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Abstract

BACKGROUND: Synaptic and extrasynaptic distribution of N-methyl-D-aspartate
receptors (NMDARs) has not been addressed in the brain from Alzheimer’s disease
(AD) subjects, despite their contribution to neurodegeneration.

METHODS: We have developed a protocol to isolate synaptic and extrasynaptic mem-
branes from controls and AD frontal cortex. We characterized the distribution of the
NMDAR subunits GIuN2B, GIuN2A, GluN1, and GIuN3A, as well as post-translational
modifications, such as phosphorylation and glycosylation.

RESULTS: Lower levels of synaptic GIuN2B and GIuN2A were found in AD fractions,
while extrasynaptic GIuN2B and GluN1 levels were significantly higher; GIuUN3A distri-
bution remained unaffected in AD. We also identified different glycoforms of GluN2B
and GIuN2A in extrasynaptic membranes. Synaptic Tyr1472 GIuN2B phosphorylation
was significantly lower in AD fractions.

DISCUSSION: Reduction of synaptic NMDAR subunits, particularly for GIuN2B, is
likely to contribute to synaptic transmission failure in AD. Additionally, the increment
of extrasynaptic NMDAR subunits could favor the activation of excitotoxicity in AD.

KEYWORDS
Alzheimer’s disease, extrasynaptic, GIuN1, GIuN2A, GIuN2B, GIuN3A, human, NMDA, Tyr1336,
Tyr1472
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1 | BACKGROUND

N-Methyl-D-aspartate receptors (NMDARs), cation channels gated by
the neurotransmitter glutamate, are essential mediators of synaptic
transmission and many forms of synaptic plasticity.! NMDARs dis-
plays unique properties that depend on their subunit composition,
but few studies have employed human brain tissues to examine their
distribution.! Furthermore, the characterization of NMDAR diversity
under neuropathological conditions such as Alzheimer’s disease (AD)
has not been fully addressed in human tissue, despite the fact that
memantine, a drug that binds weakly to the ion channel, is used in AD
therapy.?

Functional NMDARs are tetramers composed of different subunits,
GluN1, GIuN2(A-D), and GIuN3(A-B). Endogenous NMDARs are di-
heteromers composed of two obligatory GIuN1 subunits and two
GIuN2 or GIuN3 subunits, which finally assemble as a dimer of dimers3
although NMDARs are also able to assemble as tri-heteromers.*
In the brains of adult mice and adult human together with GIuN1,
the main subunits are GIuN2A and GIuN2B,"> which have a large
N-terminal extracellular domain that contains the binding sites for glu-
tamate and co-agonists D-serine or glycine, necessary for the effective
activation of NMDARs.® The NMDAR intracellular domains interact
with the intracellular post-synaptic density protein-95 (PSD-95) adap-
tor protein,” and the C-terminal of ApoER2, a receptor that binds
apolipoprotein E (apoE) and reelin.8? Additionally, NMDAR subunit
ectodomains are robustly glycosylated, as N-glycosylation is required
for the efficient surface expression of NMDAR in neurons (reviewed in
Ref.10),

The trafficking and synaptic expression of NMDARs are also tightly
regulated by Src a family of protein tyrosine kinases, including Fyn, via
direct phosphorylation in tyrosines located within the long intracel-
lular C-terminal domains of GIuN2 subunits.’ Three major tyrosines
in the GIuN2B C-terminal tail have been identified by site-directed
mutagenesis as Fyn phosphorylation sites: Tyr1472, Tyr1336, and
Tyr1252. Phosphorylation of GIuN2B at Tyr147212 strengthens the
interaction between NMDARs and PSD-95 and prevents their bind-
ing to the endocytic adaptor AP2, enhancing the synaptic clustering
and activity of GIuN2B-containing NMDARs.® Tyr1472 phospho-
rylation and GIuN2B interaction with PSD-95 stabilize NMDAR in
the synaptic plasma membrane and prevent it from being endocy-
tosed or translocated to extrasynaptic membranes. GIuUN2B is also

* New protocol to isolate synaptic and extrasynaptic membranes from the human

Low GluN2B and GIuN2A levels in Alzheimer s disease (AD) synaptic membranes.
High GIuN2B and GluN1 levels in AD extrasynaptic membranes.

* Specific glycoforms of extrasynaptic GIluN2B and GIuN2A.

Low phosphorylation at Tyr1472 in synaptic GIuN2B in AD.

phosphorylated at Tyr1336 by Fyn, an event that has been associ-
ated with enrichment of GIuN2B-containing receptors in extrasynaptic
membranes!*1> and low colocalization with PSD-95.2¢ The role of
Tyr1252 phosphorylation is yet unknown.

Synaptic NMDARs are directly involved in excitatory neurotrans-
mission, plasticity, and pro-survival activity, whereas stimulation of
extrasynaptic NMDARs causes a loss of mitochondrial membrane
potential, an early marker for glutamate-induced neuronal damage,
and cell death.!* Chronic activation of extrasynaptic GIuN2B and
GIuN2A-containing NMDARs leads to excitotoxicity, while the GIUN3A
subunit is considered preventive against excitotoxicity.>”:18

Sustained NMDAR hyperactivity and Ca?* dysregulation lasting
from months to years is likely related to AD development.!? In
this context, two key proteins for the pathophysiology of the dis-
ease, tau, a microtubule-associated protein, and amyloid-g, AS, the
principal component of senile plaques, have been associated with
NMDAR impairment. Dysregulated tau phosphorylation negatively
affects synaptic NMDAR-glutamatergic signaling (reviewed in Ref.2°).
Ap causes NMDAR dysregulation by loss of Ca2* homeostasis, which is
related to early cognitive deficits, and both AB oligomers and NMDAR
impairment contribute to synaptic dysfunction in AD.21-23

This study is the first to characterize the levels of GIuN2B, GIuN2A,
GIuN1, and GIuN3A subunits in the brain of AD subjects, discriminat-
ing between synaptic and extrasynaptic membranes and addressing
post-translational modifications, specifically phosphorylation, and gly-
cosylation. Analyzing frontal cortices from AD patients and brain
cortices from two mice models of AD, Tau301S, and APP/PS1, we
now report changes in the distribution of NMDAR subunits between
synaptic and extrasynaptic fractions.

2 | METHODS

2.1 | Human brain simples

This study was approved by the ethics committee of both, the Univer-
sidad Miguel Hernandez de Elche and the Departamento de Salud de
Alicante - Hospital General (Spain), and it was carried out in accor-
dance with the WMA Declaration of Helsinki. Brain samples (frontal
cortex, Brodmann area 8) and data from patients included in this study
were provided by the Biobank HUB-ICO-IDIBELL (PT20/00171),



ESCAMILLAET AL.

