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NMDA Receptor GluN2B (GluRe2/NR2B) Subunit Is Crucial
for Channel Function, Postsynaptic Macromolecular
Organization, and Actin Cytoskeleton at Hippocampal CA3
Synapses

Kaori Akashi,* Toshikazu Kakizaki,>* Haruyuki Kamiya,> Masahiro Fukaya,> Miwako Yamasaki,> Manabu Abe,'

Rie Natsume,'* Masahiko Watanabe,’ and Kenji Sakimura'-+*

Department of Cellular Neurobiology, Brain Research Institute, Niigata University, Niigata 951-8585, Japan, Departments of 2Neurobiology and *Anatomy,
Hokkaido University School of Medicine, Sapporo 060-8638, Japan, “Solution-Oriented Research for Science and Technology, Japan Science and Technology Agency,
Saitama 331-0012, Japan, and *Department of Genetic and Behavioral Neuroscience, Gunma University Graduate School of Medicine, Maebashi 371-8511, Japan

GluN2B (GluRe2/NR2B) subunit is involved in synapse development, synaptic plasticity, and cognitive function. However, its roles in
synaptic expression and function of NMDA receptors (NMDARs) in the brain remain mostly unknown because of the neonatal lethality
of global knock-out mice. To address this, we generated conditional knock-out mice, in which GluN2B was ablated exclusively in hip-
pocampal CA3 pyramidal cells. By immunohistochemistry, GluN2B disappeared and GluN1 (GluR{1/NR1) was moderately reduced,
whereas GluN2A (GluRe1/NR2A) and postsynaptic density-95 (PSD-95) were unaltered in the mutant CA3. This was consistent with
protein contents in the CA3 crude fraction: 9.6% of control level for GluN2B, 47.7% for GluN1, 90.6% for GluN2A, and 98.0% for PSD-95.
Despite the remaining NMDARs, NMDAR-mediated currents and long-term potentiation were virtually lost at various CA3 synapses.
Then, we compared synaptic NMDARs by postembedding immunogold electron microscopy and immunoblot using the PSD fraction. In
the mutant CA3, GluN1 was severely reduced in both immunogold (20.6-23.6%) and immunoblot (24.6%), whereas GluN2A and
PSD-95 were unchanged in immunogold but markedly reduced in the PSD fraction (51.4 and 36.5%, respectively), indicating
increased detergent solubility of PSD molecules. No such increased solubility was observed for GluN2B in the CA3 of GIuN2A-
knock-out mice. Furthermore, significant decreases were found in the ratio of filamentous to globular actin (49.5%) and in the
density of dendritic spines (76.2%). These findings suggest that GluN2B is critically involved in NMDAR channel function,
organization of postsynaptic macromolecular complexes, formation or maintenance of dendritic spines, and regulation of the
actin cytoskeleton.

Introduction

NMDA-type glutamate receptors (NMDARs) are character-
ized by high Ca®" permeability and unique gating governed by
both ligand and voltage (Mayer et al., 1984; Nowak et al., 1984;
MacDermott et al., 1986). Ca*>” influx through NMDARSs in-
duces long-term potentiation (LTP) and depression (LTD) of
synaptic transmission (Bliss and Collingridge, 1993; Bear and
Malenka, 1994; Yang et al., 1999), which are thought to un-
derlie activity-dependent synapse development and cognitive
function (Lietal., 1994; Tsien et al., 1996; Iwasato et al., 2000).
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Major NMDARs consist of the GluN1 (formerly GluR{ or
NR1) and GluN2 (GluRe or NR2) subfamilies. GluN1 subunit,
the sole member of the GIuN1 subfamily, is essential for func-
tional NMDAR channels and their exit from the endoplasmic
reticulum, whereas four members of the GluN2 subfamily (GluRe1-4
or NR2A-D) are the major determinants of functional diversity
and synaptic localization (Seeburg, 1993; Nakanishi et al., 1994;
Mori and Mishina, 1995; Cull-Candy et al., 2001; Fukaya et al.,
2003; Abe et al., 2004). GIuN2A (GluRel or NR2A) and GluN2B
(GluRe2 or NR2B) subunits were thought to play important roles
in synaptic plasticity and cognitive function, based on their high
Mg>" sensitivity and abundant expression in the adult forebrain
(Meguro et al., 1992; Mori et al., 1992, 1995; Watanabe et al., 1993).
Indeed, these roles have been evidenced using gene-engineered
mice of these subunits (Sakimura et al., 1995; Kutsuwada et al.,
1996; Kiyama et al., 1998; Tang et al., 1999; Zhao et al., 2005).
During development, GluN2B expression starts from early em-
bryonic stages, whereas GluN2A subunit appears postnatally
(Watanabe et al., 1992; Komuro and Rakic, 1993; Monyer et al.,
1994; X. B. Liu et al., 2004). In accordance with the distinct tem-
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poral profiles, GluN2A-knock-out (KO) mice are viable and
show reduced hippocampal LTP and spatial learning in adulthood
(Sakimura et al., 1995; Lu et al., 2001), whereas GluN2B-KO mice ex-
hibit neonatal lethality, impaired somatosensory synapse refine-
ment, and impaired LTD (Kutsuwada et al., 1996). Although the
two subunits confer distinct properties in pharmacological pro-
files, synaptic plasticity, receptor trafficking, and left—right asym-
metrical synaptic delivery (Ito et al., 1997; Quinlan et al., 1999,
2004; Barria and Malinow, 2002; Kawakami et al., 2003; L. Liu et
al., 2004; Wu et al., 2005; Shinohara et al., 2008), it remains
unknown how they play roles in synaptic expression and function
of NMDARSs in the brain, mainly because of the lack of viable
GluN2B-KO animal models.

Here, we generated CA3-targeted GluN2B-KO (CA3-GluN2B-
KO) mice, in which GluN2B subunit is preferentially ablated
from CA3 pyramidal cells. We show that, despite remaining
NMDAR subunits, GluN2B subunit deletion leads to almost
complete loss of NMDAR-mediated synaptic currents and LTP,
increased detergent solubility of GIuN2A and postsynaptic
density-95 (PSD-95), decreased filamentous actin, and reduced
spine density in the mutant CA3. Considering that NMDAR-
mediated synaptic currents and plasticity remain in the CA3 of
GIluN2A-KO mice (Sakimura et al., 1995; Ito et al., 1997), the
GluN2B subunit thus plays indispensable roles in NMDAR chan-
nel function, organization of postsynaptic macromolecular com-
plex and dendritic spines, and regulation of the actin cytoskeleton
in CA3 pyramidal cells.

Materials and Methods

Generation of CA3-GluN2B-KO mice. We designed a targeting vector in
which Cre gene was placed just behind the translational initiation site of
the GluK4 gene (Grik4) in frame. Therefore, two genomic DNA clones
carrying the Grik4 translational start site were isolated from a C57BL/6
genomic library (Stratagene). A 272 bp PstI-Agel fragment was generated
by two-step PCR using Grik4 genomic DNA and pNCre (Tsujita et al,,
1999) as templates. A knock-in vector pyl TVCre contained a 3 kb frag-
ment at the 5" side, a Cre gene placed behind the Grik4 translational start,
a Pgk-neo-p(A) cassette, a 7.5 kb fragment at the 3’ side, and a MCl1
promoter-driven diphtheria toxin gene.

To generate Grin2b-flox mice, a genomic clone containing the trans-
membrane segment M4 of the GluN2B gene (Grin2b) was isolated from
a C57BL/6 genomic library. The 0.3 kb BamHI fragment carrying a Pgk-1
polyadenylation signal was inserted into the BamHI site of pLFNeo
(Takeuchi et al., 2002), which was digested with Smal and Notl
(blunted), to yield pLENeopA. The 2.2 kb HindIII-Sacl (blunted) frag-
ment from pLFNeopA was inserted to the HindIII site in the intron
followed by the M4 containing exon. Another loxP sequence was inserted
into the Bpul102I site in the intron after the M4-containing exon to
obtain a vector pSTVfloxe2. It contained a 2.6 kb Grin2b at the 5’ side
and 7.5 kb Grin2b at the 3’ side, followed by a MC1 promoter-driven
diphtheria toxin gene.

