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Abstract
X11/Mint 1 and X11-like (X11L)/Mint 2 are neuronal adaptor
protein to regulate trafficking and/or localization of various
membrane proteins. By analyzing the localization of neuronal
membrane proteins in X11-, X11L-, and X11/X11L doubly
deficient mice with membrane fractionation procedures, we
found that deficient of X11 and X11L decreased the level of
glutamate receptors in non-PSD fraction. This finding sug-
gests that X11 and X11L regulate the glutamate receptor
micro-localization to the extrasynaptic region. In vitro coim-
munoprecipitation studies of NMDA receptors lacking various
cytoplasmic regions with X11 and X11L proteins harboring
domain deletion suggest that extrasynaptic localization of
NMDA receptor may be as a result of the multiple interactions
of the receptor subunits with X11 and X11L regulated by
protein phosphorylation, while that of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor subunits is not

dependent on the binding with X11 and X11L proteins.
Because the loss of X11 and X11L tends to impair the
exocytosis, but not endocytosis, of glutamate receptors,
NMDA receptors are likely to be supplied to the extrasynaptic
plasma membrane with a way distinct from the mechanism
regulating the localization of NMDA receptors into synaptic
membrane region. Reduced localization of NMDA receptor
into the extrasynaptic region increased slightly the phospho-
rylation level of cAMP responsible element binding protein in
brain of X11/X11L doubly deficient mice compare to wild-type
mice, suggesting a possible role of X11 and X11L in the
regulation of signal transduction pathway through extrasynap-
tic glutamate receptors.
Keywords: Alzheimer’s disease, extrasynaptic localization,
glutamate receptor, protein phosphorylation, X11/Mint 1, X11-
like/Mint 2.
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X11/Mint1/Lin-10 and X11L/Mint2 proteins are extensively
expressed in CNS neurons (Tomita et al. 1999; Motodate
et al. 2016) and contain one phosphotyrosine-binding (PTB)
and two postsynaptic density (PSD) 95/discs-large/zona
occludens-1 (PDZ) domains. The structures of X11s are
evolutionarily conserved in other animal species (Foletti et al.
1999; Hase et al. 2002), suggesting the critical functions in
neurons. The X11s regulate the intracellular membrane
trafficking of membrane proteins. In vivo, X11L associate
with amyloid b-protein precursor (APP) and inhibit its entry
into detergent-resistant membrane microregions in neurons
(Saito et al. 2008). X11 facilitates the cell surface localization
of apolipoprotein E receptor 2 (Minami et al. 2010). X11s also
regulate the trafficking of glutamate receptors in vitro (Setou
et al. 2000; Stricker and Huganir 2003; Glodowski et al.
2005). However, it is unclear if X11s regulate the plasma
membrane localization of glutamate receptors.
Glutamate receptors are classified as N-methyl-D-aspartate

(NMDA) receptors, a-amino-3-hydroxy-5-methyl-4-isoxazo-

lepropionic acid (AMPA) receptors, and kainate receptors
(Collingridge et al. 2009). Various scaffold proteins regulate
the localization of glutamate receptors to dendritic spines,
especially for AMPA receptors (Tomita et al. 2005; Waites
et al. 2009; Sumioka et al. 2011; Heisler et al. 2014; Fiuza
et al. 2017). Glutamate receptors localize in both synaptic and
extrasynaptic regions along with distinct roles. Signaling via
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extrasynaptic NMDA receptors occurs independently of
signaling through synaptic NMDA receptors, and the unreg-
ulated signals from extrasynaptic NMDA receptors activate
proapoptotic pathways (Snyder et al. 2005; Bordji et al. 2010;
Milnerwood et al. 2010; Lombroso et al. 2016). However,
little is known about the molecular mechanism(s) underlying
extrasynaptic receptor localization. Previous reports suggest
that X11s function to localize AMPA receptors (Stricker and
Huganir 2003; Glodowski et al. 2005). Here, to address the
roles of X11s in regulating the localization of NMDA and
AMPA receptors, we analyzed the micro-localization of
glutamate receptors in X11s gene-deficient mice.

Methods

Animals

Animal studies were performed based on ARRIVE guidelines
(approved #13-0096 in Hokkaido University). Mice were housed in a
specific pathogen-free environment in temperature-controlled (23°C)
room under a 12 h light and dark cycle and fed with diet and water
freely. Usually 3–6 month aged mice were used for analysis. The
original X11-KO (RRID:MGI:3611777, Mori et al. 2002) and
X11L-KO (RRID:MGI:3697817, Sano et al. 2006) mice were
backcrossed to C57BL/6J mice (RRID:IMSR_JAX:000664;
CLEA-Japan, Tokyo, Japan) more than 15 times. The respective
X11-KO and X11L-KO mice were mated to generate double-KO
mice. Almost 50% of the double-KO mice were died at postnatal day
0, thus, small numbers of double-KO mice survived during several
months were examined (Saito et al. 2008). C57BL/6J mice were
used as the WT control. Mouse genotypes were determined (Saito
et al. 2008). For X11 allele identification, the PCR primers of 5’-
tgggagggtgaacgctatac-3’ and 5’-ctcactgcgcgctcatttg-3’ was used for
WT, while that of 5’-ggaatgtttccacccaatgtcg-3’ and 5’-aggtgagatga-
caggagatc-3’ was used for the mutant. For X11L allele identification,
the PCR primers of 5’-acatagcacacggtggtgcacat-3’ (WT) and 5’-
gtcgacggtatcgataagct-3’ (mutant) were used with the common primer
5’-tgagtcctctctggaggtct-3’. The PCR products specific to the wild-
type allele show 250 bp for X11 and 550 bp for X11L, and those to
the targeted/KO allele indicate 540 bp for X11 and 310 bp for X11L
(http://www.jbc.org/content/suppl/2008/10/10/M801353200.DC1/
SupplyInfo-Saito.pdf). Mice were discriminated genetically with
individual identified numbers, and no randomization and blinding
were performed. Mice were sacrificed by cervical dislocation to
harvest brain.

Antibodies, immunoblot analysis and Phos-tag-based assay

A rabbit polyclonal anti-X11 UT153 antibody (Saito et al. 2008) was
used and this antibody can be shared upon request. Commercially
available antibodies; Mouse monoclonal anti-X11/Mint1 (1 : 500,
Cat#611028, RRID:AB_398341), anti-flotillin-1 (1 : 1000, Cat#
610821, RRID:AB_398140), anti-PSD95 (1 : 1000, Cat#610495,
RRID:AB_397861), anti-BIP/GRP78 (1 : 1000, Cat#610979, RRID:
AB_398292), anti-syntaxin 6 (1 : 1000, Cat#610636, RRID:AB_
397966), anti-N-cadherin (1 : 2000, Cat#610920, RRID:
AB_2077527), anti-GluN1(1 : 1000, Cat#556308, RRID:
AB_396353), and anti-GluN2B (1 : 1000, Cat#610416, RRID:AB_
397796) antibodies were purchased from BD Biosciences (San Hose,

CA,USA). Rabbitmonoclonal anti-X11L/APBA2 [D8A6] (1 : 1000,
Cat#12731S), anti-phosphoCREB (Ser133) [87G3] (1 : 1000, Cat#
9198, RRID:AB_2561044), and mouse monoclonal anti-CREB
[86B10] (1 : 1000, Cat#9104S, RRID: AB_10691832) antibodies
were purchased from Cell Signaling Technology Inc (Danvers, MA,
USA). Mouse monoclonal anti-FLAG M2 (1 : 2000, Cat#F1804,
RRID:AB_262044; Sigma-Aldrich, St. Louis, MO, USA), anti-GFP
(1 : 1000,Cat# 598, RRID:AB_591819; MBL, Nagoya, Japan), anti-
a-tubulin (1 : 2000, Cat#017-25031; Wako, Osaka, Japan), and anti-
synaptophysin (1 : 1000, D-4, Cat#sc-17750, RRID: AB_628311;
Santa Cruz Biotechnology, Dallas, TX, USA) antibodies were
purchased, as were rabbit polyclonal anti-GluN2A (1 : 1000,
Cat#480031; Invitrogen, Carlsbad, CA, USA), anti-GluA1
(1 : 1000, Cat#AB1504; Millipore, Berlington, MA, USA), and
anti-GluA2/3 (1 : 1000, Cat#AB1555; Millipore).

