to play a determining role in synaptic
plasticity [10].

The abundance and molecular composition of
NMDARs by specific neuron types is central to our
understanding of synaptic transmission and synaptic
plasticity. NMDARs present in excitatory synapses
established on dendritic spines of pyramidal cells are
responsible for the entry of Ca2+ and are required for the
induction of long-term changes in synaptic efficacy [11].
In interneurons, NMDARs play a role in long-term
changes in synaptic efficacy and participate in the synap-
tic activation of interneurons [12]. Consequently, any
alteration in the number and density of NMDARs could
contribute to the synaptic and memory deficits that are
associated with AD. The application of Aβ decreases cell
surface expression of NMDARs and spine density
through a pathway that requires NMDARs [13, 14].
However, the molecular mechanisms of tau-mediated
neurotoxicity are unclear. In AD, tau becomes hyperpho-
sphorylated and mislocalises to pre- and post-synaptic
compartments of neurons, thus contributing to synaptic
dysfunction and affects NMDAR trafficking and organi-
sation [15, 16]. The way the molecular organisation of

synapses is affected by tau mislocalisation in AD is
unknown.

Immunoelectron microscopic approaches confirmed
the presence of NMDARs in excitatory synapses on den-
dritic spines and interneuron dendrites [17–19], and at
extrasynaptic compartments albeit at a lower density
[20]. The distribution of synaptic versus extrasynaptic
NMDARs has emerged as an important parameter con-
tributing to neuronal dysfunction in neurodegenerative
diseases including AD [21]. The possible alteration in the
NMDAR content of different excitatory synapses and
extrasynaptic compartments in tau models of AD has not
been explored. Therefore, in the present study, we used
P301S mice, a commonly used tauopathy model with sev-
eral AD-relevant features [22], to investigate whether
hyperphosphorylated tau is associated with changes in
the expression and subcellular localisation of the obliga-
tory NMDAR subunit, GluN1, in the hippocampus.
Here, we show convincing evidence for a reduction in
synaptic NMDARs, but not extrasynaptic NMDARs, in
pyramidal cells and interneurons of the hippocampal
Cornu Ammonis (CA)1 field in P301S mice.

2 | MATERIALS AND METHODS

2.1 | Animals

We used female transgenic mice P301S for the human
Tau gene and wild-type (WT) control littermates. The
P301S mouse model, obtained from Jackson Laboratory
(B6;C3-Tg(Prnp-MAPT*P301S)PS19Vle/J), carries a
mutant (P301S) human MAPT gene encoding T34-tau
isoform (1N4R) driven by the mouse prion-protein pro-
moter (Prnp) on a B6C3H/F1 genetic background. For
analysis, we selected animals of 3 and 10 months of age.
P301S mice of 3 months old were characterised by initial
signs of the pathology in the hippocampus. For instance,
hippocampal synapse loss and impaired synaptic function
were detected at this age before fibrillary tau tangles
emerged, but brain atrophy, neuronal death in the hippo-
campus or microglial activation were not detected [22].
P301S mice of 10 months old are characterised by wide-
spread NFT accumulation in the hippocampus, impaired
memory, spatial learning and long term potentiation
(LTP), impaired synaptic function, prominent neuronal
death, microglial activation and around 30% volume
reduction in the hippocampus [22]. A total of 6 female
mice aged 3 months (n = 3 for WT, n = 3 for P301S used
for histoblotting) and 12 mice aged 10 months (n = 3 for
WT, n = 3 for P301S used for histoblotting; and n = 3
for WT, n = 3 for P301S used for immunoelectron
microscopy) were analysed. All mice were housed at the
‘Centro de Biología Molecular Severo Ochoa’ animal
facility. Mice were housed four per cage with food and
water available ad libitum and maintained in a
temperature-controlled environment on a 12/12 h light–
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dark cycle with light onset at 07:00 h. Animal housing
and maintenance protocols followed the guidelines of
Council of Europe Convention ETS123, recently revised
as indicated in Directive 86/609/EEC. Animal experi-
ments were performed under protocols (P15/P16/P18/
P22) approved by the Institutional Animal Care and Uti-
lization Committee (Comité de �Etica de Experimentaci�on
Animal del CBM, CEEA-CBM, Madrid, Spain).

For histoblotting, the animals were deeply anaesthetised
by intraperitoneal injection of ketamine/xylazine 1:1 (0.1
ml/kg b.w.), the brains were quickly frozen in liquid nitrogen
and stored at �80�C. For the sodium dodecylsulphate-
digested freeze-fracture replica labelling (SDS-FRL) tech-
nique, animals were anaesthetise with sodium pentobarbital
(50 mg/kg, i.p.) and perfused transcardially with 25 mM
phosphate-buffered saline (PBS) for 1 min, followed by per-
fusion with 2% (w/v) paraformaldehyde in 0.1 M phosphate
buffer (PB) for 12 min. After perfusion, brains were
removed from the skull and the hippocampi were dissected
and cut into coronal slices (130 μm) using a Microslicer
(Dosaka, Kyoto, Japan) in 0.1 M PB.

2.2 | Antibodies and chemicals

For histoblot and SDS-FRL, we used a mouse monoclo-
nal antibody against the GluN1 subunit of NMDA
receptor (MAB363; Millipore Bioscience Research
Reagents). This antibody was directed against a fusion
protein corresponding to amino acid residues 660–811,
representing the extracellular loop between transmem-
brane regions III and IV of the GluN1 subunit [23]. The
characteristics and specificity of GluN1 were charac-
terised previously in the literature [23].

The secondary antibodies used were as follows: goat
anti-mouse IgG-horseradish peroxidase (1:2000; Santa
Cruz Biotechnology, Santa Cruz, CA), alkaline phospha-
tase (AP)-goat anti-mouse IgG (H + L), anti-mouse IgG
conjugated to 10 nm gold particles (1:100; British BioCell
International, Cardiff, UK).