Culture of ES cells and generation of chimeric mice were performed
as described previously (Kitayama et al., 2001). Briefly, linearized
py1CreTV or pSTVfloxe2 was introduced into C57BL/6 mouse ES cells,
and then G418-resistant clones were picked up. Each homologous re-
combined ES clone was identified by Southern blotting. To produce
germ line chimera, they were microinjected into eight cell-stage embryos
of CD-1 mouse strain. We crossed Grin2b-flox and Grik4-Cre mice to
obtain CA3-GIuN2B-KO (Grin2b10¥/00%; Grijq Cre/ *) mice. Control an-
imals in all experiments were littermate homozygous Grin2b-flox or
wild-type mice. Breeding and maintenance of mice were performed un-
der our institutional guidelines.

Genotypes were identified by Southern blot hybridization or PCR. Tail
genomic DNA was digested with Nhel (Grin2blocus) or EcoT22-1 (Grik4
locus) and hybridized with probe C (Grin2b locus) or 3’ probe (Grik4
locus), respectively. PCR was performed with specific three primers for
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each line. The sequence of each primer and the approximate length of
the amplified DNA fragments are described as follows: Grik4 <™, y1-1-5
(5"-AACTGCAGTCTTGCATGCTCTCTGGAGCC-3"), yIMet2 (5'-
GGAGCGGAGAACACGGGGCAT-3'), and CreR1 (5'-TTGCCCCT-
GTTTCACTATCC-3"); wild type, 170 bp; mutant, 1 kbp; Grin2b 1%,
M4S4 (5'-GTCAGAGAGTTTAACCTCAG-3'), Pgk-pr2 (5'-GCTGC-
TAAAGCGCATGCTCC-3"), and M4A3 (5'-ACAAGCACCTTCTTG-
GTCTC-3"); wild type, 940 bp; mutant, 200 bp; null, 100 bp.

B-Galactosidase assay. CAG-CAT-Z11, a Cre-inducible lacZ mouse
line (Araki et al., 1995), was crossed with the Grik4-Cre mouse line
(Grik4<*'") for detecting the Cre recombinase activity. 3-Galactosi-
dase expression was examined by X-gal staining (Tsujita et al., 1999) in
parasagittal brain sections of mice heterozygous for each transgene
(Grik4©™/*; CAG-CAT-Z11/+).

Immunohistochemistry and postembedding immunogold electron mi-
croscopy. To identify the cell type expressing Cre recombinase in the brain
of mouse line (Grik4©*'*; CAG-CAT-Z11/+), parasagittal sections (1
mm thick) subjected to the X-gal staining were embedded in paraffin wax
for immunohistochemical analysis. Paraffin sections (5 um thick) were
successively incubated with 10% normal goat serum for 30 min, primary
antibodies against calbindin (1:10,000) (Nakagawa et al., 1998), parval-
bumin (1 pug/ml) (Nakamura et al., 2004), or glutamine synthase (1 ug/ml;
antigen; amino acid residues 346-375 of mouse glutamine synthase; ac-
cession number M60803) overnight, biotinylated goat anti-guinea pig or
anti-rabbit IgG for 1 h, and streptavidin—peroxidase (Histofine SAB-PO
kit; Nichirei) for 30 min. Immunoreactions were visualized with DAB
(3,3-diaminobenzidine). Nuclear fast red (Nakarai) was used for
counterstaining.

In immunohistochemistry for NMDA and AMPA receptor subunits
and PSD-95/synapse-associated protein 90 (SAP90), paraffin sections (5
um) of control and mutant mice were subjected to pepsin pretreatment,
as reported previously (Watanabe et al., 1998; Fukaya and Watanabe,
2000; Yamada et al., 2001; Oshima et al., 2002). The sections were immu-
noreacted with rabbit or guinea pig primary antibodies (all at 1 ug/ml)
against GIuN2AC (formerly termed GluRe1C), GluN2BN (GluRe2 N),
GluN2BC (GluRe2C) (Watanabe et al., 1998), GluN1-C2 (GluR{1-C2)
subunits of NMDARs (Abe et al., 2004), GluAl (GluR1, GluR-A, or
GluRal) subunit of AMPA receptors (AMPARs) (Watanabe etal., 1998),
PSD-95 (Fukaya and Watanabe, 2000), B-galactosidase (ab616; Ab-
cam), and Cre recombinase (69050-3; Novagen). We also used Cre
recombinase antibody, which was raised in the guinea pig against
full-length bacteriophage P1 Cre recombinase (GenBank accession
number X03453).

Postembedding immunogold electron microscopy was performed
similarly as described previously (Fukaya and Watanabe, 2000; Abe et al.,
2004). Briefly, ultrathin sections obtained from two control and two
mutant mice at 2 months of age were immunoreacted overnight with
GluN2AC, GIuN2BN, GluN1-C2, GluN1-C2’ (Abe et al., 2004), or
PSD-95 antibody (10 pg/ml for each), and then with colloidal gold (10
nm)-conjugated anti-rabbit or anti-guinea pig IgG (British Biocell Inter-
national) for 2 h. Grids were stained with 2% uranyl acetate for 20 min.
The number of gold particles associated with the postsynaptic mem-
brane, which were defined as those apart <30 nm from the postsynaptic
membrane, was counted in the stratum radiatum of hippocampal CA3
region.

Golgi staining and quantification of dendritic spines. For Golgi-Cox
staining, brains from postnatal day 60 (P60) mice were processed using
the FD Rapid GolgiStain kit (FD Neurotechnologies). In brief, brains
were rapidly removed from deeply anesthetized mice, washed in distilled
water, and immersed in impregnation solution for 2 weeks at room tem-
perature. After incubation with cryoprotectant solution, transverse sec-
tions through left hippocampi (60 um thick) were cut on a cryostat
(Leica) and mounted on gelatinized glass slides. Sections were counter-
stained with cresyl violet, rinsed in distilled water, dehydrated, and
mounted with Permount (Thermo Fisher Scientific). Apical dendrites of
CA3 pyramidal cells, which were isolated from those of neighboring
neurons, were selected and reconstructed using 100X objective lens and
Neurolucida software (MBF Biosciences). Spine numbers on primary
and secondary dendrites in the stratum radiatum were counted, and
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spine density along dendrites was calculated by Neuroexplorer (MBF
Biosciences). Statistical significance was assessed by the Mann—Whitney
U test.

Electrophysiology. Transverse hippocampal slices (400 um thick) were
prepared from 6- to 12-week-old mice and kept for at least 1 h before
recording. All experiments were performed at room temperature (24—
28°C) in accordance with the animal welfare guidelines of the Physiolog-
ical Society of Japan. For LTP experiments, field EPSPs (fEPSPs) were
recorded with a glass microelectrode of ~10 wm tip diameter filled with
extracellular solution. The composition of the standard artificial CSF
(ACSF) was as follows (in mm): 127 NaCl, 1.5 KCl, 1.2 KH,PO,, 1.3
MgSO,, 2.4 CaCl,, 26 NaHCO;, and 10 glucose. The solution was
equilibrated with 95% O, and 5% CO,. Stimuli (0.1 ms duration)
were delivered at 0.1 Hz through a concentric bipolar tungsten electrode.
Commissural (Com) inputs to CA3 neurons were stimulated at the fim-
bria, and fEPSPs were recorded from the stratum oriens. For commis-
sural/associational (C/A) fEPSPs, stimulating and recording electrodes
were placed in the stratum radiatum of the CA3 region. Mossy fibers
(MFs) were stimulated at the stratum granulosum in the dentate gyrus
and recorded from the stratum lucidum of the CA3 region. Schaffer
collateral/commissural (SC) fibers were stimulated and recorded from
the stratum radiatum of the CA1 region. A train of high-frequency stim-
ulation (100 Hz; 1 s) was used to elicit LTP at these synaptic inputs. For
LTP experiment at MF synapses, 25 um D-AP5 was applied 10 min before
the high-frequency stimulation to prevent contamination of NMDAR-
dependent potentiation at the CA3 recurrent collaterals. In separate set of
experiments, whole-cell recordings were made with pipettes filled with
an internal solution containing the following (in mm): 150 Cs gluconate,
8 NaCl, 0.2 EGTA, 10 HEPES, and 2 Mg-ATP, pH 7.2. To quantify
functional NMDAR channels at postsynaptic sites, we compared the ra-
tio of synaptic currents mediated by NMDARs (NMDA EPSCs) to those
mediated by non-NMDARs (non-NMDA EPSCs) (Sakimura et al.,
1995). Non-NMDA EPSCs were first recorded at —80 mV, and then
NMDA EPSCs were recorded at +50 mV in the presence of 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX) (10 mm), a blocker of non-
NMDARs. In these experiments, picrotoxin (100 um) was added to ACSF
to block GABA , receptor-mediated synaptic responses, and concentra-
tions of both Ca?* and Mg? " were raised to 4 mum to prevent generation
of seizure discharges. In addition, non-NMDAR- and NMDAR-
mediated currents were elicited by direct application of glutamate (0.1 M),
pH 8.0, to CA3 neurons by iontophoresis. These currents were expected
to reflect mainly activation of extrasynaptic receptors. Current pulses
(100 ms duration; ~80 nA intensity) were used for ejecting glutamate,
whereas smaller retaining currents of reverse polarity were used to pre-
vent leakage of glutamate and steady-state desensitization of the recep-
tors. Non-NMDAR-mediated currents were recorded at —80 mV, and
then NMDAR-mediated currents were recorded at +50 mV in the pres-
ence of 10 um CNQX.