The amount of protein was measured using a bicinchoninic acid
protein assay kit (Cat#23225; Thermo Fisher Scientific, Waltham,
MA, USA), and separated with a Tris-glycin buffered sodium
dodecyl sulfate (SDS) polyacrylamide gel (8% polyacrylamide
except for Fig. 7, in which 12.5% acrylamide gel was used for
CREB and Histone H3) electrophoresis (sodium dodecyl sulfate–
polyacrylamide gel electrophoresis) and transferred onto nitrocellu-
lose membrane (P/N66485, Paul Corp., Pensacola, FL, USA) for
immunoblotting. Membranes were blocked in 5% non-fat dry milk
(barcode 4 902220 354665, Morinaga Milk Industry, Tokyo, Japan)
in TBS-T (20 mM Tris-HCl [pH 7.6], 137 mM NaCl, 0.05% Tween
20 [sc-29113, Nacalai tesque, Kyoto Japan]), probed with indicated
antibodies in TBS-T, and washed with TBS-T. Immunoreactive
proteins were detected using Clarity Western ECL substrate
(Cat#170-5061; Bio-Rad, Hercules, CA, USA) and quantitated on
an LAS-4000 (FUJIFILM, Tokyo, Japan). Results are derived from
independent experiments, and the numbers of experiments (n) are
indicated in the figure legends. Okadaic acid (OA) (158-03273;
Wako, Osaka, Japan) was purchased. Cells were lysed with HBS-T
buffer (10 mM HEPES [pH7.6], 150 mM NaCl, 0.5% Triton X-
100) including a protease inhibitor mixture (PIM) (5 lg/mL
chymostatin (Cat# 4063; Peptide Institute Osaka, Japan), 5 lg/mL
leupeptin (Cat# 4041; Peptide Institute), and 5 lg/mL pepstatin A
(Cat# 4397; Peptide Institute). The cell lysates (approximately
10 lg protein) were treated with or without lambda protein
phosphatase ([kPPase] >400 unit)(Cat# P9614; Sigma-Aldrich) at
30°C for 4 h and analyzed by sodium dodecyl sulfate–polyacry-
lamide gel electrophoresis in the presence or absence of Phos-tag
(Cat# 304; Wako). Proteins were transferred onto nitrocellulose
membrane and probed with anti-FLAG M2 antibody (1 : 2000).

Fractionation and immunoprecipitation

Mouse cerebral cortex and hippocampus tissues were homogenized
(25 strokes of a Dounce homogenizer) in eight volumes of buffer A
(5 mM HEPES [pH 7.6], 0.32 M sucrose) containing PIM and
1 mM Na3VO4 plus 5 mM NaF. The homogenate was centrifuged
at 1000 g for 10 min at 4°C. The supernatant (PNS) was collected
and centrifuged at 13 800 g for 20 min at 4°C. The precipitate (P2
fraction) was resuspended in 1 mL of buffer A and layered in a tube
containing a discontinuous gradient solution of 0.85, 1.0, and 1.2 M
sucrose in 5 mM HEPES (pH 7.6) combined with PIM and
centrifuged at 82 500 g for 2 h at 4°C (SW41Ti; Beckman Coulter,
Brea, CA, USA). The band between 1.0 and 1.2 M sucrose was
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collected as the synaptosomal fraction and diluted 3-fold with 6 mM
Tris-HCl (pH 8.0) buffer. Triton X-100 was added to a final
concentration of 0.5%, and the lysate was left on ice for 15 min. The
lysate was then centrifuged at 32 000 g for 20 min at 4°C. The
supernatant was collected as the non-PSD fraction, and the
precipitate was washed with 6 mM Tris-HCl (pH 8.0) buffer
containing 0.5% Triton X-100 and then centrifuged at 32 000 g for
20 min at 4°C. The pellet was collected as the PSD fraction and
lysed with 6 mM Tris-HCl (pH 8.0) buffer containing 0.5% Triton
X-100 and 0.5% sodium dodecyl sulfate.

For the coimmunoprecipitation study with the non-PSD fraction,
the synaptosomal preparation including 1.2 M sucrose was diluted
to 0.32 M sucrose with 5 mM HEPES (pH 7.6) buffer and
centrifuged at 13 800 g for 20 min at 4°C. The precipitate was
resuspended in 0.12 volumes of 6 mM Tris-HCl (pH 8.0) buffer.
Triton X-100 was added to a final concentration of 0.5% and
centrifuged at 32 000 g for 20 min at 4°C to remove the PSD
fraction. Antibodies were added to the non-PSD fraction and rotated
overnight at 4°C. Dynabeads protein G (Cat#10004D; Invitrogen)
were added to the mixture and further rotated for 2 h at 4°C. The
beads were washed three times with 6 mM Tris-HCl (pH 8.0) buffer
containing 0.5% Triton X-100.

For nuclear fractionation, the precipitate generated after centrifu-
gation at 1000 g for 10 min was suspended in buffer HB (10 mM
HEPES [pH 7.6] containing 10 mM KCl, 0.1 mM EDTA, 0.1 mM
EGTA, 1 mM dithiothreitol, 5 mM NaF, 1 mM Na3VO4, and
5 mM sodium pyrophosphate). After incubating on ice for 15 min,
Nonidet P-40 (NP-40) was added to a final concentration of 0.625%.
The lysate was centrifuged at 11 000 g for 1 min at 4°C. The
precipitate was washed with 0.625% NP-40 in buffer HB and
centrifuged three times at 11 000 g for 1 min at 4°C. Finally, the
precipitate was resuspended with 10 mM Tris-HCl (pH 7.4) buffer
containing 1% sodium dodecyl sulfate.

For iodixanol density gradient fractionation, mouse cerebral
cortex and hippocampus tissues were homogenized in eight
volumes of a homogenization buffer (20 mM Tris-HCl [pH 7.6],
0.25 M sucrose, 1 mM EDTA, and 1 mM EGTA) containing PIM
(25 strokes of a Dounce homogenizer), followed by passing (20
times) through a 21 G needle. The homogenate was then
centrifuged at 1000 g for 10 min at 4°C, and the supernatant
was collected (PNS). An equal volume of 50% iodixanol was
added to the PNS in a centrifugation tube, and iodixanol solutions
(20%, 18.5%, 16.5%, 14.5%, 12.5%, 10.5%, 8.5%, 6.5%, and 5%)
were layered on top, one over another. The sample was centrifuged
at 125 000 g for 20 h at 4°C (SW41Ti). Samples (500 lL each)
were collected from top to bottom and analyzed by immunoblot-
ting. Iodixanol reagents were prepared from OptiPrep 60%(w/v)
(Cat#1114542; Alere Technologyies AS, Oslo Norway).

Plasmids

The plasmids pcDNA3.1-FLAG-X11, pcDNA3.1-FLAG-X11L,
pcDNA3.1-FLAG-X11L-PTB+C, pcDNA3.1-FLAG-X11L-
N+PTB, and pcDNA3.1-FLAG-X11L-N have been described
(Tomita et al. 1999; Araki et al. 2003; Taru and Suzuki 2004).
pEGFP-N1-GluN1-GFP and pRK5-EGFP-GluN2B were provided
by R. L. Huganir. Mutant plasmids were prepared by PCR
technologies; pcDNA3.1-FLAG-X11-PTB+C encodes FLAG-X11-
PTB+C, which lacks amino acids 1–456; pcDNA3.1-FLAG-

Fig. 1 Surface-localized glutamate receptors in the brains of X11s-KO
mice. (a) Amounts of glutamate receptor subunits in the lysate and at the
surfacesof hippocampal cells fromWTandKOmice (3–4 monthsold). Total

lysate (15 lg protein) and surface proteins were separated by SDS-PAGE
(8% polyacrylamide) and analyzed by immunoblotting. Numbers indicate
molecular size (kDa). (b) Quantification of surface-exposed glutamate

receptors. The band densities of each subunit were quantified and
standardized to the density of N-Cadherin. The values were compared with
those for theWT(a referencevalueof1.0).Data represent themeans�SEs.
Statistical significance was analyzed with four mice, respectively, (n = 4;

*p < 0.05; **p < 0.01). In all figures, ‘n’ represents numbers of independent
experiment and thenumber is equal to thenumberofmice. (c)Quantification
of N-Cadherin at cell surface. The band density was quantified, and the

relative ratiowas compared toWT (a reference value of 1.0). Data represent
the means� SEs. No statistical significance was observed.
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X11DPTB encodes FLAG-X11DPTB, which lacks amino acids
453–621; pcDNA3.1-FLAG-X11DPDZ1 encodes FLAG-
X11DPDZ1, which lacks amino acids 649–739; pcDNA3.1-
FLAG-X11DPDZ2 encodes FLAG-X11DPDZ2, which lacks amino
acids 749–827; pcDNA3.1-FLAG-X11-N+PTB encodes FLAG-
X11-N+PTB, which lacks 189 C-terminal amino acids; pcDNA3.1-
FLAG-X11-N encodes FLAG-X11-N, which includes 456 N-
terminal amino acids; pcDNA3.1-FLAG-X11LDPTB encodes
FLAG-X11LDPTB, which lacks amino acids 368–555;
pcDNA3.1-FLAG-X11LDPDZ1 encodes FLAG-X11LDPDZ1,
which lacks amino acids 561–651; pcDNA3.1-FLAG-X11LDPDZ2
encodes FLAG-X11LDPDZ2, which lacks amino acids 661–739.
These plasmids are available for researchers. pcDNA3.1-GluN1 was
constructed from pEGFP-N1-GluN1-GFP. The inserted cDNA was
subjected to PCR, and the PCR product was cloned into the HindIII/
BamHI sites of the pcDNA3.1. pcDNA3.1-GluN1D834–938
encodes GluM1, which lacks amino acids 834–938. pRK5-EGFP-
GluN2BD1316–1482, pRK5-EGFP-GluN2BD1141–1482, pRK5-
EGFP-GluN2BD1011–1482, and pRK5-EGFP-GluN2BD839–1482
were constructed from pRK5-EGFP-GluN2B. The inserted cDNAs
were subjected to PCR, and the PCR products were cloned into the
XhoI/BamHI sites in pRK5-EGFP-GluN2B. pcDNA3.1-FLAG-
X11-IAQA encodes human X11 which carries AAAA amino acid
sequence substitution for 666-ILGV-669 in PDZ1 and 758-QLGF-
761 in PDZ2, and pcDNA3.1-FLAG-X11L-IAQA encodes human
X11L carries AAAA amino acid sequence substitution for 573-
ILGV-576 in PDZ1 and 665-QLGF-668 in PDZ2 (Long et al.
2005).