2.3 | Histoblotting

The regional distribution of GluN1 was analysed in
mouse brains, using the histoblot technique [24]. Briefly,
horizontal cryostat sections (10 μm) from mouse brain
(coordinates: from interaural: 6.16 mm/bregma:
�3.84 mm to interaural: 4.36 mm/bregma: �5.64 mm)
were overlapped with nitrocellulose membranes moist-
ened with 48 mM Tris-base, 39 mM glycine, 2% (w/v)
sodium dodecyl sulphate (SDS) and 20% (v/v) methanol
for 15 min at room temperature (�20�C). After blocking
in 5% (w/v) non-fat dry milk in PBS for 1 h, nitrocellulose
membranes were treated with DNase I (5 U/ml), washed
and incubated in 2% (w/v) SDS and 100 mM
β-mercaptoethanol in 100 mM Tris–HCl (pH 7.0) for

60 min at 45�C to remove adhering tissue residues. After
extensive washing, the blots were reacted with affinity
purified anti-GluN1 antibodies (0.5 mg/ml) in blocking
solution overnight at 4�C. The bound primary antibodies
were detected with AP-conjugated anti-mouse IgG sec-
ondary antibodies [24]. A series of primary and second-
ary antibody dilutions and incubation times were used to
optimise the experimental conditions for the linear sensi-
tivity range of the AP reactions. To compare the expres-
sion levels of NMDARs between the two genotypes
(WT and P301S) and ages (3 and 10 months), all nitrocel-
lulose membranes were processed in parallel, and the
same incubation time for each reagent was used for the
antibody. Digital images were acquired by scanning the
nitrocellulose membranes using a desktop scanner
(HP Scanjet 8300). Image analysis and processing were
performed using the Adobe Photoshop software (Adobe
Systems, San Jose, CA, USA) as described previously in
the literature [25].

2.4 | SDS-digested freeze-fracture replica
labelling

Immunohistochemical reactions at the electron micro-
scopic level were carried out using the SDS-FRL method
as described earlier in the literature [26]. Briefly, we
trimmed hippocampal slices containing the CA1 field and
immersed them in graded glycerol of 10%–30% (v/v) in
0.1 M PB at 4�C overnight. Slices were frozen using a
high-pressure freezing machine (HPM010, BAL-TEC,
Balzers, Liechtenstein). Slices were then fractured into two
parts at �120�C and replicated by carbon deposition
(5 nm thick), platinum (60� unidirectional from horizontal
level, 2 nm), and carbon (15 nm) in a freeze-fracture rep-
lica machine (BAF060; BAL-TEC, Balzers, Liechtenstein).
Replicas were transferred to 2.5% (w/v) SDS and 20%
(w/v) sucrose in 15 mM Tris buffer (pH 8.3) for 18 h at
80�C with shaking to dissolve tissue debris. The replicas
were washed three times in 50 mM Tris-buffered saline
(TBS, pH 7.4), containing 0.05% (w/v) bovine serum albu-
min (BSA) and then blocked with 5% (w/v) BSA in the
washing buffer for 1 h at room temperature. Next, the rep-
licas were washed and reacted with a mouse monoclonal
antibody against the GluN1 subunit of NMDAR
(10 μg/ml), diluted in 25 mM TBS containing 1% (w/v)
BSA overnight at 15�C. Following three washes in 0.05%
BSA in TBS and blocking in 5% (w/v) BSA/TBS, replicas
were incubated in goat anti-mouse IgGs coupled to 10 nm
gold particles (1:30; British BioCell International, Cardiff,
UK) diluted in 25 mM TBS containing 5% (w/v) BSA
overnight at room temperature. When the primary anti-
body was omitted, no immunoreactivity was observed.
After immunogold labelling, the replicas were immediately
rinsed three times with 0.05% BSA in TBS, washed twice
with distilled water and picked up onto grids coated with
pioloform (Agar Scientific, Stansted, Essex, UK).
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2.5 | Quantification and analysis
of SDS-FRL data

The labelled replicas were examined using a transmission
electron microscope (JEOL-1400Flash) equipped with a
digital high-sensitivity scientific Complementary Metal–
Oxide–Semiconductor (sCMOS) camera, and images
captured at magnifications of 30,000�. The antibody
used in this study was visualised by immunoparticles on
the exoplasmic face (E-face), consistent with the extracel-
lular location of the epitopes. Non-specific background
labelling for anti-GluN1 was estimated by counting
immunogold particles on the protoplasmic face (P-face)
surfaces in WT mice. This value was on average
1.2 immunoparticles/μm2 and was not subtracted from
values for specific labelling, given the low value. Digitised
images were then modified for brightness and contrast
using Adobe PhotoShop CS5 (Mountain View, CA,
USA) to optimise them for quantitative analysis.

2.5.1 | Number and density of GluN1
immunoparticles at synaptic and extrasynaptic
sites

We determined the number of GluN1 immunoparticles
composing excitatory synapses and extrasynaptic mem-
branes of spines and shafts of pyramidal cells and inter-
neuron dendrites located in the stratum oriens (so),
stratum radiatum (sr) and stratum lacunosum-moleculare
(slm) of the CA1 field of the hippocampus, in the two
genotypes (WT and P301S) at 10 months of age. For
that purpose, we used the software Gold Particle Detec-
tion and Quantification (GPDQ) developed recently to
perform automated and semi-automated detection of
gold particles present in each compartment of neurons
[27]. Most of the spines in the CA1 field arise from pyra-
midal cells, thus we will refer to them as pyramidal cell
spines. Non-spiny dendrites receiving several synapses,
identified as multiple intramembrane particle (IMP) clus-
ters on dendrites, are considered to originate from
interneurons.