Alzheimer’s &Dementia® | s

integrated into the ISC-IIl Biobanks and Biomodels Platform and
they were processed following standard operating procedures with
the appropriate approval of the Ethics and Scientific Committees.
Cases with AD-related pathology were considered those showing neu-
rofibrillary tangles (NFT) and/or senile plaques with the distribution
established by Braak and Braak at the post mortem neuropathological
examination.?* These were categorized as Braak stages -1, n =8, 1
female/7 males, 63 + 5 years; Braak stages IlI-1V, n = 9, 4 females/5
males, 78 + 7 years; and Braak stages V-VI, n = 8, 3 females/5 males,
76 + 6 years. Taking together from Braak I-VI n = 25, 8 females/17
males, 72 + 9 years. Cases at stages |, II, and Il did not have cognitive
impairment; three cases at stage IV had moderate cognitive impair-
ment, and cases at stages V and VI all suffered dementia. Special care
was taken not to include cases with combined pathologies to avoid
bias in the pathological series. Non-demented subjects, n = 14, 4
females/10 males, 56 + 10 years. The mean post mortem interval of the
tissue was 7.1 hin all cases, with no significant difference between the

subgroups. See Table S1 for summarized details.

2.2 | Mice

The APP/PS1 mouse model of AD initiates A3 deposits, astrogliosis and
learning deficits at 6 months of age, all of which increase with age. In
this study APP/PS1 mice of 12 months of age were used (n = 22, all
males). The TauP301S mouse model of tauopathy accumulate pTau/Tau
at 6 months of age in the hippocampus, but until 9 months, when
these mice were used, they do not show a decrease in PSD95 and
GIuR2, and an increase in GFAP, that indicates hippocampal pathology
(nmale = 13,nfemale = 17).

2.3 | Subcellular fractionation protocol

Human frozen frontal cortices were cut into pieces (100 mg) trying
to avoid white matter and excess of vascular tissue. When the proto-
col was performed in mouse brain tissue, whole frontal cortices were
used (~20 mg). Each piece was homogenized in 100 uL for human
samples or 200 uL for mouse samples of homogenization buffer (ice-
cold sucrose buffer containing 0.32 M sucrose, 10 mM Tris-HCI (pH
7.4), 1 mM NazVOy, 1 mM NaF, 1 mM HEPES, 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 1 mM EGTA, protease, and phosphatase
inhibitors) in a 1.5 mL eppendorf using a Heidolf homogenizer (10
strokes). The subsequent centrifugations were all performed at 4°C.
Cortical homogenates (Ho) were centrifuged at 1000xg for 10 min to
obtain a nuclear-free supernatant (5S1) and a pellet (P1) containing the
nucleus. Further centrifugation of S1 at 10,000xg for 15 min resulted
in a supernatant that contained cell cytosol and microsomes (S2) and
a pellet (P2) of plasma membranes. P2 was incubated with homoge-
nization buffer containing 1% TX-100 (w/v) for 20 min in rotation at
4°C and then centrifuged at 32,000xg for 20 min. The supernatant
fraction collected contained extrasynaptic membranes, which include

non-synaptic membranes and presynaptic membranes (extrasynaptic
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RESEARCH IN CONTEXT

1. Systematic review: Unbalanced N-methyl-D-aspartate
receptor (NMDAR) distribution in synaptic and extrasy-
naptic membranes is crucial for Alzheimer’s disease (AD).
Most evidence accumulated on this topic is based on
transgenic models and does not discriminate between
synaptic and extrasynaptic membranes. We include these
publications and those performed in synaptosomes from
the human brain.

2. Interpretation: The value of our study lies in the first
characterization of NMDAR subunit distribution in the
human cortex from controls and AD subjects, with spe-
cial emphasis on the description of extrasynaptic NMDAR
subunits.

3. Future directions: Additional studies could address the
following questions: (A) We have identified specific gly-
coforms of GIuN2B and GIuN2A in extrasynaptic mem-
branes. Further investigation is needed to know whether
these subunits are functional and contribute to excito-
toxic mechanisms. (B) Some authors point to a decrease
of GIuUN3A subunit in AD, but we observed no changes in
its distribution. More studies are needed to clarify its role
in AD.

fraction, ExsynF); the pellet fraction, containing the insoluble fraction,
was solubilized in RIPA buffer. This pellet was mainly composed of post-
synaptic densities and therefore, post-synaptic membranes (synaptic
fraction, SynF). Finally, ultracentrifugation at 100,000xg for 1 h of S2
fraction made it possible to discriminate microsomal (solubilized in
RIPA buffer, P3) and cytosolic fractions (S3).

2.4 | Western blotting

Brain fractions were run on sodium dodecy! sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (7.5% Tris-glycine) after boiling at
98°C for 5 min in 6x Laemmli sample buffer. Proteins were trans-
ferred by electrophoresis to nitrocellulose membranes for 1 h at
100 V. Primary antibodies were used against GIuN2B C-terminal
(mouse, 1:800, Invitrogen MA1-2014), GIuN2A C-terminal (rabbit,
1:800, Invitrogen A6473), phospho-Tyr1472-GIuN2B (rabbit, 1:800,
Phosphosolutions, p1516-1472), phospho-Tyr1336-GIuN2B (rabbit,
1:800, Phosphosolutions p1516-1336), GluN1 N-terminal (guinea
pig, 1:1000, Alomone AGP-046), GIuN3A -Ct (rabbit, 1:1000, Mil-
lipore 07-356), PSD-95 (goat, 1:1500, Abcam ab12093), synapto-
physin (mouse, 1:1000, Proteintech 60191-1-lg), CaMKll« (rabbit,
1:1000, Proteintech 20666-1-AP), TGN46 (rabbit, 1:1000, Proteintech
AB10597396), GFAP (mouse, 1:1000, Thermofischer MA5-12023),
EEA1 (mouse: 1:1000, Hybridoma Bank PCRP-EEA1-1F8) and finally
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a-tubulin (1:4000, Sigma-Aldrich), as a loading control. Primary anti-
body binding was visualized with fluorescent secondary antibodies
(IRDye, 1: 10000, Bonsay), and images were acquired using an Odyssey
CLx Infrared Imaging system (LI-COR Biosciences GmbH).

2.5 | Immunoprecipitation assays

Brain extracts (100 ug in 500 uL phosphate buffered saline [PBS])
were incubated on a roller overnight at 4°C with Protein A Sepharose
CL-4B (100 uL, Cytiva 17078001) coupled with antibodies against
GIuN2B N-terminal (rabbit, 15 uL, Alomone AGC-003), GIuN2B N-
terminal (mouse, 10 uL, NeuroMab 75-097 Clone N59/20), GIuN2A
N-terminal (mouse, 10 ul, Hybridoma Bank N327/95), or GIuN1 N-
terminal (mouse, 10 uL, Hybridoma Bank N308/48). The same number
of beads without coupled antibody was used as a negative control.
The input, bound, and unbound fractions were analyzed by Western
blotting using antibodies against the GIuN2B C-terminal (Invitro-
gen MA1-2014), GIuN2A C-terminal (Invitrogen A6473) and GIluN1
N-terminal (Alomone AGP-046).