Cell culture, protein expression and coimmunoprecipitation

Neuro2a (N2a) cells (Cat# CCL-131, RRID: CVCL_0470: ATCC;
Manassas, VA, USA) were cultured in Dulbecco’s modified
Eagle’s medium (Cat#044-29765; Wako) supplemented with 5%
(v/v) heat-inactivated fetal bovine serum (Cat#2916754, Lot
M7466; MP Biomedicals, Solon, OH, USA). The cell line is
not listed by International Cell Line Authentication Committee
(ICLAC). Contamination was routinely tested by DNA staining
and cell morphology. Cell lines derived from mouse show a lot of
speckles in the nucleus by 4’,6-diamidino-2-phenylindole
(Cat#D9542; Sigma-Aldrich) stain, while human cell lines have
less (https://onlinelibrary.wiley.com/doi/pdf/10.1002/jcb.10235).
Furthermore, we confirm neuron-like cell differentiation in
medium without fetal bovine serum. These examinations indicate
that cells used in our study are the neuronal cell line derived from
mouse and we do not use other mouse cell lines usually, although
we cannot exclude perfectly a possibility that our N2a cell lines
may be contaminated. To express the proteins, 8 9 105 cells in a
six-well dish were transiently transfected with 0.1–1.2 lg of each
plasmid with Lipofectamine 2000 (Cat#11668019; Invitrogen),
and cultured for 24 h. Cells were washed with a phosphate
buffered saline (10 mM sodium phosphate, 137 mM NaCl,
27 mM KCl) and lysed with HBS-T (10 mM HEPES [pH 7.6],
150 mM NaCl, 0.5% Triton X-100, 5 mM NaF, 1 mM Na3VO4,
plus PIM) by rotating for 30 min at 4°C. In a separate
experiment, cells were treated with OA (400 nM) for 3 h. The
cell lysates were centrifuged at 19 000 g for 16 min at 4°C, and
the supernatant was prepared as a crude lysate. Anti-FLAG M2
affinity gel (Cat#A2220, RRID: AB_10063035; Sigma-Aldrich)

was added to the crude lysate and rotated overnight at 4°C. The
resin was washed with HBS-T, and bound proteins were analyzed
by immunoblotting.

Statistical analysis

Data are expressed as the means � SEs. Statistical differences were
assessed using one-way ANOVAs combined with the Tukey-Kramer
post hoc test and Dunnett’s test for multiple comparisons (Statcel 4;
add-in software for Excel, Microsoft, or GraphPad Prism 4 software)
or unpaired two-tailed Student’s t tests for two comparisons. A p
value of < 0.05 was considered significant. No sample size
calculation and no tests for normal distribution or outliers were
performed. The study was not pre-registered.

Results

Decreased level of surface glutamate receptor in brains of

double-KO mice

Glutamate receptors expression at the cell surface is regulated
by interactions with various proteins (Chung et al. 2004;
Tomita et al. 2005; Zhang et al. 2008; Jeyifous et al. 2009;
Waites et al. 2009; Sumioka et al. 2011; Fiuza et al. 2017)
including X11s (Setou et al. 2000; Stricker and Huganir 2003;
Glodowski et al. 2005). Because it remains unclear whether
X11s regulate the level of glutamate receptors in vivo, we
analyzed membrane localization of NMDA and AMPA
receptors in the hippocampus of X11-KO, X11L-KO, and
X11/X11L-double KO mice (Fig. 1 and Figure S1).
Total amounts of NMDA receptor subunits (GluN1,

GluN2A, and GluN2B) and AMPA receptor subunits
(GluA1 and GluA2/3) in hippocampus lysates from mutant
and WT mice were similar (Figure S1a, b). Biotinylated
surface proteins in acute brain slice preparations were
detected by immunoblotting. N-cadherin was concentrated
within the surface fraction but not intracellular calnexin,
syntaxin 6, and synaptophysin, nor the cytosolic a-tubulin.
Recovery of these intracellular proteins was below 3% in the
surface fraction compared to 20-40% recovery of cell surface
resident receptors (Figure S1c). Using this biotinylated
surface fraction, we quantified the expression of glutamate
receptors on the plasma membrane (Fig. 1a and b). GluN1
levels at the cell surface were significantly lower in X11L-
KO and double-KO mice. GluA2/3 level was also lower in
X11L-KO mice. The levels of other glutamate receptor
subunits showed a tendency toward decreases in three mutant
mice, although no significance was detected. Cell surface
level of N-cadherin did not change remarkably (Fig. 1c). The
data indicate that X11s play roles in regulating glutamate
receptor localization to the cell surface.
The decrease in cell surface glutamate receptors is not

caused by an aberrant intracellular membrane vesicle
trafficking with X11s deficiency (Figure S2). Glutamate
receptor subunits in subcellular membrane fractions of
hippocampus and cerebral cortex tissues from WT and
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mutant mice were detected by immunoblotting (Figure S2a).
Syntaxin 6 (a trans-Golgi marker) and GRP78 (an endo-
plasmic reticulum marker) are recovered in fraction numbers
9–14 and 14–20 for both WT and KO mice. Intracellular
membrane distributions of all glutamate receptor subunits
were not significantly different between WT and mutant mice
(Figure S2b). Deficiency of X11s in each sample was
confirmed (Figure S2c).

X11s regulate the level of extrasynaptic glutamate receptors

Glutamate receptors localize at both synaptic and extrasy-
naptic regions; therefore, X11s may regulate their micro-
localization within or around synapses. We prepared PSD
and non-PSD fractions, which correspond to synaptic and
extrasynaptic regions, respectively, from synaptosomal frac-
tions of hippocampus and cerebral cortex tissues from WT
and mutant mice and quantified the amounts of glutamate
receptor subunits (Fig. 2 and Figure S3). Biochemically,
PSD fractions contained synaptic glutamate receptors, and
non-PSD fractions contained largely extrasynaptic receptors
(Figure S3a). First, we examined the distribution of X11s
together with each of the glutamate receptor subunits by
immunoblotting samples from WT mice (Figure S3b); the
percent recovery of the proteins relative to the total amounts
in the lysate was calculated (Figure S4). X11s were
recovered from the non-PSD fraction greater than those
from the PSD fraction (Figure S4a, right). When equal
amounts of protein are loaded (10 lg per lane), the
immunoblot for X11L reveals stronger band densities in
the PSD fraction than in the non-PSD fraction (Figure S3b);
however, the sample volume for the non-PSD fraction is
much larger (Figure S4e), indicating that the bulk of X11L
was recovered in the non-PSD fraction.
The distribution ratios of glutamate receptor subunits were

calculated (Figure S4). Whereas GluN1 was recovered
equally from both PSD and non-PSD fractions, GluN2A
was recovered predominantly from the PSD fraction and
more GluN2B was recovered from the non-PSD fraction
(Figure S4a, right), in accordance with a previous observa-
tion that predominantly GluN2A is synaptic and GluN2B is
extrasynaptic (Groc et al. 2006). This confirms that the PSD
fraction corresponds to the synaptic region and the non-PSD
region largely contains the extrasynaptic region, although the

biochemical fractionation may also include presynaptic
membranes.
Glutamate receptors and X11s in the PSD and non-PSD

fractions were analyzed and quantified in KO mice by
immunoblotting (Fig. 2). The respective band densities were
standardized to the densities of PSD95 in the PSD fraction
and flotillin-1 in the non-PSD fraction. These PSD- or non-
PSD resident proteins did not change their levels in WT and
mutant mice (Fig. 2e). In KO mice, the levels of glutamate
receptor subunits in the PSD fraction were not significantly
different (Fig. 2a and b), while the levels of glutamate
receptor subunits in the non-PSD fraction were significantly
lower (Fig. 2c and d). When compared with levels in WT
mice, the level of GluN1 decreased in X11L-KO and double-
KO mice significantly, and the level in X11-KO mice tends
to decrease. GluN2B decreased in double-KO mice signif-
icantly. Levels of GluA1 and GluA2/3 did not change in
mutant mice significantly, although the level of GluA2/3
tended to decrease in non-PSD fraction along with the
inverse increase tendency in PSD fraction. X11s regulate the
level of extrasynaptic glutamate receptors in vivo and tend to
compensate for each other in this function.