Quantitative analysis of immunogold labelling for
GluN1 was performed on excitatory post-synaptic speciali-
sations, as well as at extrasynaptic sites, indicated by the
presence of IMP clusters on E-face [28]. Excitatory post-
synaptic specialisations were considered as such, when
IMP clusters contained at least 30 IMPs [29]; the rest of the
neuronal compartment with isolated IMPs was considered
as extrasynaptic membrane. In this respect, most of the
spines in sr arise from pyramidal cells, thus we refer to
them as pyramidal cell spines. Dendritic shafts receiving
multiple excitatory and inhibitory synapses are considered
to originate from interneurons. For identification of neuro-
nal compartment in the SDS-FRL samples, oblique den-
drites were identified based on their small diameter and the
presence of at least one emerging spine from the dendritic

shaft. Dendritic spines were considered as such if: (i) they
emerged from a dendritic shaft or (ii) they opposed an axon
terminal. Dendritic spines are smaller in size compared to
dendritic shafts of interneurons. Given these differences in
size, excitatory synapses in spines are normally observed
with a concave shape, while in interneurons they have a
more flattened morphology. Axon terminals were identified
based on: (i) the presence of an active zone facing a post-
synaptic density (PSD), recognised by an accumulation of
IMPs, on the opposing E-face of a spine or dendrite; or
(ii) the presence of synaptic vesicles on their cross-fractured
portions. One of the advantages of the SDS-FRL tech-
nique is that the whole synaptic specialisation of excitatory
synapses and extrasynaptic plasma membrane is immedi-
ately visible over the surface of neurons. The outline of
post-synaptic specialisation (IMP clusters) was manually
demarcated by connecting the outermost IMP particles,
and then we demarcated the rest of the neuronal compart-
ment on the E-face corresponding to the extrasynaptic
plasma membrane. The area of synaptic and extrasynaptic
sites was measured using the software GPDQ.

Immunogold particles for GluN1 were regarded as
synaptic labelling if they were within the demarcated
IMP clusters and those located in the immediate vicinity
within 30 nm from the edge of the IMP clusters, given
the potential distance between the immunogold particles
and antigens. Immunogold particles not meeting those
requirements or present in the vicinity of isolated IMPs
were regarded as extrasynaptic labelling. The number of
immunogold particles was counted in both complete and
incomplete (partially fractured) post-synaptic membrane
specialisation. Because densities of immunogold labelling
for the GluN1 antibody obtained from complete and
incomplete synapses were not significantly different, they
were pooled. The density of the immunoparticles for
GluN1 in each synaptic site was calculated by dividing
the number of the immunoparticles by the area of the
demarcated IMP clusters. The density of GluN1 immu-
noparticles in extrasynaptic sites was calculated by divid-
ing the number of the immunoparticles by the area of the
demarcated compartment without the synaptic specialisa-
tion. Measurements were performed in three animals,
and results were pooled because the average densities for
immunogold particles were not significantly different
between individual mice in both WT and P301S mice.
Immunoparticle densities were presented as mean
� SEM between animals.

2.6 | Controls

To test method specificity in the procedures for electron
microscopy, replicas were incubated according to the
protocol described above with primary antibodies omit-
ted or replaced with 1% (v/v) normal goat serum. Label-
ling densities on clusters of IMPs were <1.2 particles/μm2

in these cases.
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F I GURE 1 Brain expression of N-methyl-D-aspartate receptors (NMDARs) in P301S mice. (A–F) The expression of the GluN1 protein was
visualised using histoblots of horizontal brain sections at 3 and 10 months of age in WT and P301S mice using a monoclonal anti-GluN1 antibody.
The expression of NMDARs in different brain regions was determined by densitometric analysis of the scanned histoblots (C and F). The strongest
GluN1 expression was detected in the hippocampus (Hp), followed by the cortex (Ctx). Moderate expression levels were detected in the caudate
putamen (CPu), the septum (Sp) and the thalamus (Th), and weak in the cerebellum (Cb). Densitometric analysis performed at 3 months revealed no
differences in GluN1 expression in P301S mice compared to age-matched wild-type controls, but a significant reduction was detected in the
hippocampus at 10 months of age (n = 3 animals per genotype and per age; Mann–Whitney test, **p < 0.01). Error bars indicate SEM. Scale bars:
0.25 cm

F I GURE 2 Laminar expression of N-methyl-D-aspartate receptors (NMDARs) in the hippocampus of P301S mice. (A–F) The laminar
expression of the GluN1 protein in the hippocampus was visualised using histoblots of horizontal sections at 3 and 10 months of age in WT and
P301S mice using a monoclonal anti-GluN1 antibody. The expression of GluN1 in different hippocampal subfields and dendritic layers was
determined by densitometric analysis of the scanned histoblots (C and F). The expression of GluN1 was strong in all dendritic layers of the CA1 and
CA3 field and dentate gyrus. Densitometric analysis performed at 3 months of age showed no differences in GluN1 expression in P301S mice
compared to age-matched WT controls. However, the expression of GluN1 was significantly reduced in the sr and slm of the CA1 field and the
molecular layer of the dentate gyrus of P301S mice compared to age-matched wild type controls mice at 10 months of age (n = 3 animals per
genotype and per age; Mann–Whitney U test, **p < 0,01; ***p < 0.001). Error bars indicate SEM. CA1, CA1 field of the hippocampus; CA3, CA3
field of the hippocampus; DG, dentate gyrus; gc, granule cell layer; h, hilus; ml, molecular layer; sl, stratum lucidum; slm, stratum lacunosum-
moleculare; so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum. Scale bars: 0.05 cm
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2.7 | Data analysis

To avoid observer bias, we performed blinded experi-
ments for immunoblots and immunohistochemistry prior
to data analysis. Statistical analyses were performed
using GraphPad Prism (San Diego, CA) and data were
presented as mean � SEM unless indicated otherwise.
Statistical significance was defined as p < 0.05. The statis-
tical evaluation of the immunoblots was performed using
the Student t-test, with Holm–Sidak method. To compute
SEM error bars, five blots were measured from each ani-
mal. The statistical evaluation of the immunogold densi-
ties in the mouse model was performed using the Student

t-test, test for homogeneity of variance and Shapiro
Wilks normality test, and Mann–Whitney U test for non-
parametric data. Correlations were assessed using Spear-
man’s correlation test.