2.6 | Enzymatic deglycosylation assays

Enzymatic deglycosylation was performed using an Agilent Enzymatic
Deglycosylation Kit (Agilent Technologies, GK80110) following the
manufacturer’s instructions. Briefly, 100 ug of control or AD brain
extract (SynF or ExsynF) was mixed with 10 uL incubation buffer and
2.5 uL denaturing buffer (both provided by the kit) and heated at 100°C
for 5 min. Then, samples were cooled down to room temperature and
2.5 uL of detergent (15% w/v, NP-40) was added while mixing gently.
Sialidase (1 uL), O-glycanase (1 uL), or N-glycanase (1 uL) enzymes were
added to the samples and then heated at 37°C for 3 h.

2.7 | Lectin binding assays

SynF and ExsynF samples (50 ug) were incubated overnight at 4°C
with lectins immobilized in agarose beads (100 uL), either Con A lectin
(from Canavalia ensiformis; Sigma) or wheat germ agglutinin (WGA)
lectin (from Triticum vulgaris, Sigma). After centrifugation at 3000xg for
1 min, the supernatant containing the unbound fraction was analyzed
by Western blot. The proportion of unbound protein was calculated

with respect to the total input.

2.8 | Statistical analysis

The distribution of data was tested for normality using a D’Agostino-
Pearson test. Analysis of variance (ANOVA) was used for parametric
variables and the Kruskal-Wallis test for non-parametric variables
for comparison between groups. A Student’s t-test for parametric

variables and a Mann-Whitney U test for non-parametric variables

were employed for comparison between two groups and for deter-
mining p values. For unpaired Student’s t-test, a Welch’s correction
was employed in data with different standard deviations. Correlations
were performed by Pearson correlation coefficients for parametric dis-
tributions and Spearman correlation coefficients for non-parametric
distributions. The results are presented as the means + SEM, and all the
analyses were performed using GraphPad Prism (version 7; GraphPad
Software, Inc). p-Value < 0.05 was considered significant.

3 | RESULTS

3.1 | SynF and ExsynF in human cortex

We have designed and validated an effective fractionation proto-
col to obtain synaptic and extrasynaptic membranes from frozen
human cortex. This protocol is based on previous methods reported
by other groups, designed for mouse fresh brains.1>2> We have mod-
ified specific parameters such as Triton X-100 concentration, the use
of acetone, and incubation times in key steps. In our protocol, cortical
brain pieces were first homogenized as specified in Methods section
and in Figure 1A, to obtain a supernatant that contained cell cytosol
and microsomes (S2) and a P2 fraction of plasma membranes. P2 was
incubated with 1% (w/v) Triton X-100 and centrifuged to get a super-
natant fraction containing extrasynaptic membranes, which includes
non-synaptic membranes and presynaptic membranes (extrasynaptic
fraction, ExsynF); the pellet fraction was solubilized in RIPA buffer to
collect post-synaptic membranes (synaptic fraction, SynF). Ultracen-
trifugation of S2 fraction was used to discriminate microsomal (P3)
from cytosolic fractions (S3).

To validate this fractionation protocol in frontal cortices from con-
trols and AD samples, synaptic and non-synaptic markers were assayed
by Western blot (Figure 1B). PSD-95, a post-synaptic density pro-
tein, was mainly present in P2 and SynF, the fractions containing
synaptic membranes. Synaptophysin, a presynaptic protein, was mainly
observed in P2 and ExsynF, the fractions containing extrasynaptic
membranes, but also at the cytosolic fraction (S2). The astrocytic glial
fibrillary acidic protein (GFAP), a marker for glial cells, was mainly
present at S2 and ExsynF. Non-synaptic-related proteins, as the early
endosome-associated protein (EEA1) and the trans-Golgi network
integral membrane protein 2 (detected with the TGN46 antibody)
were enriched in S3 and P3 respectively, and not detected in SynF.
Therefore, our protocol showed a high efficiency in discriminating cell
compartments and specifically, synaptic and extrasynaptic membranes.

Since our goal was to characterize the synaptic and extrasynap-
tic distribution of NMDARs in the human cortex, it was compulsory
to ensure the integrity and preservation of the post mortem sam-
ples prior to analysis. For this purpose, we estimated the HUman
Synapse Proteome Integrity Ratio or “HUSPIR index” 2 which mea-
sures the ratio of proteolytic fragments of the NMDAR subunit GIuN2B
in SynF by immunoblots (Figure 1C). In human brain samples, par-
ticularly at synaptic membranes, GIUN2B is present as a ~170 kDa

full-length protein, but also detectable as ~150 and ~130 kDa species.
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FIGURE 1 Validation of the fractionation protocol in human post mortem cortex. (A) Scheme of the fractionation procedure indicating the
centrifugation steps and the fractions resulting from each one. P: pellet. S: supernatant. In brief, cortical homogenates (Ho) were centrifuged a
1000xg to obtain a nuclear-free supernatant (S1) and a pellet (P1) containing the nucleus. Centrifugation at 10,000xg of S1 resolved a supernatant
that contained cell cytosol and microsomes (S2) and a pellet (P2) of plasma membranes. P2 was incubated with 1% (w/v) Triton X-100 and
centrifuged at 32,000xg to obtain a supernatant fraction collected contained extrasynaptic membranes (ExsynF); the pellet fraction was
solubilized in RIPA buffer to obtain the post-synaptic membranes (synaptic fraction, SynF). Ultracentrifugation at 100,000xg of S2 fraction served
to obtain microsomal (P3) and cytosolic fractions (S3). (B). Western blot of different fractions from the fractionation protocol revealed with
antibodies against synaptic-related proteins (PSD-95, synaptophysin), astroglial cells (glial fibrillary acidic protein [GFAP]) and no synaptic
proteins associated to early endosome-associated protein (EEA1) and to Golgi apparatus (TGN46), in control and AD samples. (C) Representative
Western blot of the N-methyl-D-aspartate receptor (NMDAR) subunit GIuN2B, revealed with an antibody against the C-terminal of GIuN2B, of a
synaptic fraction from a control sample and the quantification of the HUSPIR index for all samples (controls n = 16, Braak I-1l n =8, Braak llI-1V

n=9andBraak V-VIn=28).