X11s associate with extrasynaptic but not dendritic shaft

NMDA receptors

The binding of X11s to glutamate receptors is controversial,
because the glutamate receptors are hetero tetramer of subunits
with multi-transmembrane regions and the binding of adaptor
proteins may be more complex rather than the binding to the
single cytoplasmic region of APP and apolipoprotein E
receptor 2 (Tomita et al. 1999; Minami et al. 2010). We first
examined the binding of X11s with glutamate receptors in
non-PSD fraction from WT mice (Fig. 3a). When X11s are
immunoprecipitated with their specific antibodies, GluN1,
GluN2A, and GluN2B, but not GluA1 or GluA2/3, were
coimmunoprecipitated. X11s associate NMDA receptors
within the extrasynaptic region to regulate potentially the
level of the receptors. Extrasynaptic localization of AMPA
receptors may be regulated via a different mechanism.
A previous report suggested that GluN2B is transported by

KIF17 through mediation of X11 in dendrite (Setou et al.
2000), therefore, we tested the colocalization of GluN2A and
GluN2B with X11L by immunostaining mouse cortical

Fig. 2 Relative amounts of glutamate receptors in the PSD and non-
PSD synaptosomal fractions from X11s-KO mouse brains. (a)

Immunoblot analysis of the PSD synaptosomal fraction of hippocam-
pus and cerebral cortex tissues from WT and KO mice (3–4 months
old). PSD fractions (1 lg of protein) were analyzed by immunoblotting.

(b) Densities of each receptor subunit band in (a) were quantified and
standardized to the density of PSD95. The values were compared with
those from WT mice and statistical significance was analyzed with six

mice, respectively, (n = 6). (c) Immunoblot analysis of the non-PSD

synaptosomal fractions. Non-PSD fractions (7.5 lg of protein) were
analyzed described above. (d) The densities of each subunit band in

(c) were quantified and standardized to the density of flotillin-1. The
values were compared with those for the WT mice and statistical
significance was analyzed with six mice, respectively, (n = 6;

**p < 0.01; ***p < 0.005). (e) The densities of PSD95 in PSD fraction
and flotillin-1 in non-PSD fraction were quantified and the relative ratio
was compared to WT. No statistical significance was observed. In

panels (a) and (c), the numbers indicate molecular size (kDa).
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neurons (Figure S5), because the binding affinity of X11L to
glutamate receptors is higher than that of X11 (Fig. 3a), and
there are no suitable antibody for X11 immunostaining in
mouse neurons. In dendrites, the colocalization of X11L with
GluN2A and GluN2B was not observed (Figure S5a and b).
Therefore, X11s may associate with NMDA receptors in the
restricted extrasynaptic region, but not in dendritic shaft,
following their activation for receptor binding.
Because the expression of GluN2B and GluN1 in the non-

PSD fraction of double-KO mice was significantly lower
(Fig. 2c and d), we considered that X11s predominantly
regulate the membrane micro-translocation of NMDA recep-
tors containing GluN2B subunit. The NMDA receptor
containing GluN2B is present in the extrasynaptic region at
higher levels than in the synaptic region (Groc et al. 2006)
and is localized in the non-PSD fraction rather than in the
PSD fraction (Figure S4a). We therefore analyzed the
interactions of X11s with NMDA receptor comprising
GluN1 and GluN2B (Fig. 3b and c). FLAG-X11 or FLAG-
X11L was expressed in N2a cells with EGFP-GluN2B and
GluN1 and subject to immunoprecipitation. EGFP-GluN2B
and GluN1 were coimmunoprecipitated with FLAG-X11s.
X11L recovered greater amounts of GluN2B and GluN1 than
X11 (Fig. 3b), which agrees with the results with the non-
PSD fraction (Fig. 3a). When FLAG-X11s were expressed in
cells with either one subunit, GluN1 or EGFP-GluN2B, and
the cell lysates were immunoprecipitated with anti-FLAG
antibody, only GluN2B but not GluN1 was recovered with
X11s (Fig. 3c). When EGFP alone was expressed with
FLAG-X11s in cells, anti-FLAG antibody did not coim-
munoprecipitate EGFP (data not shown). The results indicate
that X11s preferentially associate with GluN2B, and GluN1
may interact with X11s within the heterotetoramer complex
including GluN2B, although we cannot exclude a possibility
that X11s may interact with glutamate receptor subunits via
other neuronal proteins.

Association of X11s with the cytoplasmic region of NMDA
receptors

Because GluN1 and GluN2B interact with cytoplasmic
proteins through their carboxy-terminal cytoplasmic region

(Lin et al. 1998; Chung et al. 2004; Yi et al. 2007; Kiraly
et al. 2011), we predicted that X11s associate with these
subunits through their carboxy-terminal cytoplasmic region
in the heterotetramer. To examine this, we prepared mutant
GluN1 and GluN2B subunits. A schematic structure of the
subunits is shown (Fig. 4a). First, we expressed various
combinations of EGFP-GluN2B plus GluN1 subunits in N2a
cells with FLAG-X11s (Fig. 4b–d). Receptor interactions
were examined by coimmunoprecipitation with an anti-
FLAG antibody, and the receptor subunits were detected by
immunoblotting (Fig. 4b) and quantified to compare their
binding abilities for X11s (Fig. 4c and d). NMDA receptors
including either wild-type subunit (GluN1/EGFP-
GluN2BD839–1482 or GluN1D834–938/EGFP-GluN2B)
interacted with FLAG-X11s, but the interactions were
moderate or weak compared with the association with
receptors including both WT subunits (assigned as 1.0).
Interestingly, the interactions between GluN1D834–938/
EGFP-GluN2BD839–1482 and FLAG-X11s were much
weaker than those of NMDA receptors that included at least
one WT subunit or were almost absent. The combination of
GluN1 and EGFP-GluN2B (both wild-type subunits) showed
a weaker expression of the proteins than other combinations,
a result that was reproducible (see blots of EGFP-GluN2B
and GluN1 in Fig. 4b lysate). Nevertheless, the binding of
NMDA receptors including both EGFP-GluN2B and GluN1
to X11s was the strongest (Fig. 4c and d). Although X11s
dominantly interact with GluN2B rather than GluN1 when
either one subunit was expressed with X11s (Fig. 3c), the
interaction of X11s with either subunit in heterotetramer is
distinct from that with each subunit alone.
Next, we investigated the binding region of a GluN2B

possessing the longer cytoplasmic region. We expressed
various EGFP-GluN2BD mutants in N2a cells with GluN1
WT or GluN1D834–938 and either FLAG-X11 or FLAG-
X11L (Fig. 4e–g). Immunoprecipitates with an anti-FLAG
antibody were detected by immunoblotting (Fig. 4e) and
quantified (Fig. 4f and g). The amounts of GluN1 and EGFP-
GluN2B bound to FLAG-X11s decreased gradually in accor-
dance with the length of the GluN2B carboxy-terminal
cytoplasmic region, further suggesting that the strongest

Fig. 3 Association of X11s with glutamate receptor subunits. (a) The
non-PSD synaptosomal fraction (input) was prepared from WT mice

(4 months old) and subjected to coimmunoprecipitation with anti-X11
and anti-X11L antibodies along with control IgG. Immunoprecipitates
(IP) were analyzed by immunoblotting. The 1.5% input contained 10 lg

protein. The red asterisk indicates a nonspecific product. (b) Coim-
munoprecipitation of GluN1 and GluN2B with X11s (left). FLAG-X11 or
FLAG-X11Lwas expressed in N2a cells with EGFP-GluN2B andGluN1;

the cell lysates (lysate) were then coimmunoprecipitated with an anti-
FLAG antibody, and the immunoprecipitates (IP) were analyzed by
immunoblotting. Binding ratio of X11s to GluN2B and GluN1 (right). The

band densities of EGFP-GluN2B and GluN1 in the left panel were
quantified and standardized to those of FLAG-X11s in the immunopre-

cipitated complex. The amounts of GluN1 and EGFP-GluN2B associ-
ated with X11L were compared with the amounts of GluN1 and EGFP-
GluN2B associated with X11 (a reference value of 1.0). Data represent

the means � SEs. Statistical significance was analyzed with indepen-
dent five experiments (n = 5; *, p < 0.05). (c) Association of X11s with
GluN2Bbut notGluN1. FLAG-X11 or FLAG-X11Lwas expressed in N2a

cells with either EGFP-GluN2B or GluN1, and coimmunoprecipitation
was performed as described above. The numbers indicate molecular
size (kDa).
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association between X11s and NMDA receptors occurs when
the entire carboxy-terminal cytoplasmic regions of GluN1 and
GluN2B are present. This suggests that X11s interact multiply
with the subunits by a greater contribution of GluN2B rather
than GluN1. Combined expression of WT subunits showed a
strongest interaction with X11s than other subunit combina-
tions, regardless of a weaker expression of both receptor
subunits (see blots of lysate in Figs 4b and e).