3 | RESULTS

3.1 | Altered expression of NMDARs in the
hippocampus of P301S mice

Using a monoclonal antibody against the GluN1 subu-
nit, we first established in conventional histoblots [24]

F I GURE 3 Reduced density of synaptic N-methyl-D-aspartate receptors (NMDARs) in spines of P301S mice. (A–F) Electron micrographs of the
hippocampus showing immunoparticles for GluN1 at excitatory synaptic sites of spines of pyramidal cells in the three dendritic layers of the CA1 field, as
detected using the SDS-FRL technique in wild-type and P301S mice at 10 months of age. Post-synaptic membrane specialisations (IMP clusters, pseudo-
coloured with transparency in blue for wild type and in red for P301S) show strong immunoreactivity for GluN1 (10 nm gold particles) in wild type in strata
oriens, radiatum and lacunosum-moleculare but weaker immunoreactivity in the P301S in the three strata. (G) Differential density of NMDARs in IMP
clusters. Box charts showing the distribution of densities of immunoparticles for NMDARs of individual postsynaptic membrane specialisations in the
hippocampal CA1 field in wild-type and P301S mice. (H) Quantitative analysis showing mean densities of NMDARs in excitatory synapses in spines. A
significant reduction in the density of NMDAR immunoparticles was detected in spines located in the three strata of the CA1 field of P301S mice compared
to age-matched wild type (n = 3 animals per genotype; Mann–Whitney U test, *p < 0.01, ****p < 0.0001). Scale bars: A–F, 200 nm
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whether the expression of NMDARs was altered
in the brain of P301S mice at 3 and 10 months
(Figure 1A–F). In WT mice at the two ages, GluN1
immunoreactivity was widely distributed in the brain,
with strong labelling in the hippocampus and the neo-
cortex, followed by the caudate putamen and septum
(Figure 1A,D). Moderate labelling was found in the
thalamus and weak in the cerebellum and midbrain
nuclei (Figure 1A,D). Qualitatively, this brain expres-
sion pattern was similar in the brain of P301S mice
(Figure 1B,E). Quantitative analysis allowed us to
compare the protein densities. This revealed that
GluN1 immunoreactivities were similar between WT
and P301S mice at 3 months (Figure 1C) but showed a
significant decrease in labelling in the hippocampus at
10 months of age (Figure 1F). For these data, densi-
tometry in the hippocampus was calculated as a mean
value of the three dendritic layers of the CA1 field.

Given the decrease in GluN1 immunolabelling in the
hippocampus, we next focused on this brain region to
explore laminar expression patterns. Strong GluN1 pro-
tein signal was detected in the Ammon’s horn and the
dentate gyrus (Figure 2A–F). The CA1 field of the
Ammon’s horn showed the highest GluN1 expression
levels in the hippocampus at 3 and 10 months of age
(Figure 2A–F). Regarding dendritic layers, GluN1
expression was strong in the so and sr, with the slm show-
ing a moderate expression levels (Figure 2A,B,D,E). The
expression levels of GluN1 were moderate in the so,

stratum lucidum (sl), sr and slm of the CA3 field
(Figure 2A,B,D,E). In the dentate gyrus, GluN1 immu-
nolabelling was moderate to strong in the molecular layer
(ml) and weak in the hilus (h) (Figure 2A,B,D,E). Quan-
titative analyses of immunoreactivities performed at the
two ages indicated that the laminar labelling pattern was
unchanged in both WT and P301S mice at 3 months of
age (Figure 2C). However, the expression of GluN1 was
significantly reduced in the sr and slm of the CA1 field
and the ml of the dentate gyrus of P301S mice compared
to age-matched WT controls mice at 10 months of age
(Figure 2F).

3.2 | NMDAR content of excitatory synapses
is reduced in spines of P301S mice at 10 months

Using the SDS-FRL technique, we analysed the distri-
bution and densities of GluN1 in different populations
of excitatory synapses in the CA1 field: (i) on pyrami-
dal cell spines and (ii) on interneuron dendrites, in so,
sr and slm. Replicas obtained from 10 months of age
WT and P301S mice were reacted with a monoclonal
anti-GluN1 antibody. Clusters of IMPs on the E-face
represent the post-synaptic membrane specialisation
(PSDs) of glutamatergic synapses [30]. Only IMP clus-
ters that contained at least 30 IMPs and labelled for
GluN1 were regarded as PSDs and included in this
analysis.