These two shorter bands correspond to proteolytic fragments which
increase during post mortem degradation.?” A GIuN2B full-length-
170 kDa/fragment-150 kDa ratio, or HUSPIR index, above 1 indicates
good synaptic structure integrity, which is more commonly found in
post mortem cortical regions with respect to non-cortical regions.2é The
HUSPIR index of our brain cortical samples averaged 3.85 + 1.5 (con-
trols: 4.19 + 0.4; AD: 3.65 + 0.25, p = 0.29; no differences were found
when comparing AD samples sub-grouped by Braak stages). This index
indicates a high synaptic structural integrity and an optimal quality for
biochemical analysis of our control and AD samples. Samples with a

HUSPIR index < 1 were removed from the study.

3.2 | SynF and ExsynF characterization of NMDAR
subunits

The evaluation of NMDAR subunits distribution in SynF and ExsynF
was performed by Western blot to make the discrimination of these
two fractions possible. When equal amounts of SynF and ExsynF
(10 ug) were loaded, it was clearly observed that NMDAR subunits
were more abundant in synaptic membranes. To allow a quantitative
analysis of fewer abundant extrasynaptic NMDAR subunits, we used
a five times higher concentration (50 ug) of ExsynF in all subsequent
Western blots.

We first characterized the expression of NMDAR subunits in brain
cortices from controls in S2 (50 ug; containing the cytosol and there-
fore predictably low levels), P2 (10 ug), SynF (10 ug) and ExsynF (50 ug,
Figure 2A). GIuN2B and GIuN2A full-length subunits were present at
SynF with the expected ~170 kDa molecular mass. At ExsynF, GIluN2B

and GIuN2A immunoreactivity showed an additional ~160 kDa band.
GIuN1 and GIuN3 were observed as a 120 and 130 kDa bands respec-
tively, both with the same apparent molecular mass in SynF and ExsynF.
Remarkably, GIuUN3A seemed to be an exception with respect to the
rest of NMDAR subunits, as it was more abundant at extrasynaptic
membranes, as reported by other groups in mouse brain.282? To con-
firm the identity of GIuN2B, GIuN2A, and GIuN1, in SynF and ExsynF,
we performed immunoprecipitations to pull down the NMDAR sub-
units, resolving with alternative antibodies that verified the identity
of the bands (Figure 2B). To verify the identity of the GIuUN3A band
we employed mice lacking GIUN3A (Grin3a=/~). The absence of the
GIuN3A-130 kDa band in Grin3a=/~ brain extracts, but not in those
from the wild-type, validated the identity of the GIUN3A subunit
(Figure 2C).

3.3 | Identification of GIuUN2B and GIuN2A
glycoforms

We aimed to understand why GIuN2B and GIuN2A subunits appeared
as two distinct species in extrasynaptic membranes. NMDAR subunits
are post-translationally modified by glycosylation, an adjustment key
for their function and sorting.193931 Therefore, we hypothesized that
extrasynaptic GIuN2B-160 kDa and GIuN2A-160 kDa could represent
different glycoforms of the synaptic subunits. To test this, we per-
formed an enzymatic deglycosylation assay in control and AD samples.
Enzymatic deglycosylation (N-glycanase + syalidase + O-glycanase)
of synaptic membranes induced a change in the electrophoretic
mobility of GIUN2A and GIuN2B as a result of the removal of sugars.
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FIGURE 2 Characterization of N-methyl-D-aspartate receptor
(NMDAR) subunits in SynF and ExsynF. (A) Representative blots of the
NMDAR subunits GIluN2B, GIuN2A, GluN1, and GIuN3A from
different fractions of the fractionation protocol (50 ug for S2 and
extrasynaptic membranes [ExsynF]; 10 ug for P2 and synaptic fraction
[SynF]). Black arrowheads indicate bands corresponding to ~170 kDa
GIuN2B, ~170 kDa GIuN2A, ~120 kDa GluN1 and ~130 kDa GIuN3A
in each blot. White arrowheads indicate ~160 kDa bands of GIuN2B
and GIuN2A. (B) Immunoprecipitations (IP) of SynF and ExsynF of
control samples. IP of GIuN2B (antibody GIuN2B N-terminal, rabbit,
10 uL, Alomone AGC-003); revealed with antibody against GIuN2B
C-terminal (mouse, 1:800, Invitrogen MA1-2014). IP of GIuN2A
(antibody GIuUN2A N-terminal, mouse, 100 uL supernatant,
HybridomaBank N327/95) revealed with antibody against GIuN2A
C-terminal (rabbit, 1:800, Invitrogen A6473). IP of GIuN1 (antibody
GIluN1 N-terminal, guinea pig, 10 uL, Alomone AGP-046) revealed
with antibody against GIuN1 N-terminal (mouse, 30 uL supernatant,
HybridomaBank, N308/48). Bc, bound from control IP (IgG); B, bound
fraction from the IP; Input, SynF or ExsynF. (C) Western blot of brain
homogenates from a wild-type mouse (WT), a mouse lacking GIuUN3A
(Grin3a=’'~) and from control human samples (SynF and ExsynF)
revealed with GIuN3A -Ct (rabbit, 1:1000, Millipore 07-356).

Remarkably, it was only in the presence of N-glycanase when the
mobility of these subunits was affected, which suggests that their
glycosylation was mainly due to N-glycosylation. In ExsynF, the N-
deglycosylation simplified the 170 and 160 kDa bands of GIuN2B
and GIuN2A to a single immunoreactive band, the 160 kDa band
(Figure 3A). This indicated that GIuN2B and GIuN2A are expressed as
two different glycoforms. The 170 kDa form would be predominantly
found at synaptic membranes and correspond to fully glycosylated sub-
units, which are likely to be mature forms that harbor N-linked sugars.
The 160 kDa glycoform would be almost exclusively at extrasynaptic
membranes and could represent different glycoforms of synaptic
GIuN2B and GIuN2A. When N-deglycosylation was performed in AD

fractions, the NMDAR subunits exhibited similar migration change as
in controls, in both SynF and ExsynF (Figure 3B).

3.4 | Tyr1336 is the main site for GluN2B
phosphorylation

GIuN2B-170 kDa phosphorylation at Tyr1472 and Tyr1336 was ana-
lyzed in SynF and ExsynF to evaluate whether there is a prefer-
ential phosphorylation site associated with each membrane fraction
(Figure 4A). In SynF from control and AD cases (Braak stage V-
VI), GIuN2B was phosphorylated at Tyr1472 and Tyr1336, showing
higher levels of the last. Interestingly, phosphorylation at Tyr1472
was identified only in synaptic membranes and was almost unde-
tectable in extrasynaptic membranes (Figure 4B). This indicated that
GIuN2B is phosphorylated at Tyr1472 almost exclusively at synapses,
while phosphorylation at Tyr1336 occurs in synaptic and extrasynaptic

membranes.