Production of chimeric protein for titration of GIuN2A and GluN2B
antibodies. Original cDNAs of GluN2A and GluN2B were obtained from
pBKSAel (Meguro et al., 1992) and pBKSAe2 (Kutsuwada et al., 1992).
Chimeric cDNA of GluN2B-2A (1-853 of GluN2B, 857-1442 of GluN2A)
and GluN2A-2B (1-856 of GIuN2A, 854-1456 of GluN2B) were obtained
by two-step PCR using pBKSAe1 and pBKSAe2 as templates. All four
of these cDNAs were cloned into pEF-BOS vector (Mizushima and
Nagata, 1990), which were introduced into COS-7 cells by the Lipo-
fectamine Plus Reagent (Invitrogen). Twenty-six hours after transfec-
tion, cells were harvested in ice-cold PBS, and lysed in 200 ul of 1X
sample buffer (62.5 mm Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 1%
2-mercaptoethanol, 0.002% BPB), and lysate of COS-7 cells was soni-
cated and centrifuged at 10,000 X g for 10 min at 2°C to obtain superna-
tant as chimeric protein samples. To evaluate relative titers of GluN2AC
and GluN2BN antibodies, graded amounts of the lysate were subjected to
Western blotting. By comparison of band intensity, the titer of GluN2AC
antibody relative to GluN2BN antibody was obtained to be 1.3. This ratio
was used to estimate relative amounts of GluN2A and GluN2B subunits
in the hippocampal CA3 region.

Subcellular fractionation and Western blot analysis. Mouse hippocampi
were excised from 8- to 12-week-old mice, and the CA3 area was dis-
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sected out in ice-cold ACSF under dissecting microscope, and then ho-
mogenized in homogenization buffer [320 mM sucrose and 5 mm EDTA,
pH 7.5, containing 0.5 mm phenylmethylsulfonyl fluoride (PMSF)
(Sigma-Aldrich), 2 um leupeptin (Peptide Institute), 1 uMm pepstatin
(Peptide Institute), and phosphatase inhibitor (PhosSTOP; Roche)]. The
homogenate was centrifuged at 1000 X g for 10 min to obtain the super-
natant (S1) as the crude fraction. The cell fractionation was performed as
described previously (Carlin et al., 1980). To obtain the PSD fraction, the
synaptosomal fraction of the hippocampal CA3 region from five mice
was treated with ice-cold Triton solution (containing 0.5% Triton X-100,
0.16 M sucrose, and 6 mum Tris-HCI, pH 8.0) for 15 min on ice, and then
centrifuged at 32,000 X g for 25 min at 2°C. The resultant pellet was
resuspended in 40 mm Tris-HCI, pH 8.0, and further treated with ice-
cold Triton solution for 15 min on ice and then centrifuged at 201,800 X
g for 65 min at 2°C. The resultant pellet (PSD fraction) obtained was
dissolved in 1% SDS, 40 mm Tris-HCI, pH 8.0. F-actin and G-actin
fractions were separated as described previously (Aoki et al., 2005).
Briefly, the synaptosomal fraction of the hippocampal CA3 region from
five mice was centrifuged at 228,000 X g for 60 min at 2°C. The pellet
suspended in 5 mm Tris-HCI, pH 7.5, 150 mm NaCl, 0.5 mm DTT, 1%
Nonidet P-40 (NP-40), and protease inhibitors (0.5 mm PMSF, 2 um
leupeptin, and 1 M pepstatin) was centrifuged at 200,000 X g for 60 min
at 2°C. The resultant supernatant and pellet were used as the G-actin and
the F-actin fractions, respectively. Protein concentration of the fractions
was determined by the method of Lowry et al. (1951) or using BCA
Protein Assay Reagent (Pierce). SDS-PAGE and immunoblotting were
performed as described previously (Abe et al., 2004). The following an-
tibodies were used: GluN2BN, GluN2BC, GluN2AC, GluN1N (1 ug/ml)
(Watanabe et al., 1998), GluK4C (1 ug/ml), rabbit PSD-95 (1 pg/ml)
(Fukaya and Watanabe, 2000), rabbit N-cadherin (1 ug/ml; H-63; sc-
7939; Santa Cruz Biotechnology), rabbit NSE (1 pg/ml) (Sakimura et al.,
1980), mouse monoclonal a-actinin (1 ug/ml; A5044; Sigma-Aldrich),
mouse monoclonal actin (1 pg/ml; MAB1501R; Millipore Bioscience
Research Reagents), rabbit cofilin (1:500; C8736; Sigma-Aldrich), mouse
monoclonal CaMKIla (1 ug/ml; MAB8699; Millipore Bioscience Re-
search Reagents), rabbit CaMKIIB (1 ug/ml), rabbit active CaMKII (1:
500; V1111; Promega), rabbit GluRa1C (1 ug/ml) (Shimuta et al., 2001),
and mouse monoclonal SAP97 (1 ug/ml; RP1197.4; Assay Designs) an-
tibodies. Rabbit GluK4C and rabbit CaMKIIB antibodies were raised
against C-terminal 91 aa residues of mouse GluK4 (GenBank acces-
sion number AK032029) and 353-388 aa residues of mouse CaMKIIS
(NM_007595), respectively. For semiquantification of the protein level,
images on x-ray film (Kodak) were scanned to determine the relative gray
intensities by using NIH Image software. To prevent saturated signals,
densitometric quantification was performed in the range of good linear-
ity between signal intensity and exposure time.