TABLE 1 Number and density of gold particles for GluN1 at different excitatory synapses in the CA1 region at 10 months of age

Stratum oriens Stratum radiatum Stratum lacunosum-moleculare

Spines Interneurons Spines Interneurons Spines Interneurons

WT

Excitatory synapses (n) 55 40 112 60 49 44

Area of synapses (μm) 0.029 � 0.002 0.049 � 0.005 0.024 � 0.001 0.047 � 0.031 0.027 � 0.011 0.057 � 0.036

Median gold particles 10 16 11 17 9 13.5

Range 28–3 34–1 35–2 40–4 19–3 50–6

Density gold particles (μm2)

Mean (�SEM) 426.7 � 25.84 328.6 � 20.42 590.0 � 20.46 518.7 � 27.57 360.7 � 17.77 249.6 � 10.72

Median 391.7 327.9 548.8 478.3 325.7 246.4

Range 991.9–90.76 630.0–63.33 1235.27–190.5 1023.26–208.90 656.8–163.0 388.2–120.1

P301S

Excitatory synapses (n) 48 47 63 82 83 38

Area of synapses (μm) 0.024 � 0.005 0.052 � 0.015 0.023 � 0.002 0.049 � 0.007 0.025 � 0.002 0.064 � 0.052

Median gold particles 9 17 7 16 8 14.5

Range 33-2 70-4 27-1 75-2 34-2 55-2

Density gold particles (μm2)

Mean (�SEM) 285.4 � 23.22 280.4 � 21.98 392.5 � 27.03 326.9 � 17.93 306.9 � 14.70 230.8 � 14.90

Median 252.0 246.9 346.2 297.4 324.1 245.5

Range 798.7–64.08 837.7–62.46 942.4–57.82 837.2–36.41 606.6–39.76 394.7–56.43

Note: Density values are provided in immunogold/square micrometer.
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We initially performed the ultrastructural analysis at
excitatory synapses in CA1 pyramidal cell spines, both in
WT and P301S mice (Figure 3A–F). In WT mice,
immunoparticles for GluN1 were found mainly on excit-
atory synapses of spines present in the so, sr and slm
(Figure 3A–C). In all spines, immunoparticles for GluN1
were randomly distributed over the entire PSDs without
forming clusters. In P301S mice, fewer immunoparticles
for GluN1 were detected on excitatory synapses of spines
in the three CA1 dendritic layers (Figure 3D–F). These
possible differences in the content of synaptic NMDARs
between the WT and P301S mice were tested (Figure 3G;
Table 1). Quantitative analyses revealed that although
the density of labelling varied between synapses
(Figure 3G,H), there was a significant reduction in
GluN1 levels in excitatory synapses on spines in P301S
mice (so, 285 � 23 particles/μm2, n = 48 synapses; sr,
392 � 27 particles/μm2, n = 63 synapses; and slm,
306 � 15 particles/μm2, n = 83 synapses) compared to

age-matched WT controls (so, 427 � 26 particles/μm2,
n = 55 synapses; sr, 590 � 20 particles/μm2, n = 112 syn-
apses; and slm, 361 � 18 particles/μm2, n = 49 synapses)
(Mann–Whitney U test, ****p < 0.0001, **p < 0.01,
*p < 0.05) (Figure 3H; Table 1).

The size of the excitatory synapses established on spines
in the three layers of the CA1 field revealed no significant dif-
ferences between WT and P301S mice (Mann–Whitney
U test, p > 0.1) (Table 1). The number of GluN1 immuno-
particles in those synapses was highly variable but consistently
lower in P301S mice (Table 1), although linear correlation
between the number of immunoparticles and area of synaptic
sites was found for both mouse genotypes (i.e., WT and
P301S) (Figure 4A–F; Table 1), indicating a uniform receptor
density across all excitatory synapses in normal and patholog-
ical conditions. Furthermore, the density of immunoparticles
for GluN1 per synapse declined with increasing synaptic area
(Figure 4A–F), as indicated by the weak negative correlation
of immunoparticle density and synaptic area.

F I GURE 4 N-methyl-D-aspartate
receptor (NMDAR) immunoparticle
density at excitatory synapses on spines.
Correlation of the number of GluN1
immunoparticles and IMP-cluster area on
pyramidal cell spines. (A–C) Scatterplots
of the number of immunoparticles for
GluN1 versus the size of excitatory
synapses in the three dendritic layers in
both wild type and P301S mice. In all
cases, there is a positive linear correlation
between immunoparticle number and
synaptic size (Spearman’s rank-order
correlation). (D–F) Comparison of the
relationships between density for GluN1
and size of excitatory synapses in the three
dendritic layers in both wild type and
P301S mice. The immunoparticle density
for GluN1 is negatively correlated with
synapse size (Spearman’s rank-order
correlation).
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3.3 | Differential reduction of
NMDARs in excitatory synapses in interneurons
of P301S mice

We next analysed qualitatively the distribution and densi-
ties of GluN1 in excitatory synapses on interneuron den-
drites in the CA1 field using the SDS-FRL technique in
both WT and P301S mice of 10 months old

(Figure 5A–F). The majority of immunoparticles for
GluN1 were distributed over the entire post-synaptic
membrane specialisations with no apparent clustering
(Figure 5A–C). In P301S mice, immunoparticles for
GluN1 were also randomly distributed over the entire
post-synaptic membrane specialisations in the so, sr and
slm but detected at a lower frequency than in WT mice
(Figure 5D–F).

F I GURE 5 Density of synaptic N-methyl-D-aspartate receptors (NMDARs) in interneurons of P301S mice. (A–F) Electron micrographs of the
hippocampus showing immunoparticles for GluN1 at excitatory synaptic sites of interneuron dendrites in the CA1 field, as detected using the SDS-
FRL technique in P301S mice at 10 months of age. Postsynaptic membrane specialisations (IMP clusters, pseudo-coloured with transparency in blue
for wild type and in red for P301S) on interneuron dendrites show strong immunoreactivity for GluN1 (10 nm gold particles) in the wild type. In
P301S mice, lower number of GluN1 immunoparticles in the P301S in strata oriens, radiatum and lacunosum-moleculare. (G) Box charts showing the
distribution of densities of immunoparticles that label NMDARs of individual post-synaptic membrane specialisations in the hippocampal CA1 field
in wild type and P301S mice. (H) Quantitative analysis showing mean densities of NMDARs in excitatory synapses in interneuron dendrites. A
significant reduction in the density of NMDAR immunoparticles was detected in interneuron dendrites distributed in the strata oriens and radiatum,
but no changes were found in the stratum lacunosum-moleculare of the CA1 field of P301S mice compared to age-matched wild type (Mann–Whitney
U test, **p < 0.01, ****p < 0.0001). Scale bars: A–F, 200 nm
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We quantified the changes in the density of GluN1 in
excitatory synapses on interneuron dendrites between the
two experimental groups (Figure 5G,H; Table 1). In WT
mice, the density of labelling varied from synapse to syn-
apse in the three dendritic layers, with mean values of
329 � 20 particles/μm2 (so, n = 40 synapses), 519 � 28 par-
ticles/μm2 (sr, n = 60 synapses), and 250 � 11 particles/
μm2 (slm, n = 44 synapses) (Figure 5H; Table 1). In P301S
mice, the density of GluN1 immunoparticles was 280 � 22
particles/μm2 (so, n = 47 synapses), 327 � 18 particles/μm2