Contribution of X11s’ multiple domains in interaction with

NMDA receptors

Results of Fig. 4 suggest that several regions of X11s may
interact with the cytoplasmic regions of both GluN2B and
GluN1 subunits. We examined the regions of X11s respon-
sible for binding to GluN1 and GluN2B (Fig. 5). We
prepared six region-deleted X11s constructs with FLAG
(Fig. 5a), expressed them in N2a cells with GluN1 and
EGFP-GluN2B. We performed a coimmunoprecipitation
study using an anti-FLAG antibody and quantified the
immunoprecipitated subunits by immunoblotting (Fig. 5b–
g). The deleted FLAG-X11 proteins interacted with GluN1
and EGFP-GluN2B to a similar the full-length X11 (FL)
(Fig. 5b–d). Interestingly, significantly more of the PTB+C
version bound to GluN1 and GluN2B than to FL (a reference
value of 1.0) (Fig. 5c and d). The results for FLAG-X11L
proteins were similar to those for FLAG-X11 proteins
(Fig. 5e–g). Conformational change in X11s by a partial
deletion of the proteins may influence the binding with target
membrane proteins, as observed in the binding of APP with
X11L (Tomita et al. 1999). Overall results suggest that X11s
associate with GluN1 and GluN2B through multiple

interactions and several domains of X11s may be involved
in the interactions with receptor subunits.
Because X11s PTB+C strongly bound to GluN2B and

GluN1, at least one of the binding domains of X11s is the
carboxy-terminal region. Therefore, we examined the bind-
ing abilities of X11L PTB+C to various combinations of
GluN2B plus GluN1 (Figure S6). Various combinations of
EGFP-GluN2B plus GluN1 were coexpressed with FLAG-
X11L PTB+C, and the cell lysates were subject to immuno-
precipitation with anti-FLAG antibody. Interestingly, the
PTB+C coprecipitated both GluN1 WT and GluN1D834–
938 in the presence of GluN2B WT and GluN2BD1141-
1482 but not GluN2BD839-1482, suggesting that X11L
PTB+C interacts preferentially with GluN2B C-terminal
region.
GluN2B has a binding site to PDZ domain in its carboxy-

terminal tail (Sanz-Clemente et al. 2010), therefore the PDZ
domains of X11s may interact with the C-terminal tail of
GluN2B. We tested this possibility using mutant GluN2B
proteins, in which Ser1480 of PDZ binding motif was altered
to Glu (S1480E) or Ala (S1480A) (Figure S7a). Phospho-
rylation of Ser1480 and glutamic acid substitution for
Ser1480 of NR2B suppress the interaction with PSD95
(Sanz-Clemente et al. 2010). In coimmunoprecipitaion study
with lysate of cells expressing FLAG-X11s with GluN2B
mutants in the presence of GluN1, the mutant GluN2B
carrying either S1400E or S1400A associated with X11s as
did WT GluN2B. Furthermore, GluN2BDC4 lacking C-
terminal PDZ-binding motif also associated with X11s.
We further examined whether PDZ domains of X11s

dominantly contribute for the binding to NMDA receptors

Fig. 4 The regions responsible for binding of NMDA receptors to
X11s. (a) Schematic structure of the region-deleted GluN1 and EGFP-
GluN2B subunits. For GluN1, N-terminal amino acids 1–21 were
removed. GluN1D834-938 lacks C-terminal cytoplasmic region. For

GluN2B, EGFP was inserted between amino acid numbers 31 and 32.
By removing the signal sequence, the amino-terminal amino acid
number is 23. GluN2BD839-1482 lacks C-terminal cytoplasmic region,

while other deletions, GluN2BD1316-1482, GluN2BD1141-1482 and
D1011-1482, lack the cytoplasmic region partially. (b) Interactions
between X11s and carboxy-terminal-deleted GluN1 and GluN2B.

FLAG-X11 or FLAG-X11L was expressed in N2a cells with the
indicated combination of EGFP-GluN2B plus GluN1. The cell lysates
(lysate) were subject to coimmunoprecipitation with anti-FLAG anti-

body, and the immunoprecipitates (IP) were analyzed by immunoblot-
ting. Black arrowheads indicate coimmunoprecipitated EGFP-GluN2B,
EGFP-GluN2BD839–1482, GluN1, and GluN1D834–938 (band for
EGFP-GluN2BD839–1482 recovered with FLAG-X11L is very weak,

shown with a black arrowhead in longer exposed image). (c and d)
Relative amounts of GluN2B (c) and GluN1 (d) associated with X11s in
the indicated combination of GluN1 plus GluN2B. Amounts detected

with the combination of GluN1 WT plus GluN2B WT were assigned a
reference value of 1.0. The band densities in (b) were quantified and
standardized against X11 or X11L in the immunocomplex. Statistical

significance was analyzed with independent four experiments (n = 4;
*p < 0.05; **p < 0.01; ***p < 0.001). Data represent the means �
SEs. (e) Interactions between X11s and carboxy-terminal-deleted
GluN1 and GluN2B harboring cytoplasmic regions of differing lengths.

FLAG-X11 or FLAG-X11L was expressed in N2a cells with the
indicated EGFP–GluN2B in the presence of GluN1 WT or GluN1D834–
938. The cell lysates (lysate) were coimmunoprecipitated with anti-

FLAG antibody, and immunoprecipitates (IP) were analyzed by
immunoblotting. Black arrowheads indicate coimmunoprecipitated
EGFP-GluN2B proteins. (f and g) Relative amounts of GluN2B (f)

and GluN1 (g) associated with X11 and X11L in various combinations
of GluN1 WT plus EGFP-GluN2B WT, GluN1D834–938 plus GluN2B
WT, GluN1D834–938 plus GluN2BD1316–1482, GluN1D834–938 plus

GluN2BD1141–1482, GluN1D834–938 plus GluN2BD1011–1482, and
GluN1D834–938 plus GluN2BD839–1482. The associations were
compared with those with a combination of GluN1 WT plus GluN2B
WT, to which the reference value was assigned as 1.0 and indicated

with a relative ratio. The band densities in (e) were quantified and
standardized to X11 or X11L in the immunocomplex. Statistical
significance was analyzed with independent three experiments

(n = 3; *p < 0.05; **p < 0.01; ***p < 0.001). In panels (b) and (e),
The red asterisks indicate nonspecific products (reacting with X11 and
X11L proteins) and the numbers indicate molecular size (kDa).
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(Figure S7b). Both PDZ1 and PDZ2 of X11s were invali-
dated from the binding to PDZ-binding motif by substituting
AAAA amino acid sequence for ILGV in PDZ1 and QLGF
in PDZ2 (Long et al. 2005). This IAQA mutant of X11s,
denoted as X11 m and X11Lm, could bind to GluN2B and
GluN1. Interestingly, the binding of X11 m and X11Lm to
GluN2B and GluN1 enhanced rather than wild-type X11s,
suggesting that conformational change in X11s by amino
acid substitutions in PDZ domains may enhance the inter-
action with NMDA receptor subunit, or relieve the auto-
inhibitory state of X11s (Long et al. 2005). These studies
indicate that at least PDZ domains of X11s don’t dominantly
contribute for the interaction with the PDZ-binding motif of
GluN2B.

Protein phosphorylation regulates the interaction between

X11s and NMDA receptors

The interaction between the NMDA receptor and scaffold
proteins is regulated by post-translational modifications
(Lussier et al. 2015), especially by phosphorylation (Zhang
et al. 2008; Sanz-Clemente et al. 2010; Won et al. 2016).
Therefore, we examined whether the phosphorylation of
X11s and/or NMDA receptors can alter their interaction by
treating cells with okadaic acid (OA), a protein phosphatase 1
and 2A inhibitor. Protein phosphorylation increases in cells
treated with OA increases (Oishi et al. 1997; Chiba et al.
2017), and X11s are phosphorylated (Sakuma et al. 2009;
Chaufty et al. 2012; Dunning et al. 2016). N2a cells
expressing FLAG-X11s and EGFP-GluN2B plus GluN1
were treated with OA, and the cell lysates were subjected to
immunoprecipitation with an anti-FLAG antibody (Fig. 6).
Amounts of EGFP-GluN2B and GluN1 bound to either
FLAG-X11s decreased significantly upon OA treatment
(Fig. 6a and b), suggesting that the binding between X11s
and NMDA receptors is regulated by protein phosphorylation
partially.
Phosphorylation of X11s was confirmed by Phos-tag

analysis (Fig. 6c). Protein mobility shifts of X11s were
observed in cells treated with OA, which were greater in the
presence of Phos-tag. Interestingly, the phosphporylation-

induced shifts were also observed in cells without OA
treatment compared to X11s dephosphorylated with PPase.
Phosphorylation of X11s suppresses the interactions with
NMDA receptors, although we cannot rule out off-target
effects of OA treatment.

X11s potentially influence NMDA receptor extocytosis but

not endocytosis and recycling

Localization of NMDA receptors is regulated by local
membrane trafficking via endocytosis or recycling (Passafaro
et al. 2001; Yudowski et al. 2007; Gu and Huganir 2016).
X11s may regulate NMDA receptor localization to the
extrasynaptic region via the endocytic pathway. We first
quantified the levels of glutamate receptor subunits on the
cell surfaces of primary cultured neurons and examined
endocytosis of these subunits. Neurons treated with Sulfo-
NHS-SS-biotin were incubated in a chamber (5% CO2/37°C)
to facilitate endocytosis. The biotin labeling of cell surface
proteins were removed with a reducing agent, and the cells
were lysed; the biotinylated proteins were then recovered and
regarded as endocytosed proteins (Figure S8a). Neurons not
treated with a reducing agent were used to reference proteins
present on the cell surface. We quantified the amounts of
glutamate receptor subunits on the cell surfaces by
immunoblotting (Figure S8b–e). Compared with those on
WT neurons, the amounts of cell surface-exposed GluN1,
GluN2A, GluN2B, and GluA2/3 subunits on double-KO
neurons decreased significantly (Figure S8b and c). The band
densities were standardized with respect to the density of
each subunit in the lysate. The amounts of endocytosed
GluN2A and GluN2B in double-KO cells also decreased
significantly (Figure S8b and d). However, there was no
difference in the ratios of endocytosed glutamate receptors to
surface-expressed glutamate receptors between WT and
double-KO cells (Figure S8e). The expression of X11s was
confirmed (Figure S8f). The endocytic efficiency of neurons
is not altered by a deficiency of X11s.
We further examined whether X11s function to the

forward trafficking of NMDA receptors by regulating
exocytosis. Neurons of WT and double-KO mice were