Results

Generation of Grik4-Cre and Grin2b-flox mouse lines

To establish the Cre expression system targeting hippocampal
CA3 pyramidal cells, we used the promoter of the glutamate re-
ceptor GluK4 subunit (GluRyl or KA1) gene (Grik4 ), which is
predominantly expressed in the CA3 pyramidal cell (Werner et
al., 1991). We constructed a targeting vector, in which Cre gene
was inserted into the translational initiation site of the Grik4 in
frame. The vector was introduced into the C57BL/6 ES cells by
electroporation (Fig. 1A). Chimeric mice were generated from a
recombinant ES clone (Fig. 1 B) and crossed with C57BL/6 mice
to produce the Grik4-Cre mutant line. The heterozygous (Grik4“"*'*)
mice were viable, fertile, and did not display any overt behavioral
and anatomical phenotypes (data not shown). To detect Cre
recombinase activity, we intercrossed the Grik4-Cre line with
the Cre-inducible lacZ reporter mouse line (CAG-CAT-Z11)
(Araki et al., 1995) and produced reporter mice heterozygous for
each transgene (Grik4“*'*; CAG-CAT-Z11/+). Blue staining
representing Cre recombinase activity first appeared in the hip-
pocampal CA3 region at PO. Cre recombinase expression in-
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Figure 1.  Generation of Grin2b-flox and Grikd-Cre mice. A, Schematic representations of Gluk4 cDNA, genomic DNA (Grik4 "),
and targeted genome (Grik4 ). The gray boxes indicate exons. The black boxes indicate the probes for Southern blot analysis. The
filled circles in the Grik4 “® allele delineate the 5" and 3’ termini of the targeting vector. The semicircles indicate FRT sequences.
Met, Initial methionine; Cre, Cre recombinase gene; neo, neomycin-resistant gene expression cassette; Xb, Xbal; ET, EcoT,,-I.
B, Southem blot analysis of Xbal- or FcoT,,-I-digested genomic DNA prepared from the wild-type (Grik4 /) and heterozygous Cre
(Grik4 ™) mice. €, B-Galactosidase activity induced by Grik4-Cre in 4-week-old reporter mice. a, B-Galactosidase staining of a
whole-brain slice (50 wm thick). b, ¢, Hippocampus, counterstained with nuclear fast red (NFR) (b) or reacted with anti-calbindin
antibody (c). d, e, CA3 region. Parvalbumin (d) and glutamine synthase (e) were stained with respective antibodies as markers for
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creased progressively in the CA3 until
P8 (supplemental Figs. S1, S2 A, available
at www.jneurosci.org as supplemental
material). Thereafter, high recombinase
activity was maintained and virtually re-
stricted to this region with gradual ap-
pearance of low activities in the layer VI of
the cerebral cortex and in several brain-
stem regions (Fig. 1Ca; supplemental S1,
available at www.jneurosci.org as supple-
mental material).

Within the hippocampus, Cre-mediated
recombination was almost selective to the
CA3 region and its continuous hilar region
(Fig. 1Ca—c; supplemental Fig. S2 A, avail-
able at www.jneurosci.org as supplemental
material). Recombination in the dentate
gyrus, which is known to express GluK4
subunit at low levels (Werner et al., 1991),
occurred at apparently low frequencies.
By counting the number of blue cells, all
(100%) of the CA3 pyramidal neurons
were positive as early as P8, whereas posi-
tive cells in dentate gyrus granule cells
were 0.4% at P8 and 6.9% at postnatal 10
weeks (P10W). B-Gal-positive cells in the
hilus were polymorphic cells (supplemen-
tal Fig. S2 A, available at www.jneurosci.
org as supplemental material). No
positive cells were found in CA1 pyrami-
dal cells even at P1IOW. In contrast, Cre-
mediated recombination was negative in
glutamine synthase-positive astrocytes
and parvalbumin-positive interneurons
in the CA3 region (Fig. 1Cd,e). In the re-
porter mice, the distribution of blue cells
was consistent with that of 3-galactosidase
(supplemental Fig. S2C, available at www.
jneurosci.org as supplemental material)
or Cre recombinase immunoreactivity
(supplemental Fig. S2D, available at
www.jneurosci.org as supplemental ma-
terial). These results indicate that the
Grik4-Cre mouse line can drive Cre-
mediated recombination mainly in CA3
pyramidal cells.

<«

interneurons and glial cells, respectively. Scale bars: a, 3 mm;
b, ¢, 100 wm; d, e, 10 wm. D, Schematic representations of
GIuN2B cDNA, genomic DNA (Grin2b ™), targeted genome
(Grin2b™™), and Cre-mediated deleted genome (Grin2b ).
The gray boxes indicate exons. The black boxes indicate the
probes for Southern blot analysis. The triangles indicate loxP
sequences. The filled circles in the Grin2b "™ allele delineate
the 5" and 3" termini of the targeting vector. Nh, Nhel; Nd,
Ndel. E, Southern blot analysis of Ndel- or Nhel-digested genomic
DNA prepared from the wild-type (Grin2b */™), heterozygous
floxed (Grin2b /"), homozygous floxed (Grin2b ™™™, and
heterozygous floxed and deleted (Grin2b flox/del) pice. F, Immuno-
blotanalysis of whole-brain crude fraction prepared from the wild-
type, heterozygous (Grin2b */™), and homozygous floxed
(Grin2b "™/™) mice at P0.5 with anti-GluN2BC and anti-NSE
antibodies.
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viable, fertile, and did not display any overt
behavioral and anatomical phenotypes
(data not shown).

Preferential GluN2B deletion

in CA3 pyramidal cells within

mutant hippocampus

By intercrossing Grik4-Cre mice with
Grin2b-flox mice, we obtained CA3-
GluN2B-KO (Grin2b™1°% Grikd “'")
mice, which are termed mutant mice
hereafter. They were viable, fertile, and
displayed no overt behavioral pheno-
types. In Grik4-Cre mice, a low level of
Cre recombinase activity appeared in
germ line (data not shown), and we ob-
tained heterozygous Grin2b-flox and de-

Figure 2.

bars: A4, B, 1Tmm; (~J,0.1 mm.

In our preliminary experiments using the Xenopus oocyte ex-
pression system, we confirmed that mutant GluN2B subunit
lacking the transmembrane segment M4 constituted no func-
tional NMDAR channels (data not shown). We thus constructed
a targeting vector in which the exon encoding the transmem-
brane segment M4 was flanked by two loxP sequences in the same
orientation. The vector was introduced into the C57BL/6 ES cells
by electroporation, and chimeric mice were generated from a
recombinant ES clone. The chimeric mice were further crossed
with C57BL/6 mice to establish the neomycin resistant gene (neo)-
containing Grin2b-flox mouse line (Fig. 1 D, E). Because expression
level of GluN2B subunit in neo-containing Grin2b-flox mice was
comparable with that in wild-type mice (Fig. 1 F; supplemental Fig.
S4 A, available at www.jneurosci.org as supplemental material), we
did not remove the neo cassette and hereafter used them as control
mice (Fig. 1 F). Homozygous Grin2b-flox mice (Grin2b flox/flox) yere

Selective deletion of GluN2B subunit in CA3 pyramidal cells of CA3-GIuN2B-KO mice. Immunohistochemistry
for GIuN2B in mutant and control mice at 2 months of age. Inmunoreactivities for GIuN2B in the whole brain (4, B),
hippocampus (E, F), and the dorsal and ventral hippocampi (G, H). Normal histology of the hippocampus in mutant mice (C,
D). Immunoreactivities for calbindin used as a marker for subfields of the hippocampal formation (/, J): dense somal and
dendritic labeling in the dentate gyrus (DG), dense mossy fiber labeling in the CA3 (CA3), and low diffuse labeling in the
CA1. The arrows in G-J indicate the CA3 subfield. (B, Calbindin; dH, dorsal hippocampus; vH, ventral hippocampus. Scale