(sr, n = 82 synapses) and 231 � 15 particles/μm2 (slm,
n = 38 synapses) (Figure 5H; Table 1). Comparisons
between the density of labelling in all examined interneuron
dendrites showed that there is a significant reduction of
GluN1 in excitatory synapses in the so and sr (Mann–
Whitney U test, **p < 0.01, ****p < 0.0001) but not in the
slm (Mann–Whitney U test, p > 0.05) (Figure 5H;
Table 1), indicating the existence of a differential reduction

in the synaptic localisation of NMDARs in interneurons in
P301S mice.

The size of the excitatory synapses established on
interneuron dendrites in the so, sr and slm revealed no
significant differences between WT and P301S mice
(Mann–Whitney U test, p > 0.05). The number of GluN1
immunoparticles in those synapses was highly variable in
both WT and P301S mice (Table 1), but linear correlation
between the number of immunoparticles and area of synap-
tic sites was found both in WT and P301S mice
(Figure 6A–F; Table 1). This indicated a uniform receptor
density across excitatory synapses established on interneu-
ron dendrites in normal and pathological conditions. Fur-
thermore, a weak negative correlation between the size of
synapses and the density of immunogold particles was
found (Figure 6A–F), indicating that the density of immu-
noparticles for GluN1 per synapse declined with increasing
synaptic area in interneurons (Spearman’s correlation test).

F I GURE 6 N-methyl-D-aspartate
receptor (NMDAR) immunoparticle
density at excitatory synapses on
interneurons. Correlation of the number of
GluN1 immunoparticles and IMP-cluster
area on interneuron dendrites. (A–C)
Scatterplots of the number of
immunoparticles for GluN1 versus size of
excitatory synapses on interneuron
dendrites in both wild type and P301S
mice. In the three dendritic layers, there is
a positive linear correlation between
immunoparticle number and synaptic size
(Spearman’s rank-order correlation).
(D–F) Comparison of the relationships
between density for GluN1 and size of
excitatory synapses in the three dendritic
layers in both wild type and P301S mice.
In synapses of interneuron dendrites, there
is no correlation between the parameters,
except in wild-type mice in the stratum
radiatum (Spearman’s rank-order
correlation).
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3.4 | Extrasynaptic NMDAR content
in the hippocampus of P301S mice

0.005w?>In addition to their synaptic localisation,
NMDARs are also found at lower density at extrasynap-
tic sites [21]. To investigate whether extrasynaptic
NMDARs undergo changes in pathological conditions,
we analysed the distribution and densities of GluN1 in

the extrasynaptic membranes of pyramidal cells and
interneuron dendrites in the three layers of the CA1 field.
Only isolated IMPs or IMP clusters that contained >30
IMPs and labelled for GluN1 were regarded as extrasy-
naptic and included in the analysis. Immunoparticles for
GluN1 were observed at a low frequency and randomly
distributed over the extrasynaptic plasma membrane as
isolated gold particles in both WT and P301S mice
(Figure 7A–F).

F I GURE 7 Density of extrasynaptic NMDARs in the hippocampus of P301S mice. (A–F) Electron micrographs of the hippocampus showing
immunoparticles for GluN1 at extrasynaptic sites of spines and dendrites of pyramidal cells and interneuron dendrites in the CA1 field, as detected
using the SDS-FRL technique in P301S mice at 10 months of age. For illustration purposes, these electron micrographs are only from the sr.
Extrasynaptic membrane compartments showed only very weak immunolabelling for GluN1, with isolated immunoparticles (10 nm gold particles)
associated with IMPs in both wild type and P301S mice. Post-synaptic membrane specialisations representing synaptic sites are pseudo-coloured with
transparency in blue for wild type and in red for P301S. (G–I) Quantitative analysis showing mean densities of NMDARs in extrasynaptic
compartments in the three dendritic layers of the CA1 field. A significant increase in the density of GluN1 immunoparticles at extrasynaptic sites was
detected in interneuron dendrites distributed in the sr of P301S mice compared with age-matched wild type (Mann–Whitney U test, *p < 0.05). No
differences were detected in all other compartments throughout the CA1 field (Mann–Whitney U test, p > 0. 05). Scale bars: A–F, 200 nm
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When the density of extrasynaptic GluN1 labelling
was analysed in spines and shafts of pyramidal cells and
interneuron dendrites throughout the so, sr and slm, we
found no differences between WT and P301S mice in
most compartments (Mann–Whitney U test, p > 0.05)
(Figure 7G–I, Table 2). However, we detected a signifi-
cant increase of extrasynaptic GluN1 in the dendrites of
interneurons in the sr of P301S mice (14.2 � 3.6 particles/
μm2) compared to age-matched WT (8.6 � 1.2 particles/
μm2) (Mann–Whitney U test, *p < 0.05) (Figure 7H,
Table 2). In summary, contrary to the reduction for syn-
aptic NMDARs, these results indicate that extrasynaptic
NMDARs are mostly unaltered in WT and P301S mice
at 10 months of age, and when altered they are signifi-
cantly increased.