Fig. 5 The region responsible for binding of X11s to the NMDA
receptor. (a) Schematic structure of the FLAG-tagged deletion
constructs of X11s. (b) Coimmunoprecipitation of GluN1 and EGFP-
GluN2B with X11. FLAG-X11 proteins were expressed in N2a cells

with EGFP-GluN2B and GluN1. The cell lysates (lysate) were
subjected to coimmunoprecipitation with an anti-FLAG antibody, and
immunoprecipitates (IP) and the lysates were analyzed by

immunoblotting. (c and d) Quantification of GluN2B (c) and GluN1
(d) binding to X11. The band densities in (b) were quantified and
standardized to X11 in the immunocomplex. The values were

compared with those for full-length X11 (FL) and expressed as a
relative ratio. Full-length X11 is assigned a value of 1.0. Compared
values represent the means � SEs. Statistical significance was

analyzed with independent four experiments (n = 4; **, p < 0.01). (e)
Coimmunoprecipitation of GluN1 and EGFP-GluN2B with X11L.
FLAG-X11L proteins were expressed in N2a cells with EGFP-GluN2B
and GluN1 and analyzed as described in panel (b). The black

arrowhead indicates coimmunoprecipitated EGFP-GluN2B, and the
red asterisks indicate nonspecific products (reacting with X11 and
X11L proteins). (f and g) Quantification of GluN2B (f) and GluN1 (g)

binding to X11L. Band densities in (e) were quantified and standard-
ized to X11L in the immunocomplex. The values were compared with
those for full-length X11L (FL) and expressed as a relative ratio with

independent three experiment (n = 3; *, p < 0.05; **, p < 0.01) as
described for panels (c) and (d). In panels (b) and (e), the numbers
indicate molecular size (kDa).
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treated with or without chlorpromazine to inhibit endocy-
tosis, and the surface localized GluN2B on dendrites were
assayed (Figure S9). Level of GluN2B on the surface of
dendrites was significantly lower in double-KO neurons
compared to it in WT as observed in Figure S8c. Treatment
of neurons with chlorpromazine restored the surface
localization of GluN2B in double-KO neurons at level
similar to WT neurons (Figure S9b). The increase ratio of
cell surface localization of GluN2B in double-KO neurons
was greater compared to WT neurons (Figure S9c). The
result suggests that the decreased cell-surface localization of
NMDA receptors in neurons of double-KO mice may be

because of the impaired exocytosis of the receptors by
lacking X11s, which could not localize the sufficient
amounts of receptors. In WT neurons, the sufficient
amounts of NMDA receptors on cell surface may suppress
more exocytosis of the receptors by X11s.

Phosphorylation level of CREB is increased in double-KO

mice

Extrasynaptic NMDA receptor signaling suppresses the
phosphorylation and function of CREB in the nucleus
(Hardingham et al. 2001 and 2002). Therefore, the phos-
phorylation levels of CREB would increase in double-KO

Fig. 6 Protein phosphorylation regulates binding of X11s to NMDA
receptors. (a) Effect of okadaic acid (OA) on the interaction between
X11s and NMDA receptors. FLAG-X11 or FLAG-X11L was expressed

in N2a cells with EGFP-GluN2B and GluN1 in the presence or absence
of 400 nM OA for 3 h. The cell lysates (lysate) were then coimmuno-
precipitated with anti-FLAG antibodies. Immunoprecipitates (IP) and

the lysates were analyzed by immunoblotting. (b) Quantification of
GluN1 and GluN2B binding to X11s. Band densities in (a) were
quantified and standardized to X11s in the immunocomplex. The

standardized band densities from cells treated with OA were compared

with those from cells not treated with OA (a reference value of 1.0).
Data represent the means� SEs. Statistical significance was analyzed
with independent for six experiment (n = 6; *, p < 0.05; **, p < 0.01;

***, p < 0.001). (c) Enhanced phosphorylation of X11s in cells treated
with OA. FLAG-X11 or FLAG-X11L was expressed in cells as
described in (a). The cell lysates (10 lg protein) were treated with

(+) or without (�) kPPase (> 400 units) at 30°C for 4 h and subject to
SDS-PAGE in the presence (right) or absence (left) of Phos-tag regent.
Proteins were analyzed by immunoblotting with anti-FLAG antibody. (a

and c) Numbers indicate molecular size (kDa).
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mice. The nuclear fraction from hippocampus and cerebral
cortex tissues of mice yielded approximately 4% of total
protein with 35% recovery of histone H3 and almost no a-
tubulin (Figure S10), and histone H3 and CREB proteins are
exclusively detected in nuclear but not PNS fractions
(Fig. 7a), confirming sufficient fractionation of nuclei. We
then quantitated the levels of CREB and phosphorylated
CREB in nuclear fractions by immunoblotting (Fig. 7). The
phosphorylation of CREB increased significantly in double-
KO mice, and tended to increase in X11-KO and X11L-KO
mice. This observation also suggests a compensatory func-
tion of X11s in extrasynaptic NMDA receptor-dependent
signaling. These results suggest that X11s regulate neuronal
function by regulating extrasynaptic level of NMDA recep-
tors in vivo.

Discussion

This study reports that X11s regulate the level of extrasynaptic
glutamate receptors in vivo. X11s regulate the membrane
vesicle trafficking of glutamate receptors (Setou et al. 2000;
Stricker and Huganir 2003; Glodowski et al. 2005), however,
it is unclear whether X11s regulate the membrane localization
of glutamate receptors in vivo. The levels of extrasynaptic
glutamate receptors in double-KO mice decreased, indicating
that both X11 and X11L regulate the level of glutamate
receptors to the extrasynaptic region. The contribution of
X11L to this function is greater than that of X11, and X11L
binds NMDA receptors with a greater affinity than X11. The
mechanisms that regulate membrane protein localization to the
extrasynaptic region have not been reported. Here, we propose
a possible mechanism for NMDA receptor localization.
The endocytotic and recycling pathway for GluN2A and

GluN2B are normal, while exocytosis of GluN2B can be
impaired in double-KO neurons. Glutamate receptors are
thought to localize first to the extrasynaptic membrane region
and then translocate to the synaptic region by lateral diffusion
(Passafaro et al. 2001; Yudowski et al. 2007; Gu and Huganir
2016). Contrast to this, we hypothesize that the binding of
X11s to NMDA receptors following the dephosphorylation of
X11s performs the forward trafficking of receptors to the
extrasynaptic membrane region from intracellular receptor
pools, a mechanism that is independent of the supply of
receptors to the synaptic membrane region (Figure S11).
Little is known about the interaction of X11s with glutamate

receptors in vivo or in vitro (Setou et al. 2000; Stricker and
Huganir 2003; Glodowski et al. 2005), but our biochemical
analysis suggest that X11s interact with NMDA receptors by
multiple association but largely independent on the PDZ
domains, at extrasynaptic/non-PSD region. This interaction to
regulate extrasynaptic NMDA receptor level may be con-
trolled by phosphorylation of X11s. Phosphorylation of X11
can induce a conformational change (Long et al. 2005; Jensen
et al. 2018). Identification of the phosphorylation site(s) is
important for further understanding of the mechanisms
regulating the interaction betweenX11s andNMDA receptors.
We did not confirm whether the physiological activity of

extrasynaptic NMDA receptors in double-KO mouse brains
was lower than that in WT brains. Alternatively, we detected
the change biochemically. The phosphorylation level of
CREB, which is negatively regulated by extrasynaptic
NMDA receptors, increased in double-KO mice. This
phenotype supports that extrasynaptic NMDA receptor
function is lower in double-KO mice than in WT mice.
This is the first report to show that X11s regulate the level

and associated functionality of extrasynaptic glutamate
receptors. Analyzing the extrasynaptic localization of gluta-
mate receptors regulated by X11s could increase our
understanding of neurodegenerative disorders (Snyder et al.
2005; Bordji et al. 2010; Milnerwood et al. 2010).

Fig. 7 Increased cAMP responsible element binding protein (CREB)
phosphorylation in the brains of double-KO mice. (a) Phosphorylation
status of CREB. Each fraction (2.5 lg protein for histone H3; 10 lg

protein for others) fromWTandKOmice (3–4 months old) was analyzed
by immunoblotting with antibodies indicated. Numbers indicate molec-
ular size (kDa). (b) Densities of bands representing phosphorylated

CREB (pCREB) were standardized to the densities of bands represent-
ing total CREB (a). Data from KO mice were compared with those from
WTmice (a reference values of 1.0) and the relative ratio is shown. Data
represent the means � SEs. Statistical significance was analyzed with

seven mice, respectively, (n = 7; *p < 0.05).