leted mice (Grin2b 14 at the frequency
of <1% (Fig. 1E). The size, proportion,
and histology of the brain, including the
hippocampus, were apparently normal
in mutant mice at 2 months of age (Fig.
2A-D). Immunohistochemical changes
of GluN2B and other postsynaptic mole-
cules were evaluated by pepsin-pretreated
immunoperoxidase with paraffin sections
(Figs. 2E-], 3A), because postsynaptic
antigens were detected very weakly with-
out pepsin pretreatment (supplemental
Fig. S3A, available at www.jneurosci.org
as supplemental material), and paraffin
sections yielded immunohistochemical
staining with higher signal-to-noise ratios
than frozen sections (supplemental Fig.
S3B, available at www.jneurosci.org as
supplemental material). We observed that
GluN2B subunit was lowered in the CA3
region of mutant mice to around the
background level using both GluN2BN
(Fig. 2E,F) and GluN2BC (data not
shown) antibodies. No apparent loss of
GluN2B subunit was discerned in the CA1
region, whereas mild reduction was found
in the molecular layer of the dentate gyrus
and the hilus. By using calbindin as a
marker for subfields of the hippocampal
formation (Fig. 2IJ), this pattern of
GluN2B ablation was confirmed in both the dorsal and ventral
hippocampi (Fig. 2G,H). At 2 months of age, mild to moderate
reduction of GluN2B immunoreactivities was also noted in deep
cortical layers and some brainstem regions (Fig. 24, B), as ex-
pected from B-galactosidase assay (supplemental Fig. S1, avail-
able at www.jneurosci.org as supplemental material). In the
crude fraction prepared from the microdissected CA3 region,
immunoblot with GluN2BN antibody showed that GluN2B
bands, which was comparable in size with that in control mice,
was greatly reduced in mutant mice (9.59 = 5.15% of control
level; n = 3 independent preparations; ¢ test, p < 0.004) (mean =
SEM) (Fig. 3B). The lack of truncated GluN2B band as well as
immunohistochemical invisibility with use of GIuN2BN anti-
body (supplemental Fig. S4B, available at www.jneurosci.org as
supplemental material) suggests accelerated premature degrada-
tion of GluN2B subunit lacking the M4. Therefore, it is conceiv-
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able that a trace level of residual GluN2B
subunit might reflect intact expression in
nonpyramidal cells and/or contamination
of adjacent dentate gyrus or CA1 region.
Moreover, a substantial reduction was
noted in immunohistochemical signals
for GluN1 subunit in the mutant CA3 re-
gion (Fig. 3A). This was consistent with
immunoblot analysis using crude fraction
(Fig. 3B); the amount of GIuN1 subunit
was significantly reduced in the mutant
CA3 region to one-halflevel of the control

“mutant >

pm——

W control
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one (47.7 £ 12.3%; n = 5; p < 0.02). In
contrast, almost comparable levels by im-
munohistochemistry and immunoblot
were observed for GluN2A subunit (90.6 =
16.3% of control; n = 4; p = 0.61), GluA1
subunit (111 * 13.2% of control; n = 5;
p = 0.45), and PSD-95, a scaffolding pro-
tein for ionotropic glutamate receptors
(98.0 = 6.85% of control; n = 3; p = 0.79)
(Fig. 3 A, B; supplemental Fig. S4 B, avail-
able at www.jneurosci.org as supplemen-
tal material). N-cadherin, a homophilic
adhesion molecule comprising the adhe-
sive junction between presynaptic and
postsynaptic membranes, was unchanged
in the mutant CA3 region (77.6 = 1.80%
of control; n = 4; p > 0.05). In the mutant CA1 region, how-
ever, no significant changes were observed for GIuN2A sub-
unit (110 £ 21.9% of control; n = 3; p = 0.69), GluN2B
subunit (67.2 £ 20.6% of control; n = 3; p = 0.25), and GluN1
subunit (90.1 * 30.2% of control; n = 3; p = 0.77).

GluK4 subunit was reduced to one-half level in the mutant
CA3 (Fig. 3B), because Cre recombinase cDNA was inserted into
the translational initiation site of the Grik4 gene in frame in
Grik4-Cre mice (see Materials and Methods). As no reduction of
immunohistochemical signals for GluN1 subunit was discerned
in the CA3 of Grik4-Cre mice compared with wild-type mice
(data not shown), the reduced GluN1 subunit in the mutant CA3
region is unlikely to be caused by the ablation of single Grik4.
Therefore, GIuN2B subunit is preferentially ablated in CA3 py-
ramidal cells within mutant hippocampus, which accompanies re-
duction of GluN1 subunit to one-half level without affecting other
synaptic molecules, including GluN2A subunit and PSD-95.

Figure 3.

Almost complete loss of NMDAR-mediated synaptic currents
at mutant CA3 synapses
We next examined the effects of conditional GluN2B ablation on
NMDAR-mediated synaptic currents at three excitatory CA3
synapses: the C/A—CA3 synapse, Com—CA3 synapse, and MF—
CA3 synapse (Fig. 4A). The ratio of NMDAR to non-NMDAR
components of EPSCs decreased drastically at all three synapses
in the mutant mice: C/A-CA3 synapse (30.5 & 4.5% in control,
n =12;3.9 * 0.8% in mutant, n = 13; p < 0.001), Com—CA3
synapse (17.9 = 5.2% in control, n = 3; 0.3 = 0.3% in mutant,
n=4;p<0.001),and MF—CA3 synapse (17.1 * 2.2% in control,
n=7;2.0 = 1.5% in mutant, n = 5; p < 0.001). In contrast, there
was no significant difference in NMDAR components at the SC—
CA1 synapse between control and mutant mice (38.9 * 8.0% in
control, n = 9;31.8 = 4.0% in mutant, n = 8; p = 0.46).

We also measured LTP (Fig. 4B). In mutant slices, LTP was
abolished at the Com—CA3 synapse (212.1 = 32.2% in control,

con mut

GIUN2A SRR S S

con mut con mut

GluK4 W =

con mut

GIUN2B W s

GluN1 -- PEE

N-cad WERERER S —

Effects of CA3 region-selective GIuN2B deletion on PSD-associated proteins. A, Immunohistochemistry for GIUN2A,
GluN1-C2, PSD-95, and GluAT in the mutant and control hippocampus. Scale bar, 0.1 mm. B, Inmunoblot analysis of crude fraction
from CA1and CA3 of control and mutant mice with respective antibodies (GluN2B, GluN2A, GluN1, PSD-95, GluK4, and N-cadherin).
Each lane was loaded with 20 1.q of protein.

n = 5;107.7 = 19.8% in mutant, n = 6; p < 0.02) and C/A-CA3
synapse (139.6 * 8.4% in control, n = 5;96.6 * 9.0% in mutant,
n = 6; p < 0.01). In contrast, robust LTP was induced at the
MF-CA3 synapse (131.1 = 9.9% in control, n = 6; 141.6 = 23.2%
in mutant, n = 4; p = 0.65), in which LTP does not depend on
NMDAR activation (Harris and Cotman, 1986; Zalutsky and
Nicoll, 1990). As to LTP at the SC-CA1 synapse, there were no
significant differences between control and mutant slices
(161.8 = 11.7% in control, n = 6;149.0 = 8.0% in mutant, n = 4;
p = 0.45). Therefore, NMDAR-mediated synaptic currents and
plasticity are abolished by the ablation of GluN2B subunit.

The 1:2 ratio of GluN2A and GluN2B amounts in CA3 region
Our results show that synaptic NMDAR-mediated currents are
almost lost despite the presence of remaining GluN2A and GluN1
subunits. To explain the apparent discrepancy, we tested several
possibilities. The first possibility was that the amount of GluN2B
subunit is overwhelming to that of GluN2A subunit in the CA3
region, and the ablation of the former thereby leads to almost
complete loss of NMDAR function. To estimate relative subunit
contents in the CA3, we first determined the titer ratio of
GIuN2AC and GluN2BN antibodies using COS cell lysates ex-
pressing chimeric GluN2A/GluN2B protein (supplemental Fig.
S5, available at www.jneurosci.org as supplemental material).
Chimeric 2A-2B protein was constructed from the N-terminal
side of GluN2A subunit and the C-terminal side of GluN2B, and
this is opposite for chimeric 2B-2A protein (supplemental Fig.
S5A, available at www.jneurosci.org as supplemental material).
In immunoblot analysis of COS-7 cell extracts, GluN2AC anti-
body recognized specific band of GluN2A subunit and chimeric
2B-2A protein, whereas GluN2BN antibody did GluN2B subunit
and chimeric 2B-2A protein (supplemental Fig. S5B, available at
www.jneurosci.org as supplemental material). By graded dilu-
tions of these chimeric proteins, the titration of GluN2AC and
GluN2BN antibodies was performed. The signal intensity of pro-



Akashi et al. e Conditional Ablation of GIuN2B in Hippocampal CA3

Com-CA3
control

A

&
[ ]

mutant

100 pA

100 ms

MF-CA3

control mutant control

SC-CA1

C/A-CA3

J. Neurosci., September 2, 2009 + 29(35):10869 —10882 « 10875

Normal synaptic expression of GluN2A
and PSD-95 and severe reduction of
GluN1 in mutant CA3

The second possibility was attributable
to the inability of NMDARs to localize
at the postsynapse when GluN2B subunit
is absent, and this was tested by quantita-
i tive postembedding immunogold elec-
tron microscopy (Fig. 5). The number of
gold particles on the postsynaptic mem-
brane and the length of PSD were mea-
sured to calculate the density of synaptic
immunogold labeling. No significant dif-
ference was found for GluN2A subunit

mutant

100 pA

mutant

|

{\#M__
/ i
|

100 pA |/

V

e

I 100pA

100 ms
100 ms

B Com-CA3 mutant

1

®  mutant (6)
";-I o control (5)
I
My

SC-CA1

5007

control

10 msl‘ mv

N
=]
o

EPSP (%)

EPSP (%)
w

-

N

=]

=)
P

I1oo pA |
i

(10.8 particles/um in control, n = 22 syn-
apses; 11.4 in mutant, n = 20; p = 0.81)
(106% of control level) (Fig. 5A, B). Syn-
aptic labeling density was also comparable
for PSD-95 (103% of control level; n = 20
for each; p = 0.52) (Fig. 51,]).