4 | DISCUSSION

Activation of NMDARs in the hippocampus provides a
major fast excitatory pathway that plays an essential role in
synaptic mechanisms of learning and memory [31]. Several
lines of evidence suggest a role for an altered NMDAR
function in the pathogenesis of chronic neurodegenerative
disorders including AD (reviewed by Wang and Reddy [2]),
and consequently these receptors are currently viewed as
valuable therapeutic targets in this disorder [32, 33]. How-
ever, despite their obvious importance in pathological con-
ditions, no information is yet available whether the
expression and subcellular distribution of NMDARs
undergo changes in transgenic models of AD. In our work,
we sought to investigate whether hyperphosphorylation of
tau protein, a pathological hallmark of AD, is associated
with alterations in the expression and content of
NMDARs. Given that all NMDARs contain the obliga-
tory GluN1 subunit, receptor expression and localisation
were performed with an antibody recognising all splice vari-
ants of GluN1. To compare the NMDAR content in nor-
mal and pathological conditions, we employed the high-
resolution SDS-FRL technique combined with quantitative
approaches and analysed the excitatory synapses and extra-
synaptic sites on pyramidal cell spines and interneuron den-
drites in the CA1 field of the hippocampus in WT and
P301S mice. Our data suggest that tau toxicity impacts dif-
ferentially on both synaptic and extrasynaptic receptors,
driving robust decline of NMDARs in excitatory synapses
on different classes of neurons in P301S mice. These alter-
ations may be involved in the mechanisms causing abnor-
mal network activity of the hippocampal circuit as
described in this animal model of AD.

4.1 | Expression profile of NMDARs
in P301S mice

The GluN1 subunit of NMDARs is expressed strongest
in the CA1 field of the adult hippocampus [8, 34, 35].T
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Accordingly, we have shown by histoblot that GluN1
was widely expressed in the hippocampus at 3 and
10 months old and the labelling was particularly strong
in dendritic layers of CA1, where excitatory synapses are
established in spines and interneuron dendrites. However,
little is known about the expression of GluN1 in animal
models of AD. The present work revealed that the overall
brain expression pattern of GluN1 protein is not the
same in all regions, with the more prominent changes
occurring in the hippocampus. We observed a significant
decrease in the protein expression of GluN1 in
10 monthsold P301S mice. This is consistent with the
findings described in rTg4510 mice [36], in tau-transfected
neurons [37] and in neuronal cultures overexpressing
P301L tau [15]. Extrapolation of these data obtained in
animal models to humans is a difficult task because of the
molecular and structural differences between both brains,
and because animal models do not reproduce all features
of AD as found in humans. However, previous autoradio-
graphic studies showed that binding of glutamate to the
NMDAR was significantly decreased, particularly in the
CA1 field [38–42], and immunoblot, reverse transcription-
polymerase chain reaction and immunohistochemical
approaches have also described a reduction in the GluN1
protein expression in AD brains [43–46], consistent with
the data as described in our study.

4.2 | Reduction of synaptic NMDAR content
of pyramidal cells in P301S mice

Pyramidal cells of the CA1 field express mRNA for the
GluN1 subunit of the NMDAR in the hippocampus
[8, 34, 35, 47]. Previous studies using immunogold tech-
niques showed that virtually all synapses on the spines of
CA1 pyramidal cells contained NMDARs [19, 48, 49], and
reported that the degree of immunolabelling correlated
weakly with the size of synapses [18, 19], which contrasts
with the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR) content [49, 50]. Our direct mea-
surement using a different immunoelectron microscopic
approach confirmed that the NMDAR content of spine
synapses correlates with synaptic area in normal and patho-
logical conditions. This correlation is weaker than as
described for AMPARs using similar approaches [51]. Con-
sistent with these findings, we also confirmed that as a result
of the weak correlation of synapse size and GluN1 density,
the larger the synapse the lower the density of NMDARs
on spines [18, 19]. Such relationships between synapse size
and receptor numbers apply to the three dendritic layers
both in WT and P301S mice. Given that spines throughout
the CA1 field receive anatomically segregated glutamatergic
inputs [52], the significant decline in NMDAR densities in
P301S mice suggests that tauopathy has similar influence or
toxicity on synaptic receptors present in spines facing pre-
synaptic axons, which have originated from different
sources.

Although behavioural and electrophysiological defi-
cits have been reported in P301S mice, accompanied by a
synapse loss detected using immunohistochemical stain-
ing of synaptic markers [22, 53–55], studies using micro-
injection of Lucifer yellow with confocal laser scanning
microscopy and neuronal three-dimensional reconstruc-
tions yielded no robust differences in spine density in the
CA1 field of the hippocampus [56]. Despite any possible
unaltered spine numbers, P301S mice exhibit deficits in
synaptic function, including impaired long-term potentia-
tion in the CA1 field [22]. One possible explanation is
that pathologic tau accumulation drives functional weak-
ening of receptor channel activity at excitatory synapses
before the eventual loss of spines. Consistent with this
idea, immunoEM of hyperphosphorylated tau in the hip-
pocampal CA1 field revealed accumulation of tau at syn-
apses, both at pre- and post-synaptic sites, parallel to
molecular changes in PSDs of excitatory synapses in the
hippocampus [57]. These studies suggested a toxic effect
for tau on excitatory synapses, and supporting this sce-
nario, our data demonstrated a significant decrease in
NMDARs in all spines. The exact molecular mechanism
for such reduction remains unclear but likely affects the
trafficking of receptors and their anchoring proteins.
Thus, hyperphosphorylated tau reduces the trafficking of
glutamate receptor subunits GluA1 and GluA2/3 to
PSD-95 [15]. In addition, a mimic of phosphorylated tau
impairs post-synaptic function through the disruption of
synaptic trafficking or anchoring of AMPARs and
NMDARs in cultured mouse neurons [15]. Overall, our
data strongly support the accumulating evidence suggest-
ing that tau induces synaptic dysfunction [37, 58, 59]
through the decline of NMDARs.