© 2018 International Society for Neurochemistry, J. Neurochem. (2019) 148, 480--498

Extrasynaptic localization of glutamate receptors 493



Acknowledgments and conflict of interest
disclosure

We thank R. L. Huganir (Johns Hopkins University School of
Medicine) for kindly supplying the plasmids. This work was
supported in part by a Grant-in-Aid for JSPS Research Fellows
(JP17J0352307 to R.M.), by KAKENHI, a Grant-in-Aid for
Scientific Research from JSPS in Japan (JP18K07384 to S.H.,
JP262930110 and JP18H02566 to T.S.), and by the Strategic
Research Program for Brain Sciences from the Japan Agency for
Medical Research and Development (JP18 dm0107142 h0003).
The authors declare no conflicts of interest.

Author contributions

R.M. S.H. and T.S. participated in the study design. R.M.,
H.S., Y.S., and S.H. performed all experiments. R.M., H.S.,
S.H., Y.S., and T.S. participated in animal analyses and
antibody preparations. R.M., T.N., and T.S. conceived the
study. R.M. and T.S. wrote the paper. All authors read and
approved the final manuscript.

Open science badges

This article has received a badge for *Open Materials*
because it provided all relevant information to reproduce the
study in the manuscript. The complete Open Science Disclo-
sure form for this article can be found at the end of the article.
More information about the Open Practices badges can be
found at https://cos.io/our-services/open-science-badges/.

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1. Total glutamate receptors in the brains of wild-type,
X11-KO, X11L-KO, and double-KO mice.

Figure S2. Intracellular membrane distribution of glutamate
receptors in WT, X11-KO, X11L-KO, and double-KO mice.

Figure S3. Preparation of the PSD and non-PSD synaptosomal
fractions from WT mouse brains and proteins in both fractions.

Figure S4. Recoveries of glutamate receptor subunits and X11s
from respective fractions of hippocampus and cerebral cortex, and
the recoveries and purities of PSD95 and a-tubulin from the
respective fractions.

Figure S5. Distribution of X11L with NMDA receptor subunits
in neuronal dendritic shaft.

Figure S6. Interactions of PTB+C region of X11L with NMDA
receptors.

Figure S7. PDZ domain-independent interaction of X11 and
X11L with GluN1 and GluN2B.

Figure S8. Efficiency of glutamate receptor endocytosis by WT
and double-KO neurons.

Figure S9. Cell surface localization of GluN2B in neuronal
dendrites of wild-type and double-KO mice followed suppression of
endocytosis.

Figure S10. Recovery of proteins in post-nuclear and nuclear
fractions from brain lysate of wild-type mice.

Figure S11. Role of X11 and X11L in regulating extrasynaptic
level of NMDA receptor.

References

Araki Y., Tomita S., Yamaguchi H., Miyagi N., Sumioka A., Kirino Y.
and Suzuki T. (2003) Novel cadherin-related membrane proteins,
Alcadeins, enhance the X11-like protein-mediated stabilization of
amyloid b-protein precursor metabolism. J. Biol. Chem. 278,
49448–49458.

Bordji K., Becerril-Ortega J., Nicole O. and Buisson A. (2010)
Activation of extrasynaptic, but not synaptic, NMDA receptors
modifies amyloid precursor protein expression pattern and
increases amyloid-b production. J. Neurosci. 30, 15927–15942.

Chaufty J., Sullivan S. E. andHoA. (2012) Intracellular amyloid precursor
protein sorting and amyloid-b secretion are regulated by Src-
mediated phosphorylation of Mint2. J. Neurosci. 32, 9613–9625.

Chiba K., Chien K., Sobu Y. et al. (2017) Phosphorylation of KLC1
modifies interaction with JIP1 and abolishes the enhanced fast
velocity of APP transport by kinesin-1. Mol. Biol. Cell 28, 3857–
3869.

Chung H. J., Huang Y. H., Lau L.-F. and Huganir R. L. (2004)
Regulation of the NMDA receptor complex and trafficking by
activity-dependent phosphorylation of the GluN2B subunit PDZ
ligand. J. Neurosci. 24, 10248–10259.

Collingridge G. L., Olsen R. W., Peters J. and Spedding M. (2009) A
nomenclature for ligand-gated ion channels. Neuropharmacology
56, 2–5.

Dunning C. J. R., Black H. L., Andrews K. L., Davenport E. C., Conboy
M., Chawla S., Dowle A. A., Ashford D., Thomas J. R. and Evans
G. J. O. (2016) Multisite tyrosine phosphorylation of the N-
terminus of Mint1/X11a by Src kinase regulates the trafficking of
amyloid precursor protein. J. Neurochem. 137, 518–527.

Fiuza M., Rostosky C. M., Parkinson G. T., Bygrave A. M., Halemani
N., Baptista M., Milosevic I. and Hanley J. G. (2017) PICK1
regulates AMP receptor endocytosis via direct interaction with AP2
a-appendage and dynamin. J. Cell Biol. 216, 3323–3338.

Foletti D. L., Prekeris R. and Scheller R. H. (1999) Generation and
maintenance of neuronal polarity: mechaninsms of transport and
targeting. Neuron 23, 641–644.

Glodowski D. R., Wright T., Martinowich K., Chang H. C.-H., Beach D.
and Rongo C. (2005) Distinct LIN-10 domains are required for its
neuronal function, its epithelial function, and its synaptic
localization. Mol. Biol. Cell 16, 1417–1426.

Groc L., Heine M., Cousins S. L., Stephenson F. A., Lounis B., Cognet
L. and Choquet D. (2006) NMDA receptor surface mobility
depends on GluN2A-2B subunits. Proc. Natl Acad. Sci. USA 103,
18769–18774.

Gu Y. and Huganir R. L. (2016) Identification of the SNARE complex
mediating the exocytosis of NMDA receptors. Proc. Natl Acad.
Sci. USA 113, 12280–12285.

Hardingham G. E., Arnold F. J. L. and Bading H. (2001) Nuclear
calcium signaling controls CREB-mediated gene expression
triggered by synaptic activity. Nat. Neurosci. 4, 261–267.

Hardingham G. E., Fukunaga Y. and Bading H. (2002) Extrasynaptic
NMDARs oppose synaptic NMDARs by triggering CREB shut-off
and cell death pathways. Nat. Neurosci. 5, 405–414.

Hase M., Yagi Y., Taru H., Tomita S., Sumioka A., Hori K., Miyamoto
K., Sasamura T., Nakamura M. and Matsuno K. (2002) Expression
and characterization of the Drosophila X11-like/Mint protein
during neural development. J. Neurochem. 81, 1223–1232.

© 2018 International Society for Neurochemistry, J. Neurochem. (2019) 148, 480--498

494 R. Motodate et al.

https://cos.io/our-services/open-science-badges/


Heisler F. F., Lee H. K., Gromova K. V., Pechmann Y., Schurek B.,
Ruschkies L., Schroeder M., Schweizer M. and Kneussel M.
(2014) GRIP1 interlinks N-cadherin and AMPA receptors at
vesicles to promote combined cargo transport into dendrites. Proc.
Natl Acad. Sci. USA 111, 5030–5035.

Jensen T. M. T., Albertsen L., Bartling C. R. O., Haugaard-Kedstrom L.
M. and Stromgaard K. (2018) Probing the Mint2 protein-protein
interaction network relevant to the pathophysiology of Alzheimer’s
disease. ChemBioChem 19, 1–5.

Jeyifous O., Waites C. L., Specht C. G. et al. (2009) SAP97 and CASK
mediate sorting of NMDA receptors through a previously unknown
secretory pathway. Nat. Neurosci. 12, 1011–1019.

Kiraly D. D., Lemtiri-Chlieh F., Levine E. S., Mains R. E. and Eipper B.
A. (2011) Kalirin binds the GluN2B subunit of the NMDA
receptor, altering its synaptic localization and function. J. Neurosci.
31, 12554–12565

Lin J. W., Wyszynski M., Madhavan R., Sealock R., Kim J. U. and
Sheng M. (1998) Yotiao, a novel protein of neuromuscular
junction and brain that interacts with specific splice variants of
NMDA receptor subunit GluN1. J. Neurosci. 18, 2017–2027.

Lombroso P. J., Ogren M., Kurup P. and Nairn A. C. (2016) Molecular
underpinnings of meurodegenerative disorders: striatal-enriched
protein tyrosine phosphatase signaling and synaptic plasticity.
F1000Research, 5, 2932

Long J.-F., Feng W., Wang R., Chan L.-N., Ip F. C. F., Xia J., Ip N. Y.
and Zhang M. (2005) Autoinhibition of X11/Mint scaffold proteins
revealed by the closed conformation of the PDZ tandem. Nat.
Struct. Mol. Biol. 12, 722–728.

Lussier M. P., Sanz-Clemente A. and Roche K. W. (2015) Dynamic
Regulation of NMDA and AMPA Receptors by Posttranslational
Modifications. J. Biol. Chem. 290, 28596–28603.

Milnerwood A. J., Gladding C. M., Pouladi M. A. et al. (2010) Early
increase in extrasynaptic NMDA receptor signaling and expression
contributes to phenotype onset in Huntington’s disease mice.
Neuron 65, 178–190.

Minami S. S., Sung Y. M., Dumanis S. B. et al. (2010) The cytoplasmic
adaptor protein X11a and extracellular matrix protein Reelin
regulate ApoE receptor 2 trafficking and cell movement. FASEB J.
24, 58–69.