3.5 | Synaptic and extrasynaptic distribution of
NMDAR subunits in control and AD cortex

We next compared NMDAR subunit levels in control and AD cases
sub-grouped by different Braak stages of neurodegeneration related
to AD. Quantitative infra-red Western blotting has a greater linear
range of detection than the more widely used chemiluminescent tech-
nique; however, due to the large differences in the levels of NMDAR
subunits between membrane fractions, we analyzed P2, SynF, and
ExsynF samples in separate blots to make the analysis feasible and
more reproducible. We observed the same banding pattern in synaptic
membranes and extrasynaptic membranes for all the NMDAR subunits
when comparing control and AD samples (Figure 5A). Quantification
(Figure 5B) revealed that P2 fractions expressed significantly lower lev-
els of GIuN2B in AD than control tissues when pooling all Braak stages
(58.2 + 37.0%; p = 0.0009) and in each independent stage, except
for Braak Il1-1V, that showed a tendency to decrease (67.0 + 25.6%;
p = 0.072). Similarly, GIuN2A levels were significantly lower in AD
when pooling all Braak stages (57.2 + 53.7%; p = 0.0006) and in
Braak -1V (56.1 + 9.3%; p = 0.020). GIuN1 levels were signifi-
cantly lower in AD than in controls when taking all Braak stages into
account (80.3 + 25.2%; p = 0.039), and in Braak V-VI (69.36 + 22.8%;
p = 0.041). As previously reported,32 GIuN3A levels did not change
between control and AD fractions. Since SynF contributes more to P2
signal than ExsynF, synaptic membrane levels of NMDAR subunits mir-
rored the decrease observed in P2. Both GIuN2B and GIuN2A levels
were significantly lower in all Braak stages overall relative to controls
(67.3 + 43.0%, p = 0.022; 63.2 + 44.5%, p = 0.017, respectively), and
in Braak I11-1V and V-VI stages for GIuN2A (54.4 + 33.4%, p = 0.043;
55.6 + 34.9%, p=0.050 respectively). GluN1 and GIuN3A levels did not
change in AD in overall or individual Braak stages relative to controls.
Interestingly, NMDAR subunit levels in extrasynaptic mem-

branes displayed an opposite trend to those observed in synaptic
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FIGURE 3 Glycosylation of N-methyl-D-aspartate receptor (NMDAR) subunits. (A) Enzymatic deglycosylation of synaptic fraction (SynF) and
extrasynaptic membranes (ExsynF) (3B) with N-glycanase (N), syalidase (SA), O-glycanase (OG), or a combination of them in control samples,
revealed with antibodies against Glun2B C-terminal (Invitrogen MA1-2014) and GIuN2A C-terminal (Invitrogen A6473). Black arrowheads
indicate bands corresponding to ~170 kDa GIuN2B and ~170 kDa GIuN2A. White arrowheads indicate ~160 kDa bands of GIuN2B and GIuN2A.
(B) NMDAR subunits in SynF and ExsynF fractions from control and AD cases, after N-deglycosilation (+) or in unprocessed samples (-), revealed
with antibodies against the C-terminal of GIuN2B and GIuN2A.
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FIGURE 4 Comparison of GIuN2B phosphorylation in synaptic fraction (SynF) and extrasynaptic membranes (ExsynF) between control and
Alzheimer’s disease (AD) cases. (A) Representative blots and (B) quantification of GIuN2B (total protein resolved with mouse C-terminal antibody
MA1-2014) and GIuN2B phosphorylation (P-GIuN2B) at Tyr1472 (rabbit antibody p1516-1472) and at Tyr1336 (rabbit antibody p1516-1336) in
synaptic and extrasynaptic GIluN2B-170 kDa from control and AD samples (Braak V-VI). The fluorescence of the secondary antibodies (IRDye
680RD goat anti-mouse, red; IRDye 800CW goat anti-rabbit, green) was detected with the Odyssey CLx Infrared Imaging system (LI-COR); merge
fluorescence shows co-localization (yellow). Ratio of phosphorylated GIuN2B respect to total GIuN2B levels are plotted. Cases control SynF
n=9-11; control ExsynF n=8-11; AD SynF n = 11-20; AD ExsynF n = 11-14. Observe the different Y scale for ExsynF graphs. *p < 0.05,

**p < 0.001 with respect to control, t-test.
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FIGURE 5 Distribution of N-methyl-D-aspartate receptor (NMDAR) subunits in membrane-containing fractions from control and Alzheimer’s
disease (AD) cases. (A) Representative Western blots of NMDAR subunits in membrane fraction (P2, 10 ug), synaptic fraction (SynF, 10 ug) and
extrasynaptic fractions (ExsynF, 50 ug) from control and AD samples (Braak V-VI). Tubulin was used to normalize quantifications. (B)
Quantification of NMDAR subunits levels at different Braak stages and all Braak stages together (AD: Braak stages I-VI) expressed as percentage
respect to controls. GIuN2B-170 kDa and GIuN2A-170 kDa levels were measured in P2, SynF and ExsynF; GIuN2B-160 kDa and GIuN2A-160 kDa
were measured in ExsynF only. *p < 0.05, **p < 0.01, ***p < 0.001 respect to control, t-test; #p < 0.01 analysis of variance (ANOVA) one-way
comparing control and all Braak stages. Cases control P2 n = 10-13; control SynF n = 10-14; control ExsynF n = 10-12; AD P2 n = 18-22; AD
SynF n=21-24; AD ExsynF ADn=17-24.
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FIGURE 6 GIuN2B phosphorylation from control and Alzheimer’s disease (AD) cases comparing synaptic fraction (SynF) and extrasynaptic
membranes (ExsynF). (A) Representative Western blots of GIuN2B, phospho GIuN2B Tyr1472, and phospho GIuN2B Tyr1336 in SynF and ExsynF
of controls and AD (Braak V-VI) samples. (B) Quantification of GluN2B-170 kDa phosphorylation at SynF (phospho Tyr1472, phospho Tyr1336)
and at ExsynF (phospho Tyr1336). Levels of phosphorylated GIuN2B were normalized to total GIuN2B and estimated as in Figure 4. *p < 0.05 AD v
control, t-test. Cases control SynF n = 15-17; control ExsynF n=13; AD SynF n=17-22; AD ExsynF n=19.

membranes, suggesting a subcellular redistribution in AD cases
(Figure 5B). Extrasynaptic GIuN2B-170 kDa levels were higher in
AD overall (146.5 + 55.6%; p = 0.016) and in most individual Braak
stages compared to controls. Notably, the glycoform GIuN2B-160 kDa
displayed higher levels only at Braak V-VI (169.5 + 58.0%; p = 0.010).
Extrasynaptic GIuN2A-170 kDa levels showed a tendency to be
higher overall in AD than controls (134.8 + 56.8%; p = 0.098), and the
160 kDa glycoform was significantly more abundant in Braak stages
I-1l compared with controls (123.5 + 30.8%; p = 0.050), and a tendency
in Braak stage V-VI (120.4 + 27.7%; p = 0.076). Extrasynaptic GIuN1
was significantly higher in overall AD (137.3 + 49.9%; p = 0.039).
Remarkably, GIUN3A, the unique NMDAR subunit that is more abun-
dant in ExsynF membranes than in SynF, did not show any change in
ExsynF from AD tissues.