GluN1 subunit ends with four differ-
ent C termini, being generated by optional
usage of the C1 cassette and by alterna-
tive usage of the C2 and C2’ cassettes
(Sugihara et al., 1992; Hollmann et al,,

o 1993). We examined GluN1 subunit by
S using GluN1-C2 and GluN1-C2" antibod-

|/

|100 pA

mutant control

c
5

ies. Synaptic labeling density was reduced
severely in the mutant: GluN1-C2 subunit

30_ 40 50 60
Time (min)

MF-CA3 C/A-CA3

11007
10007
9001
_ 8007
& 7004
o 6007
& 500
W 400
3004
200

mutant control

3001

2004

EPSP (%)

-

001

30_ 40 50
Time (min)

0 70 was 23.6% of the control level (25.0 in
control, n = 23;5.9 inmutant,n = 19;p <
0.001) (Fig. 5E,F), and GluN1-C2’ sub-
unit was 20.6% of the controllevel (7.98 in
control, n = 27; 1.64 in mutant, n = 16;
p < 0.003) (Fig. 5G,H). Thus, GIluN2A
subunit and PSD-95 are normally local-
ized at mutant CA3 synapses, whereas
GluN1 subunit is severely reduced to one-
fiftth or one-fourth levels. Considering
that functional NMDARs require GluN1

subunit and any of four GluN2 subunits
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| IImV
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Figure 4.

open and filled circles represent control and mutant slices, respectively.

tein bands produced by GluN2AC antibody was found to be
~1.3-fold higher than that by GluN2BN antibody (supplemental
Fig. S5C, left; D, left, available at www.jneurosci.org as supple-
mental material). Because the intensity of protein bands in the
CA3 crude fraction was ~1.8-fold higher for GluN2B subunit
than for GIuN2A subunit (supplemental Fig. S5C, right; D, right,
available at www.jneurosci.org as supplemental material), the
relative amount of GluN2B subunit was estimated to be approx-
imately twice (1.8 X 1.3 = 2.3) as much as that of GIuN2A sub-
unit in the hippocampal CA3 region. Therefore, the ~1:2 ratio in
amounts of GluN2A and GluN2B subunits in the CA3 is appar-
ently insufficient to account for almost complete loss of
NMDAR-mediated synaptic currents by GluN2B ablation.

o %0 %
Time (min)

Effects of GIuN2B deficiency on NMDAR-mediated EPSCs and LTPs in CA3 area. A, Effects on NMDAR-mediated EPSCs
at the synapses in hippocampal CA3 (C/A—CA3, Com—CA3, and MF-CA3) and CA1 (SC-CA1). The upward and downward traces
show NMDAR-mediated EPSCs in the presence of CNQX and non-NMDAR-mediated EPSCs in the control solution, respectively. B,
Effects on extracellular field potentials after tetanic stimulation (100 Hz, 15s). The averaged time course of the field EPSP slope. The

L (Seeburg, 1993; Nakanishi et al., 1994;
Mori and Mishina, 1995), mutant CA3
synapses should possess, at least, one-fifth
to one-fourth levels of functional NMDARs.
Again here, this is insufficient to account,
by itself, for almost complete loss of
NMDAR-mediated synaptic currents by

GluN2B ablation.

Reduced but detectable extrasynaptic NMDAR-mediated
currents in mutant CA3 pyramidal cells

Then, we pursued the third possibility that NMDARs lacking
GluN2B subunit are nonfunctional in the brain, although coex-
pression of GIuN2A and GluN1 subunits in Xenopus oocytes and
celllines yields functional NMDARs (Meguro et al., 1992; Stern et
al., 1994; Wyllie et al., 1998; Popescu and Auerbach, 2003). To
test this possibility, we measured NMDAR- and non-NMDAR-
mediated currents evoked by iontophoretic glutamate applica-
tion onto the soma and dendrites of CA3 pyramidal cells (Fig.
6A,B). These currents were supposed to mainly reflect extrasyn-
aptic receptors, although possible activation of synaptic receptors
could not be excluded. The ratio of glutamate-evoked NMDAR
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Synaptic localization of NMDA receptor subunits in the stratum radiatum of hippocampal CA3 region. Postembedding immunogold labeling for GluN2A (4, B), GIuN2B (C, D), GluN1-C2

(E, F), GluN1-C2' (G, H), and PSD-95 (1, J) in the stratum radiatum of control and mutant CA3 region. NT, Nerve terminal; Sp, spine. Scale bar, 100 nm.

to non-NMDAR components in mutant slices was significantly
decreased: 31.3% of control level by glutamate application on the
soma (58.1 * 6.5% in control, n = 14; 18.2 = 5.9% in mutant,
n = 12; p < 0.01) and 44.1% on dendrites (55.5 = 10.3% in
control, n = 6;24.5 £ 5.7% in mutant, n = 6; p < 0.05) with the
average being 35.4% (57.3 £ 5.3% in control, n = 20; 20.3 =
4.3% in mutant, n = 18; p < 0.01). Interestingly, the extents of
reduced NMDAR responses in the mutant CA3 region appear to
match with estimated ratio (1:2) of GluN2A and GluN2B sub-
units in the control one. Considering almost complete loss of
synaptic NMDAR-mediated currents, NMDARs lacking GluN2B
subunit, which may be composed of GluN1 and GluN2A sub-
units and mainly expressed at extrasynaptic site, are functional.
Thus, the ablation of GluN2B subunit has produced more severe
effects on synaptic NMDARs than extrasynaptic ones.

Increased detergent solubility of GluN2A subunit and PSD-95
in mutant CA3

The above results collectively indicate that the ablation of
GluN2B subunit did cause considerable reduction of GIuN1 sub-
unit, but this cannot fully explain almost complete loss of synap-
tic NMDAR function. Some other biochemical changes should
occur to dampen the function of synaptic NMDARs. We then
examined synaptic NMDARs and other synaptic molecules by
immunoblot using the PSD fraction prepared from microdis-
sected CA3 region (Fig. 7).

Severe reduction of GluN1 subunit was confirmed in mutants;
the relative amount was significantly reduced to 24.6 = 8.70%
of control level (n = 6 independent preparations for control
and n = 4 for mutant; p < 0.005), consistent with the result
from postembedding immunogold (Fig. 5). To our surprise,
significant reduction further occurred for GluN2A subunit
[51.1 £ 10.1% of control level; n = 6 (control) and n = 4
(mutant); p < 0.02] and PSD-95 [36.5 = 13.4%; n = 5 (con-
trol) and n = 3 (mutant); p < 0.05]. However, no significant
decrease or increase was noted in the amounts of N-cadherin
(77.6 = 1.80%; n = 4 for each; p > 0.05), SAP97 (102 *
7.56%; n = 3 for each; p = 0.79), a scaffolding protein for
shaker K channel, and GluA1 subunit (80.8 * 6.09% of con-
trol level; n = 4 for each; p = 0.051) (Fig. 7). Thus, despite
comparable synaptic localization and tissue contents in the
mutant CA3 region, GluN2A subunit and PSD-95 became
more sensitive to solubilization by detergent treatment. Im-
portantly, no such change was noted for GluN2B subunit
(95.2 £ 42.7% of control; n = 5 for each; p = 0.91) and
PSD-95 (64.4 = 17.7% of control; n = 5 for each; p = 0.11) in
the PSD fraction prepared from the CA3 of GluN2A-KO mice,
in which GluN1 subunit was reduced to one-half level of con-
trol one (47.1 * 11.6% of control; n = 5 for each; p < 0.02).
Together, the loss of GluN2B subunit has profound effects on
the organization of macromolecular complexes in the PSD.
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ined actin-related proteins enriched in
the cytosol (Fig. 8C). It has been reported
that phospho-Thr268-CaMKIla can si-
multaneously interact with a-actinin and
GIluN2B subunit (Robison et al., 2005).
No significant differences were found for
CaMKlIl« (97.6 = 1.15% of control; n =
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Figure 6.