Mori A., Okuyama K., Horie M. et al. (2002) Alteration of
methamphetamine-induced striatal dopamine release in mint- 1
knockout mice. Neurosci. Res. 43, 251–257

Motodate R., Saito Y., Hata S. and Suzuki T. (2016) Expression and
localization of X11 family proteins in neurons. Brain Res. 1646,
227–234.

Oishi M., Nairn A. C., Czernik A. J., Lim G. S., Isohara T., Gandy S. E.,
Greengard P. and Suzuki T. (1997) The cytoplasmic domain of
alzheimer’s amyloid precursor protein is phosphorylated at
The654, Ser655, and Thr668 in adult rat brain and cultured cell.
Mol. Med. 3, 111–123.

Passafaro M., Pi~ach V. and Sheng M. (2001) Subunit-specific temporal
and spatial patterns of AMPA receptor exocytosis in hippocampal
neurons. Nat. Neurosci. 4, 917–926.

Saito Y., Sano Y., Vassar R., Gandy S., Nakaya T., Yamamoto T. and
Suzuki T. (2008) X11 proteins regulate the translocation of

amyloid b-protein precursor (APP) into detergent-resistant
membrane and suppress the amyloidogenic cleavage of APP by
b-site-cleaving enzyme in brain. J. Biol. Chem. 283, 35763–35771.

Sakuma M., Tanaka E., Taru H., Tomita S., Gandy S., Nairn A. C.,
Nakaya T., Yamamoto T. and Suzuki T. (2009) Phosphorylation of
the amino-terminal region of X11L regulates its interaction with
APP. J. Neurochem. 109, 465–475.

Sano Y., Syuzo-Takabatake A., Nakaya T., Saito Y., Tomita S., Itohara
S. and Suzuki T. (2006) Enhanced amyloidogenic metabolism of
the amyloidb-protein precursor in the X11L-deficient mouse brain.
J. Biol. Chem. 281, 37853–37860.

Sanz-Clemente A., Matta J. A., Isaac J. T. R. and Roche K. W. (2010)
Casein kinase 2 regulates the NR2 subunit composition of synaptic
NMDA receptors. Neuron 67, 984–996.

Setou M., Nakagawa T., Seog D. H. and Hirokawa N. (2000) Kinesin
superfamily motor protein KIF17 and mLin-10 in NMDA receptor-
containing vesicle transport. Science 288, 1796–1802.

Snyder E. M., Nong Y., Almeida C. G. et al. (2005) Regulation of
NMDA receptor trafficking by amyloid-beta. Nat. Neurosci. 8,
1051–1058.

Stricker N. L. and Huganir R. L. (2003) The PDZ domains of mLin-10
regulate its trans-Golgi network targeting and the surface
expression of AMPA receptors. Neuropharmacology 45, 837–848.

Sumioka A., Brown T. E., Kato A. S., Bredt D. S., Kauer J. A. and Tomita
S. (2011) PDZ binding of TARPc-8 controls synaptic transmission
but not synaptic plasticity. Nat. Neurosci. 14, 1410–1412

Taru H. and Suzuki T. (2004) Facilitation of stress-induced
phosphorylation of b-amyloid precursor protein family members
by X11-like/Mint2 protein. J. Biol. Chem. 279, 21628–21636.

Tomita S., Ozaki T., Taru H., Oguchi S., Takeda S., Yagi Y., Sakiyama
S., Kirino Y. and Suzuki T. (1999) Interaction of a neuron-specific
protein containing PDZ domains with Alzheimer’s amyloid
precursor protein. J. Biol. Chem. 274, 2243–2254.

Tomita S., Stein V., Stocker T. J., Nicoll R. A. and Bredt D. S. (2005)
Bidirectional synaptic plasticity regulated by phosphorylation of
stargazin-like TARPs. Neuron 45, 269–277.

Waites C. L., Specht C. G., Hartel K. et al. (2009) Synaptic SAP97
isoforms regulate AMPA receptor dynamics and access to
presynaptic glutamate. J. Neurosci. 29, 4332–4345.

Won S., Incontro S., Nicoll R. A. and Roche K. W. (2016) PSD-95
stabilizes NMDA receptors by inducing the degradation of STEP
61. Proc. Natl Acad. Sci. USA 113, 4736–4744.

Yi Z., Petralia R. S., Fu Z., Swanwick C. C., Wang Y.-X., Prybylowski
K., Sans N., Vicini S. and Wenthold R. J. (2007) The role of the
PDZ protein GIPC in regulating NMDA receptor trafficking. J.
Neurosci. 27, 11663–11675.

Yudowski G. A., Puthenveedu M. A., Leonoudakis D., Panicker S.,
Thorn K. S., Beattie E. C. and von Zastrow M. (2007) Real-time
imaging of discrete exocytic events mediating surface delivery of
AMPA receptors. J. Neurosci. 27, 11112–11121.

Zhang S., Edelmann L., Liu J., Crandall J. E. and Morabito M. A. (2008)
Cdk5 regulates the phosphorylation of tyrosine 1472 GluN2B and
the surface expression of NMDA receptors. J. Neurosci. 28, 415–
424.

© 2018 International Society for Neurochemistry, J. Neurochem. (2019) 148, 480--498

Extrasynaptic localization of glutamate receptors 495



Open Practices Disclosure 
 
Manuscript Title: X11 and X11-like proteins regulate the level of extrasynaptic glutamate 

receptors 
Corresponding Author: Toshiharu Suzuki 
 
Articles accepted to Journal of Neurochemistry after 01.2018 are eligible to earn badges that 
recognize open scientific practices: publicly available data, material, or preregistered research 
plans. Please read more about the badges in our author guidelines and Open Science Badges 

page, and you can also find information on the Open Science Framework wiki.  
 
[X] Please check this box if you are interested in participating. 
 
To apply for one or more badges acknowledging open practices, please check the box(es) 
corresponding to the desired badge(s) below and provide the information requested in the 
relevant sections. To qualify for a badge, you must provide a URL, doi, or other permanent path 
for accessing the specified information in a public, open-access repository. Qualifying public, 

open-access repositories are committed to preserving data, materials, and/or registered 

analysis plans and keeping them publicly accessible via the web in perpetuity. Examples 
include the Open Science Framework (OSF) and the various Dataverse networks. Hundreds of 
other qualifying data/materials repositories are listed at http://re3data.org/. Preregistration of an 
analysis plan must take place via a publicly accessible registry system (e.g., OSF, 
ClinicalTrials.gov or other trial registries in the WHO Registry Network, institutional registration 
systems). Personal websites and most departmental websites do not qualify as 

repositories. 
 
Authors who wish to publicly post third-party material in their data, materials, or preregistration 
plan must have the proper authority or permission agreement in order to do so.  
 
There are circumstances in which it is not possible or advisable to share any or all data, 
materials, or a research plan publicly. For example, there are cases in which sharing 
participants’ data could violate confidentiality. If you would like your article to include an 
explanation of such circumstances and/or provide links to any data or materials you have made 
available—even if not under conditions eligible to earn a badge—you may write an alternative 
note that will be published in a note in the article. Please check this box if you would like your 
article to include an alternative note and provide the text of the note below:  
 
[] Alternative note:  
  
 
  

https://osf.io/tvyxz/wiki/home
https://osf.io/tvyxz/wiki/home
https://osf.io/
http://www.re3data.org/
http://www.re3data.org/
https://osf.io/
https://osf.io/
http://clinicaltrials.gov/
http://clinicaltrials.gov/
http://clinicaltrials.gov/
http://www.who.int/ictrp/network/en/
http://www.who.int/ictrp/network/en/


 

[] Open Data Badge 
  
1.  Provide the URL, doi, or other permanent path for accessing the data in a public, open-

access repository:  
 
 

[] Confirm that there is sufficient information for an independent researcher to reproduce 
all of the reported results, including codebook if relevant. 

 
[] Confirm that you have registered the uploaded files so that they are time stamped 
and cannot be age. 

 

[X] Open Materials Badge 
 

1. Provide the URL, doi, or other permanent path for accessing the materials in a 
public, open-access repository: all relevant information is provided in the manuscript and 
custom-made materials will be provided upon reasonable request. 

 
 

[X] Confirm that there is sufficient information for an independent researcher to 
reproduce all of the reported methodology. 
 
[] Confirm that you have registered the uploaded files so that they are time stamped 
and cannot be age. 
 

 

 [] Preregistered Badge 
 

1. Provide the URL, doi, or other permanent path to the registration in a public, 

open-access repository*: 
  
 
2. Was the analysis plan registered prior to examination of the data or observing the outcomes? 
If no, explain.** 
 
 
3. Were there additional registrations for the study other than the one reported? If yes, provide 
links and explain.* 
 
 



 
 
*No badge will be awarded if (1) is not provided, or if (3) is answered “yes” without strong 
justification 
 
**If the answer to (2) is “no,” the notation DE (Data Exist) will be added to the badge, indicating 
that registration postdates realization of the outcomes but predates analysis.  
 
By signing below, authors affirm that the above information is accurate and complete, that any 
third-party material has been reproduced or otherwise made available only with the permission 
of the original author or copyright holder, and that publicly posted data do not contain 
information that would allow individuals to be identified without consent.  
 
 
  
Date:   ________November 1, 2018_____________________ 

 

 
Name:  _____Toshiharu Suzuki________________________ 

 

 

Signature:  _____________________________ 

 
 
 

 

 
 