To confirm that changes in NMDAR subunits levels were related to
the pathology of each group rather than to the age, we performed cor-
relations in controls and at each Braak stage. No association between
age and the levels of any NMDAR subunit was found in P2 and SynF
in control or Braak stages. In ExsynF, a positive correlation was found
in Braak V-VI for GIuN2A (p = 0.037, Pearson) and GIuN2B-160 kDa
(b = 0.008, Pearson). This indicated that the higher levels of these
subunits were found in the oldest subjects at the late stages of the
pathology. In control ExsynF GIuUN2A-160 kDa and control and Braak |-
Il stage ExsynF Glun3A, levels correlated with age (p = 0.0358; positive
correlation, Pearson; p =0.050, negative correlation, Pearson; p=0.037,
negative correlation, respectively) although it did not seem to affect
quantification (see Figure 5). We also analyzed the correlation between
NMDAR subunit levels and the gender of the individuals, but no asso-
ciation was found in any group. There was no correlation between
age and GIuN2B phosphorylation at either Tyr1472 or Tyr1336 in any
group.

3.6 | Low Tyr1472 phosphorylation at synaptic
GIluN2B in AD cortex

We then examined the phosphorylation pattern of GIuN2B-170 kDa
between controls and different Braak stages of AD (Figure 6A). The

only significant difference was an overall lower GIuN2B phosphoryla-
tion at Tyr1472 in SynF of AD tissue relative to controls (88.1 + 15.3%;
p = 0.043); phosphorylation at Tyr1336 remained unchanged. In
ExsynF, no changes were observed between control and AD fractions
in Tyr1336 phosphorylation (Figure 6B). Phosphorylation at Tyr1472
was too weak to be evaluated in ExsynF, as mentioned before. This
finding suggests that the stabilization of GIUN2B at synapses could be
compromised in AD due to low levels of Tyr1472 phosphorylation.

3.7 | N-glycosylation is altered in extrasynaptic
GIuN2B and GIuN2A in AD cortex

Modifications of N-glycosylation have been reported in AD for many
glycoproteins; consequently, we evaluated whether the glycosylation
of NMDAR subunits is affected. To this end, SynF and ExsynF from con-
trols and AD samples (Braak V-VI) were incubated with lectins, which
bind to specific carbohydrates linked to protein residues. We employed
two agarose-immobilized lectins, Con A (binds mannose/glucose) and
WGA (binds N-acetyl-D-glucosamine and sialic acid residues), that pre-
viously have demonstrated a saccharide-specificity and high affinity
for NMDAR subunits.?! After incubation, the levels of unbound glyco-
forms were determined by Western blot (Figure 7A) and quantified for
each lectin. The unbound fractions of GIuN2B-170 kDa and GIuN2A-
170 kDa were measured only in SynF, as the affinities of either Con
A or WGA lectins for these subunits were so high in ExsynF that it
made it difficult to quantify the unbound fraction, due to its weakness
in the immunoblot. In SynF the percentages of GIuUN2B, GIuN2A, and
GIuN1 unbound to lectins showed no differences among controls and
AD (Figure 7B). Likewise, ExsynF GIuN1 unbound fraction to ConA and
WGA was similar in controls and AD. GIuN3A affinity for Con A and
WGA lectins was so high in SynF and ExsynF from both control and
AD samples that the unbound fraction was quite weak; therefore, it
was not quantified either. Statistical differences were found only in
the ExsynF GIuN2B-160 kDa and GIuN2A-160 kDa, both with lower
unbound percentages to Con Ain AD fractions with respect to controls,
indicating a higher affinity for this lectin. This suggests a specific AD-
related alteration in the glycosylation of these extrasynaptic GIuN2B
and GIuN2A glycoforms.
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FIGURE 7 N-Methyl-D-aspartate receptor (NMDAR) subunits interaction with N-glycan lectins. (A) Representative Western blots for
GIuN2B, GIuN2A, GIluN1, and GIuN3A of unbounds and inputs of synaptic fraction (SynF) and extrasynaptic membranes (ExsynF) fractions after
incubation with wheat germ agglutinin (WGA) and Con A lectins, from control and Braak stage V-VI samples. (B) Quantification of SynF and
ExsynF unbound fraction to WGA or Con A lectins from control and AD samples, with respect to the input fraction (SynF or ExsynF respectively)
expressed as percentage (%). Data represent SynF GIuN2B-170 kDa, SynF GIuN2A-170 kDa, SynF GluN1, ExsynF GIuN2B-160 kDa, ExsynF
GIuN2A-160 kDa, and ExsynF GIuN1. Values represent percentage unbound + standard deviation. Control SynF n =5, controls ExsynF n=7;

Braak V-VI SynF n= 6, Braak V-VI ExsynF n = 7. nd, not determined.

3.8 | NMDAR subunits distribution in mice models

Finally, we used two mouse models to determine whether dysfunc-
tion in AD key proteins, tau and APP, could be related to changes
in NMDAR subunits distribution among synaptic and extrasynaptic
membranes. The same fractionation protocol was used, yielding a high
discrimination among cytosolic, synaptic, and extrasynaptic fractions
(Figure 8A). In all immunoblots, mouse NMDAR subunits were iden-
tified at similar molecular mass than in human samples, but ExsynF
GIuN2B and GIuN2A were resolved as a unique band. The first trans-
genic line used, TauP301S is a tauopathy model that expresses the
human P301S mutant tau protein and is characterized by neurofibril-
lary pathology and neurological manifestations.3® At 9 months of age,
a decrease was observed in SynF GIuN2B (62.3 + 27.6%; p = 0.009),
SynF GIuN1 (62.2 + 27.6%; p = 0.009), and ExsynF GIuN3A levels
(62.2 + 31.3%; p = 0.014) when compared with those in wild-type
mice (Figure 8B, C). This resembles somehow what occurs in AD
samples and suggests that tau phosphorylation could be involved in
GIuN2B/GIuN1 and GIUN3A/GIuN1 retention at their main synaptic
locations. A second transgenic model, the APP/PS1 mouse,>* develops
amyloid plaques pathology, astrogliosis, and learning deficits start-
ing at 7 months of age.3>3¢ In this model, at 12 months of age only
GIuN1 levels were affected, in both SynF (33.2 + 4.3%; p = 0.0317)
and ExsynF (57.3 + 24.6%; p = 0.003), compared with wild-type con-

trols (Figure 8B, D). In any of these mouse models, phosphorylation of
GIuN2B was affected, suggesting that Fyn kinase activity may not been

altered in these transgenic mice.