Marked decrease of F-actin/G-actin ratio in mutant

CA3 synaptosomes

The increased detergent sensitivity of PSD molecules could result
from changes in the interaction with cytoskeletal proteins. We
focused on the actin cytoskeleton, because it is the main cytoskel-
etal component in dendritic spines, in which NMDARs and re-
lated PSD scaffolding proteins accumulate and interact with
the actin cytoskeleton (Wyszynski et al., 1997; Bockers et al.,
2001; Hering and Sheng, 2003). We prepared NP-40-soluble
and -insoluble fractions from the CA3 synaptosomal fraction to
distinguish globular monomeric actin (G-actin) and filamentous
polymerized actin (F-actin), respectively (Fig. 8A). In the synap-
tosomal fraction, no significant differences were found in the
total actin level (92.7 = 12.0% of control; n = 5 for each; p =
0.58) (n indicates the number of independent preparations) (Fig.
8 B). However, in mutant, G-actin content tended to increase
(168 = 28.7% of control; n = 4 for each; p = 0.09), whereas
F-actin content was significantly decreased (84.5 * 4.48% of con-
trol; n = 4 for each; p < 0.05) (Fig. 8 B). The ratio of F-actin to
G-actin was 1.03 = 0.19 in control (n = 6) and 0.51 = 0.05 in
mutant (n = 6;49.5% of control), showing significant reduction
(p < 0.03) (Fig. 8 B).

Next, we compared expressions of actin-binding proteins and
regulators of actin dynamics. In the CA3 synaptosomal fraction,
no significant change was seen for a-actinin (82.7 * 10.0% of
control; n = 5 for each; p = 0.16) (Fig. 8 A), which binds to both
actin filaments and the C-terminal domain of GluN2B subunit
(Wyszynski et al., 1997). Using the CA3 crude fraction, we exam-

i

NMDAR-mediated currents evoked by glutamate application in CA3-GluN2B-KO mice. 4, Currents were evoked
by iontophoretic glutamate (Glu) application to the soma or dendrites of CA3 pyramidal cells. The downward and upward
traces show non-NMDAR-mediated EPSCs at —80 mV (a) and NMDAR- and/or non-NMDAR-mediated EPSCs at +50 mV
(b—d), respectively. B, AMPAR-mediated (b — ¢) and NMDAR-mediated (c — d) responses.

4; p = 0.057) and phospho-Thr286-
CaMKII« (106 * 4.62% of control; n = 3;
p = 0.34). The relative amount of the
actin-depolymerizing factor cofilin tended
to increase (137 * 15.9% of control; n =
6; p = 0.070). Phospho-Ser3-cofilin,
which inhibits the F-actin-severing activ-
ity of cofilin, was scarcely detected (data
not shown). CaMKIIB interacts with
F-actin and promotes the bundling of
actin fibers (Okamoto et al., 2007); no
significant differences were observed for
CaMKIIB (103 £ 1.18% of control; n =
4 p 0.087) and phospho-Thr287-
CaMKIIB (99.9 = 1.79% of control; n =
4; p = 0.95). Synaptic terminal marker
synaptophysin was not changed (113 *
3.46% of control; n = 3; p = 0.058) (Fig.
8C). These observations suggest that the
loss of GluN2B subunit rather selectively
affects the dynamics and/or equilibrium
of the actin cytoskeleton, without any
overt changes in expression levels and
phosphorylation state of actin-binding
and -regulating molecules.

Finally, we examined whether the
absence of GIuN2B affected dendritic
spine density. By reconstructing Golgi-
impregnated apical dendrites, the spine density in primary and
secondary dendrites of CA3 pyramidal cells were quantitatively
compared in the stratum radiatum. We reconstructed 34 den-
drites from three control mice and 33 dendrites from three mu-
tant mice and found that spine density was significantly reduced
by 24% in mutant mice (0.84 = 0.17 um ~" for control, 0.64 +
0.17 um ~ " for KO; p < 0.001, Mann-Whitney U test) (mean *
SD) (Fig. 8D).

|100 pA
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Discussion
GluN2B subunit is expressed from early embryonic stages in
brain development (Watanabe et al., 1992; Monyer et al., 1994),
and GluN2B-containing NMDARs confer high Mg>" sensitivity,
large channel conductance, and potentiation by protein kinase C
(Kutsuwada et al., 1992; Mori et al., 1992, 1993). These properties
have led to the proposal that this subunit is critically involved in
activity-dependent brain functions, such as synapse refinement,
synaptic plasticity, and cognitive function (Mori and Mishina,
1995). Some of these postulated roles have been experimentally
evidenced using animal models, as exemplified by impaired
hippocampal LTD, whisker-related neuronal patterning, and
suckling reflex in GluN2B ~/~ newborn mice (Kutsuwada et al.,
1996), reduced hippocampal LTP in GIuN2B */~ adult mice (Ito
etal., 1997), and enhanced hippocampal LTP and superior learn-
ing ability in GluN2B-overexpressing mice (Tang et al., 1999).
In the present study, we developed a viable animal model,
CA3-GluN2B-KO mice, in which GluN2B subunit is preferen-
tially ablated in CA3 pyramidal cells and also in hilar polymor-
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Figure 7.  Effects of GIuN2B deletion on the proteins in PSD fraction from CA3 region.
Immunoblots with respective antibodies (GluN2A, GIuN2B, GluN1, PSD-95, N-cadherin,
GluA1, and SAP97) in PSD fraction from CA3 region of control and mutant. Each lane was
loaded with 2 g of protein.

phic cells within the hippocampus. In the mutant CA3, GluN1
subunit was reduced from the postsynaptic site (20.6-23.6% of
control levels by immunogold and 24.6% by immunoblot),
whose reduction is apparently severer than that in the crude frac-
tion (47.7%). The severe reduction of synaptic GluN1 subunit is
attributable mainly to the loss of GluN2B subunit, because
GluN2 subunits are essential for both postsynaptic localization
and protein stability of GluN1 subunit (Abe et al., 2004). Never-
theless, considering normal postsynaptic localization of GluN2A
subunit and the presence of remaining GluN1 subunit, virtual
loss of NMDAR-mediated synaptic currents and plasticity in
CA3-GluN2B-KO mice was unexpected.

GluN2A and GluN2B subunits are two major GluN2 subunits
in the hippocampus (Kutsuwada et al., 1992; Meguro et al., 1992;
Monyer et al., 1992). In the CA3, they are distributed at much
higher levels in the stratum radiatum and oriens, in which C/A—
CA3 and Com—CA3 synapses are formed, than in the stratum
lucidum, in which MF-CA3 synapses reside (Watanabe et al.,
1998).In GluN2A ™'~ and GluN2B '~ mice, NMDAR-mediated
synaptic currents are preferentially impaired at C/A—CA3 or
Com—CA3 synapses, respectively (Ito et al.,, 1997). From these
findings, we predicted that GluN2B knock-out would differen-
tially disrupt NMDAR-mediated responses at CA3 synapses in
an input-dependent manner. However, our observation that
NMDAR-mediated currents were almost lost at all these CA3
synapses was also unexpected. To account for these unexpected
observations, we pursued three possibilities: whether the amount
of GluN2B subunit is overwhelming against that of GluN2A sub-
unit within the CA3, whether synaptic localization of NMDARs
is aborted in the absence of GIuN2B subunit, and whether
NMDARs lacking GIuN2B subunit are nonfunctional. Our data
show that the first two possibilities cannot sufficiently explain
almost total loss of NMDAR function, and that NMDARs lacking
GluN2B subunit are functional at extrasynaptic sites of GluN2B-
lacking CA3 pyramidal cells. We finally addressed biochemical
changes in CA3 synapses (i.e., increased detergent solubility of
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NMDAR subunits and PSD-95) and significant decrease of
F-actin in the synaptosomal fraction.