4.3 | Differential reduction of synaptic
NMDARs in interneurons of P301S mice

The role of NMDARs in the signalling, plasticity and
excitability of interneurons is less understood. Unlike
pyramidal cells, interneurons in the hippocampus possess
a rich cellular diversity and include several populations
that can be classified based on their synaptic target selec-
tivity, electrophysiological properties and neurochemical
features [60–62], and functional NMDARs have been
shown in most interneuron subtypes [60]. NMDAR-
mediated responses in interneurons are dependent on the
cell type [63], and all major interneurons subtypes express
mRNA for GluN1 and GluN2A/B/D subunits [8, 62],
although some interneurons seem to lack an NMDAR
component of the excitatory postsynaptic potential
(EPSC) [64]. Our results demonstrate that excitatory syn-
apses showed a large heterogeneity of synaptic GluN1
content amongst interneuron dendrites, but some synap-
ses contained more GluN1 immunoparticles than the
most labelled excitatory synapses on spines. In addition,
NMDARs show a lower degree of size-dependent
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variability than spines. These findings are consistent with
earlier studies using post-embedding quantitative immu-
nogold [18, 19] and are also in line with the high variabil-
ity in the NMDA component as reported in
electrophysiological studies [64–66].

Several lines of evidence suggest that the dysfunction
of interneurons is a major factor causing network alter-
ations associated with cognitive deficits in AD [67–73].
Consistent with this GABAergic loss of function, con-
vincing evidence demonstrates the distinct vulnerability
and selective degeneration of different interneuron popu-
lations in both animal models and human tissue from
AD patients [74–77]. An interesting finding of our study
is that synaptic GluN1 in interneuron dendrites shows
different vulnerability to tauopathy injury. We demon-
strated that NMDARs are significantly decreased in
excitatory synapses established on interneurons dendrites
in the so and sr of the hippocampus, but no notable
alterations were observed in the slm. These differing
observations may represent cell type- and layer-specific
differences in response to tau accumulation and may be
dependent on the NMDAR subunit composition. In nor-
mal conditions, recent reports have established that syn-
aptic function depends on the GluN2 subunit and the
interneuron type [78]. Further studies evaluating the con-
tribution and alteration GluN2A-D subunits in interneu-
rons in tauopathy are required. Regardless of the role
played by GluN2, any loss of GluN1 as described in find-
ings from our work will result in the removal of the inhib-
itory force, thus potentially increasing the excitotoxic
effects of NMDAR activation and causing hyperactivity
through disinhibition. In agreement with our finding, pre-
vious studies have also demonstrated that disruption to
inhibitory cells underlies hyperactivity in mouse models
of AD [68, 69, 79, 80], as well as in AD patients with
mild cognitive impairment [81–84].

4.4 | Extrasynaptic NMDAR content in
pyramidal cells and interneurons in P301S mice

NMDARs are not only found at synaptic sites but also at
extrasynaptic locations [21]. It is widely accepted that the
subcellular localisation of NMDARs determines their
physiological roles. Consistent with this idea, synaptic
NMDARs tend to promote synaptic plasticity and neuro-
nal survival, while extrasynaptic NMDARs promote
neuronal death, synaptic plasticity failure and memory
loss [85–87]. In addition to their high density at excit-
atory synapses, an interesting finding of our study is that
immunoparticles for GluN1 were also detected at extra-
synaptic membrane compartments, although at low den-
sities, in both pyramidal cells and interneurons, in
agreement with previous studies using post-embedding
immunogold techniques [20, 88]. This extrasynaptic label-
ling is significantly higher than background labelling.
More importantly, our quantitative analysis in P301S

mice showed that, contrary to the reduction of synaptic
NMDARs, labelling density for GluN1 at extrasynaptic
sites was unaltered in pyramidal cells and interneurons,
but an increased density in interneuron dendrites of the sr
was observed when comparing WT with P301S mice.
Consistent with this effect of the occurrence of hyperpho-
sphorylated tau, recent studies in tau knockout mice have
demonstrated that the absence of tau leads to a decrease
in functional extrasynaptic NMDA receptors in the hip-
pocampus [89].

Overall, our data identified a shift in the balance from
synaptic towards extrasynaptic NMDARs. While many
extrasynaptic NMDARs may be in transit to/or from
synapses acting as a reserve pool for synaptic receptors,
the presence of many immunoparticles far away from
excitatory synapses suggest that many receptors are in
extrasynaptic sites for specific functions [90]. The distri-
bution of synaptic versus extrasynaptic NMDARs may
be an important parameter that determines the suscepti-
bility of neurons to toxic insults. The unbalance between
synaptic versus extrasynaptic NMDARs described in our
work may be involved in promoting neuronal death effect
associated with tau accumulation under pathological
conditions. Therefore, therapeutic targeting of extrasy-
naptic NMDARs could be a promising strategy.

In summary, our study is the first to identify and visu-
alise a synaptic decline of NMDARs on both pyramidal
cells and interneurons in tau-associated pathology. Tau
toxicity predominantly impacts excitatory synapses on
pyramidal cells, as well as many excitatory synapses on
interneurons. This could cause changes in the balance
between excitatory and inhibitory neurotransmission
leading to abnormal network activity of the hippocampal
circuit. The combination of such synaptic failures with
the disruption in the synaptic/extrasynaptic balance is
likely to be key contributors to the cognitive dysfunctions
associated with the P301s mouse model. Therefore, our
findings provide new therapeutic opportunities, focused
on enhancing neuronal inhibition and targeting of extra-
synaptic NMDARs, which may lead to modification of
disease progression.
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