4 | DISCUSSION

For the first time, we have described the distribution of the main four
NMDAR subunits -GIuN2B, GIuN2A, GIuN1, and GIuN3A- between
synaptic and extrasynaptic membranes in the human cortex. The dif-
ferent nature of these membranes makes it possible to use biochemical
fractionation protocols and separate synaptic membranes, defined
as plasma membrane of the post-synaptic density, and extrasynap-
tic membranes, which include spine necks, dendritic shafts, or somas,
which are further away from the post-synaptic density.3”-3¢ We have
characterized the distribution of NMDAR subunits, as well as the
phosphorylation, and glycosylation levels in membrane fractions from
controls and AD subjects.

We have found that in the human brain, GIuN2B, GIuN2A, and
GIuN1 subunits are enriched in synaptic membranes, while GIuUN3A
predominates in extrasynaptic membranes, as previously reported
in mouse brains due to lower stabilization at synaptic sites.3? Early
reports established that GIuN2B-containing NMDAR is mainly extrasy-
naptic, while GluN2A-containing NMDAR is mainly synaptic.*%41 This
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FIGURE 8 N-Methyl-D-aspartate receptor (NMDAR) subunit levels and GIuN2B phosphorylation in Alzheimer’s disease (AD) mouse models
TauP301S and APP/PS1. (A) The fractionation protocol in wild-type mice (WT) and transgenic mice (Tg) cortex was the same as that described for
human samples in Figure 1. Representative Western blot of S2, P2, synaptic fraction (SynF), and extrasynaptic membranes (ExsynF) fractions from
WT and TauP301S mice (Tg) developed with antibodies against Glun2B, post-synaptic density95 (PSD95), synaptophysin, and glial fibrillary
astrocytic protein (GFAP); similar patterns were obtained for APP/PS1 mice (not shown). (B) Representative Western blots of NMDAR subunits in
SynF and ExsynF from WT and TauP301S mice (Tg); and from WT and APP/PS1 mice (Tg), as indicated. (C) Quantification of GIuN2B, Tyr1472
phosphorylation of GIuN2B (P-GIuN2B Tyr1472), Tyr1336 phosphorylation of GIuN2B (P-GIuN2B Tyr1472), GIuN2A, GluN1, and GIuN3A levels
in SynF and ExsynF from WT and TauP301S mice (Tg). WT SynF n = 6-13, WT ExsynF n = 12-13, Tg SynF n = 6-12, Tg ExsynF nn = 12. (D)
Quantification of GIuN2B, Tyr1472 phosphorylation of GIuN2B (P-GIuN2B Tyr1472), Tyr1336 phosphorylation of GIuN2B (P-GIuN2B Tyr1472),
GIuN2A, GIuN1, and GIuN3A levels in SynF and ExsynF from WT and APP/PS1 mice (Tg). WT SynF n = 5-10, WT ExsynF n = 5-10, Tg SynF

n=>5-10; Tg ExsynF n=5-10.**p < 0.01 respect to WT.

led to the notion that extrasynaptic GluN2B-containing NMDAR drives
long-term depression and excitotoxicity, while GIuN2A-containing
NMDAR mediates for long-term potentiation (LTP) and survival cell
signaling.*2 However, this oversimplified idea was challenged by
studies that found that GIuUN2B and GIuN2A subunits are present
in both synaptic and extrasynaptic membranes.*> Furthermore, acti-
vation of synaptic and extrasynaptic NMDARs is equally capable of
inducing excitotoxicity,** and synaptic GIuN2A-containing NMDAR
is also necessary to induce excitotoxicity.*> Results may have differed
along the studies because of different protocol conditions and lack of
pharmacological/biochemical tools to definitively distinguish NMDAR
subtypes; additionally, the employment of different neurodevelop-
mental stages in mice can also contribute to discrepancies in the
interpretations.*®

Despite discrepancies, an imbalance between synaptic and extrasy-
naptic NMDAR activity has been considered as a possible pathogenic
factor for neurodegenerative diseases, and a major contributing fac-
tor to glutamatergic dysfunction and pathogenesis in AD.*¢47 Our
approach to study NMDAR subunits distribution in synaptic and
extrasynaptic membranes, while not feasible using crude membrane
preparations, uncovered relevant differences between controls and
AD, particularly for GIuN2B, and at specific neurodegenerative stages
related to AD.

At synaptic membranes, the levels of the canonical GluN2B-170kDa
subunit were significantly lower in AD fractions compared with con-
trols; but higher at extrasynaptic membranes. Similarly, the canonical
GIuN2A-170 kDa was less abundant in AD synaptic membranes and
showed a tendency to increase in extrasynaptic membranes. GIuN1
levels were similar at synaptic membranes in controls and AD, but at
extrasynaptic membranes, levels were higher in AD. As an exception,
GIuN3A levels were unchanged in AD. In sum, we find an impaired
distribution of NMDAR subunits levels between synaptic and extrasy-
naptic membranes in AD relative to control frontal cortex. The shift
of NMDARs toward extrasynaptic membranes could be relevant to
the excitotoxicity that is thought to be mediated by extrasynaptic
NMDARs. Chronic NMDAR stimulation lasting for months to years
has been associated with AD with increased levels of extrasynaptic
GIuN2B-containing NMDARs, which induce enlarged tonic NMDAR
currents and excitotoxicity.**? Remarkably, we have found higher lev-
els of the canonical GIuN2B-170 kDa and also of the GIuN2B -160 kDa
glycoform in Braak V-VI in extrasynaptic membranes. This suggests
that excitotoxicity could be facilitated at the late stages of AD by
GIuN2B enrichment in extrasynaptic membranes.

Differences in NMDAR subunits expression have been observed
in AD with respect to the control at different regions of the post

mortem human cortex. Transcriptomic analysis has revealed that the
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expression of GIuN1 gene, GRINI, is the most affected in the AD
brain. GRIN1 is downregulated in the temporal cortex and superior
temporal gyrus®®°1 from AD individuals. Interestingly, in the pre-
frontal cortex GRIN1 expression is modulated through AD progression,
being upregulated at early-AD pathology with respect to control, and
downregulated at late-AD pathology regarding early-AD pathology.>?
Other studies have not found changes in GRIN1 expression in the
frontal and prefrontal cortex,”®>3 or when transcriptomic analysis
is performed in astrocytes.”® Overall, these studies suggest that the
low GIuN1 protein levels observed in AD extrasynaptic membranes
could be attributed to downregulation of GRIN1 expression. Moreover,
some studies report downregulation of GRIN2B and GRIN2A mRNA
and protein levels in the hippocampus, and in the temporal entorhinal
cortex from AD individuals.>1>5-58 |n our study, GluN2B and GIuN2A
protein levels were lower in AD synaptic membranes and higher
in extrasynaptic membranes. This suggests that the more dynamic
transcriptional modifications, a key factor in regulating trafficking and
sorting of these subunits to the membrane, would be responsible for
the altered GIuN2B and GluN2A distribution in AD, rather than due to
transcriptional changes.