F-actin is most concentrated in dendritic spines (Matus et al.,
1982; Allison et al., 1998; Capani et al., 2001), and recent studies
indicate a variety of interactions between the actin cytoskeleton
and PSD molecules (Wyszynski et al., 1997; Bockers et al., 2001;
Hering and Sheng, 2003). Depolymerization of F-actin with
latrunclin-A leads to drastic reductions in synaptic clusters of
NMDARs, AMPARs, CaMKII«, and PSD scaffolds, such as
GKAP (guanylate kinase-associated protein), Shank, and Homer
(Allison et al., 1998, 2000; Kuriu et al., 2006). Notably, the C
termini of GluN1 and GluN2B subunits bind directly to
a-actinin (Wyszynski et al., 1997), an actin-binding protein
that is concentrated in the PSD and regulates dendritic spine
morphology (Wyszynski et al., 1998; Nakagawa et al., 2004; Racz
and Weinberg, 2004). NMDARs are also anchored to the PSD
through interaction of the PSD-95/SAP90 protein family with the
C termini of GluN2A and GluN2B subunits (Kornau et al., 1995;
Kim et al., 1996; Niethammer et al., 1996; Bassand et al., 1999).
Thus, the C terminus of GluN2B is capable of interacting with
both the actin cytoskeleton and PSD-95/SAP90 protein family.
When the C-terminal region of GluN2B is truncated, postsynap-
tic clustering and localization of NMDARSs are severely impaired
in hippocampal neurons (Mori et al., 1998), suggesting its impor-
tance in the organization of postsynaptic molecules. Our finding
that increased detergent solubility in the PSD fraction was seen
for GluN2A subunit in CA3-GluN2B-KO mice, but not for
GluN2B subunit in GluN2A-KO mice, further indicates that
GluN2A subunit cannot compensate for this role by GluN2B
subunit. Furthermore, dendritic spine density showed a mild but
significant reduction (~24%) in CA3-GluN2B-KO mice. These
observations are similar to those obtained from RNA interference
(RNAi) knockdown experiments using cultured hippocampal
neurons (Kim et al., 2005); GluN2B-RNAi, but not GIuN2A-
RNAI, leads to great reductions of synaptic NMDARs and spine
density. Therefore, GluN2B subunit likely plays an indispensable
role in the formation or maintenance of postsynaptic macromo-
lecular complex and dendritic spines.

Ca**-induced depolymerization of F-actin also leads to run-
down of NMDAR function (Rosenmund and Westbrook, 1993).
Conversely, increased stability of F-actin, which occurs in mice
lacking Eps8, a regulator of actin dynamics, enhances NMDAR-
mediated currents (Offenhiuser et al., 2006). Furthermore, LTP
induction is associated with long-lasting increase of F-actin con-
tents in the activated spines, and this increase of F-actin is depen-
dent on the activation of NMDARs and the inactivation of actin
depolymerizing factor cofilin (Fukazawa et al., 2003). In the
present study, we noted reduced F-actin/G-actin ratio and ten-
dency of cofilin to increase in the CA3 of CA3-GluN2B-KO mice,
without showing any overt changes in expression levels and phos-
phorylation state of other actin-binding and -regulating mole-
cules. The mechanism of how the actin cytoskeleton regulates
NMDAR activity and vice versa is currently unknown. In this
regard, a mechanosensitive nature of NMDARs seems interest-
ing; NMDAR-mediated currents alter by changing the osmolarity
of external solution and the pressure of patch pipettes (Paoletti
and Ascher, 1994). From these findings, it is conceivable that
GluN2B-containing NMDARs not only regulate structural and
molecular organization in the postsynapse and may also potenti-
ate NMDAR function, presumably, through modulating the in-
tegrity of F-actin in dendritic spines.

Some of our present findings need to be discussed in rela-
tion to previous notions and findings. First, previous electro-
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physiological studies using cultured neurons and cortical
slices reported that GluN2B-containing NMDARs are mostly
distributed on the extrasynaptic site, whereas GluN2A-containing
NMDARSs are localized on the synaptic site (Stocca and Vicini,
1998; Tovar and Westbrook, 1999). However, we observed by
postembedding immunogold microscopy that both GluN2A and
GluN2B subunits are accumulated at synaptic sites (Fig. 5). Our
observation is rather consistent with recent studies in the hip-
pocampus using electrophysiological recording (Thomas et al.,
2006; Harris and Pettit, 2007; Miwa et al., 2008) and GluN2
antibody-mediated live imaging (Groc et al., 2006). Second, us-
ing organotypic hippocampal slices transfected with electro-
physiologically tagged GluN1, Barria and Malinow (2002) have
shown that GluN2A-containing receptors replace synaptic
GluN2B-containing NMDARs in a ligand binding-dependent
manner. This model of use-dependent subunit switching is con-
sistent with developmental and use-dependent increases of
GIuN2A-containing NMDARs (Quinlan et al., 1999, 2004), de-
velopmental reduction and shortening of synaptic NMDAR cur-
rents (Carmignoto and Vicini, 1992; Hestrin, 1992), and reduced
plasticity as animals age (Crair and Malenka, 1995; Feldman etal.,
1998). In the present study, we found that GluN2A and GluN1
subunits are present at synapses of CA3-GluN2B-KO mice (Fig.
5), suggesting that GluN2A-containing NMDARs can be re-
cruited to synapses in the absence of preexisting GluN2B-
containing ones. Third, in contrast to almost complete functional
loss of NMDARs at CA3 synapses in CA3-GluN2B-KO mice,
NMDARs lacking GluN2B subunit are known to be functional at
autapses of cultured hippocampal neurons prepared from
GluN2B-null mutant mice (Tovar et al., 2000). GluN2A/GluN1
receptors are also active at cerebellar mossy fiber—granule cell
synapses of GluN2C-null mutant mice (Kadotani et al., 1996)
(our unpublished observations). Furthermore, we found differ-
ent effects of GluN2B ablation between synaptic and extrasynap-
tic NMDARs (Figs. 4, 6). Fourth, against mild reduction in the
present study, the spine density in CA3 pyramidal cells has been
reported to be comparable in GluN1-deficient mice (Fukushima
etal.,, 2009). Although the reason for this discrepancy is uncer-
tain, the two studies differ in that Fukushima et al. (2009)
analyzed basal dendrites, whereas we analyzed apical dendrites.
Considering that GluN2B subunit is differentially allocated be-
tween apical and basal dendrites of single pyramidal cells
(Kawakami et al., 2003; Wu et al., 2005; Shinohara et al., 2008),
the role of GluN2B subunit for dendritic spine formation or
maintenance could be different according to its asymmetrical
allocation.

In conclusion, the present study has shed light on functional
importance of GluN2B subunit in NMDAR channel function,
organization of postsynaptic macromolecular complexes, den-
dritic spine formation or maintenance, and regulation of the ac-
tin cytoskeleton. Mechanisms of these novel roles need to be
clarified in future studies using pertinent animal and cellular
models.

<«

indicate SEM. C, Immunoblots with antibodies to CaMKllc, phospho-Thr286-CaMKllc,
CaMKIIB, phospho-Thr287-CaMKIl 3, cofilin, and synaptophysin (left panel). In each lane, 20
jug of protein of CA3 crude fraction was loaded. Summary graphs (right panel) indicate density
of immunoreactivity in mutant normalized to that in control for each molecule. D, Photomicro-
graphs showing Golgi-impregnated apical dendrites of CA3 pyramidal cells from control (left
panel) and mutant (right panel) mice. Note apparent reduction of dendritic spines in CA3 pyra-
midal cells of CA3-GIuN2B-KO mice. Scale bar, 5 pm.
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