Deglycosylation and lectin binding analysis confirmed that GIuN2B,
GIuN2A, GIuN1, and GIuN3A are glycosylated in human cortices,
and indicated that GIUN2B and GIuN2A are N-glycosylated. N-
Glycosylation is a complex process that involves numerous enzymes.
It is a highly regulated mechanism that includes many sequential steps
controlled by the ordered actions of a variety of glycosyltransferases,
glycosidases, and other regulators in the endoplasmic reticulum and
Golgi compartments.®? It is not known which glucosyltransferases par-
ticipate in GIUN2A/B glycosylation; however, glycosylation is essential
for NMDAR-dependent electric currents%° and correct intracellu-
lar sorting. Glycosylation of AsnN675 in GIuUN2B has been identified
as a requirement for trafficking NMDARs to synapses in an activity-
independent manner.6?

Remarkably, glycoforms of GIuUN2B and GIuN2A with a lower
apparent molecular mass (GIuN2B-160 kDa and GIuN2A-160 kDa)
are found exclusively at extrasynaptic membranes in control and
AD cases. Changes in protein glycosylation have been reported in
AD,%2 even in N-linked glycosylation,®® and in specific NMDAR sub-
units such as GIuN2B, GIuN2A, and GIuN1.%* Our lectin binding
analysis demonstrated differences in extrasynaptic GIuN2B-160 kDa
and GIuN2A-160 kDa glycoforms between controls and AD, with
higher levels at Braak V-VI than in controls. This could be explained
because N-glycosylation is a post-translational modification essential
for NMDAR subunit surface delivery,© and altered glycosylation could
affect the surface expression®® and intracellular sorting®® of GIluN2B
and GIuN2A subunits. This would lead to increased levels at the
extrasynaptic membranes of these glycoforms, rather than reflecting
enhanced translocation from synaptic membranes.

We have previously described aberrant glycosylation in AD-related
proteins, such as APP” apoE,%8 reelin,®” and acetylcholinesterase,”®
as well as changes in glycosylated epitopes.”* Glycosylation changes
in NMDAR subunits could occur early or be associated with neurode-

generation progression in AD, but whether the 160-kDa glycoforms

of GIuN2B and GIuN2A modify NMDAR activity in AD should be
determined.

In this study, GIuN2B phosphorylation at Tyr1336 was significantly
high in extrasynaptic membranes compared to Tyr1472 phosphoryla-
tion. At synaptic membranes, phosphorylation at Tyr1336 and Tyr1472
were quantifiable, but at extrasynaptic membranes phosphorylation at
Tyr1472 was particularly low, making quantification difficult in both
controls and AD fractions. Tyr1336 GIuN2B phosphorylation levels
showed consistency in control and AD fractions, which means that,
independently of the different relative GIuUN2B levels in synaptic and
extrasynaptic membranes from control and AD samples, the phos-
phorylation ratio at Tyr1336 remained similar in both conditions. On
the contrary, phosphorylation levels of GIuN2B at Tyr1472 relative to
GIuN2B levels were significantly low in AD synaptic membranes; and
this suggests a non-proportional decay of phosphorylation of GIuN2B
with respect to the lower GIuN2B levels found in AD and, therefore,
a specific affectation of synaptic GIuN2B Tyr1472 phosphorylation in
AD.

It is broadly assumed that Tyr1472 is the major phosphorylation
site within GIuUN2B.”2 GIuN2B Tyr1472 phosphorylation activates and
stabilizes NMDAR in synaptic plasma membrane, which prevents it
from being endocytosed or translocated to non-clustered extrasynap-
tic membranes, and increases after LTP.”-”2 Our results suggest that the
lesser synaptic Tyr1472 phosphorylation in AD could impair GIuN2B
retention at synaptic membranes, therefore explaining the higher lev-
els at the extrasynaptic membranes. However, the proportion of the
Tyr1472 GluN2B translocated was not sufficient to be measurable, and
Tyr1336 GIuN2B was the principal subunit in ExsynF. Our study raises
questions about the role of synaptic GIuN2B Tyr1336 phosphoryla-
tion, which is thought to promote NMDAR anchoring at extrasynaptic
membranes,4-1¢ as also indicated by our findings.

Glycosylation and phosphorylation are processes mostly studied
separately; therefore, the relation between them is not fully under-
stood. Specific interrelations have been suggested for key AD proteins
such as APP%¢ and tau.”® However, the mechanistic relationship
between glycosylation and phosphorylation on GIuN2B mislocalization
remains to be explored.

Our analysis of tau and AS transgenic models only partially repro-
duced the alterations found in AD patients, suggesting that some of
the changes in NMDAR subunits observed in human AD brains are
likely to be the consequence of complex or compensatory processes
that could require the participation of more than one pathological
alteration. However, studies using tau-based mouse models point in
the same direction as our data. A shift in the balance from synaptic
toward extrasynaptic NMDARs was described in the hippocampus
of TauP301S mice at 10 months of age,”* and tau knockout mice
do not exhibit changes in NMDAR phosphorylation at Tyr1472 and
Tyr1336,1¢ suggesting that tau is not related to NMDAR phospho-
rylation, in agreement with our results. Therefore, the accumulation
of phosphorylated tau is relevant to alter NMDAR distribution, but
tau may not have a role in NMDAR phosphorylation. Furthermore,
the amyloid peptide accumulation that occurs in APP/PS1 mice

seems to affect only GIuN1 in the frontal cortex, in agreement with
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transcriptomic studies in the post mortem human brain.’°->2 How-
ever, studies in the hippocampus report low levels of GIuN2B and
GIuN2A, and no changes in GIuN1,”> but also higher levels of GIuN2B
and phosphorylated GIuN2B-Tyr1472 in the extrasynaptic fraction
from hippocampal homogenates.”® Our results suggest that, in the
frontal cortex from APP/PS1 mice, reduced levels of the obligatory
subunit GIuN1 in synaptic and extrasynaptic membranes may affect
all NMDARs, and contribute to the synaptic failure described in this
model’” driven by amyloid-beta.

In conclusion, the alterations in the NMDAR subunits distribution
described here could affect essential NMDAR functions involved in
processes such as synaptic plasticity and memory.””87? Consequently,
the aforementioned alterations may contribute to the cognitive decline
associated with normal aging and AD.2° The shift to extrasynap-
tic membranes of GIUN2B, GIuN2A and GIuN1, could explain the
exacerbated NMDA-related excitotoxicity observed in AD.
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