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Abstract

Transmembrane AMPA receptor regulatory proteins (TARPs) play pivotal roles in AMP
A receptor trafficking and gating. Here we examined cellular and subcellular
distribution of TARP -8 in the mouse brain. Immunoblot and
immunofluorescence revealed the highest concentration of v-8
in the hippocampus. Immunogold electron microscopy demonstrated dense distribution
of v-8 on the synaptic and extrasynaptic
surface of hippocampal neurons with very low intracellular labeling. Of the neuronal
surface, y-8 was distributed at the highest level on asymmetrical synapses of pyramidal
cells and interneurons, whereas their asymmetrical synapses selectively lacked
immunogold labeling. Then, the role of y-8 in AMPA receptor expression was pursued
in the hippocampus using mutant mice defective in the 58
gene. In the mutant CALl region, synaptic and extrasynaptic AMPA receptors on
dendrites and spines were severely reduced to 35-37% of control levels,
whereas reduction was mild for extrasynaptic receptors on somata (74%)
and no significant decrease was seen for intracellular receptors within
spines. In the mutant CA3 region, synaptic AMPA receptors were reduced mildly at
asymmetrical synapses in the stratum radiatum (67% of control level), and
showed no significant decrease at mossy fiber-CA3 synapses. Therefore, v-8
is abundantly distributed on hippocampal excitatory synapses and extrasynaptic
membranes, and plays an important role in increasing the number of synaptic and
extrasynaptic AMPA receptors on dendrites and spines, particularly, in the CAL region.
Variable degrees of reduction further suggest that

other TARPs may also mediate this function at



different potencies depending on hippocampal subregions, input sources, and neuronal

compartments.



Introduction

In the mammalian central nervous system, glutamate mediates most of the fast
excitatory synaptic transmission through the a-amino-3-hydroxyl-5-isoxazolepropionate
(AMPA)-type, kainate-type, and N-methyl-D-aspartate (NMDA)-type ionotropic
glutamate receptors (Dingledine et al., 1999). AMPA receptors are multimeric channel
complexes consisting of GluR1-4 (GluRal-a4 in mice), and their subunit
combinations determine channel properties, such as current-voltage relationship
and Ca®* permeability (Hollmann et al., 1991; Hume et a I., 1991; Verdoorn et al., 1991;
Mosbacher et al., 1994). AMPA receptors mediate basic synaptic transmission, and
are crucial for expression of synaptic plasticity. Following activity-dependent Ca®*
influx through NMDA receptors, the number of AMPA receptors undergoes dynamic
changes by endocytosis-exocytosis and by lateral
movement from extrasynaptic to synaptic sites, which
are thought to underlie activity-dependent neural plasticity and developmental
synapse maturation (Sheng and Lee, 2001; Malinow and Malenka,
2002; Song and Huganir, 2002; Bredt and Nicoll, 2003).

Functional role of stargazin or Ca’* channel auxiliary subunit y-2
originally —arose from the discovery that AMPA receptor-mediated
excitatory postsynaptic currents are missing at cerebellar mossy fiber-granule cell
synapses, but not at hippocampal synapses, in the ataxic mutant mouse stargazer (stg)
(Hashimoto et al., 1999) and in the waggler, an allelic to the stg (Chen et al.,

1999). Stargazin and its structurally related v-3, v-4, and

v-8 have been termed the transmembrane AMPA receptor regulatory proteins (TARPS)



(Tomita et al., 2003), and are now considered as functional
auxiliary subunits of AMPA receptors, based on the following observations.
When transfected with AMPA receptor subunits, TARPs regulate cell
surface delivery (Chen et al., 2000; Tomita et al., 2003), synaptic targeting through
interaction with postsynaptic density (PSD)-95 (Chen et al., 2000; Tomita et al., 2003,
2005a), AMPA receptor recycling (Tomita et al., 2004), and AMPA receptor
activity by increasing the rate of channel opening (YYamazaki et al., 2004; Tomita et al.,
2005b). Each member of TARPs displays distinct regional and cellular
expressions in the brain (Tomita et al., 2003; Fukaya et al., 2005). Stargazin
is highly expressed in cerebellar granule cells, while v-8 is predominant
in the telencephalon with the highest level in the hippocampus, suggesting functional
involvement of individual TARPs in region- and cell type-dependent manners.

Here we show that y-8 is co-expressed with AMPA receptors at asymmetrical
synapses and on the extrasynaptic membrane of hippocampal neurons. In y-8-knockout
(KO) mice, AMPA receptor expression is severely reduced from the synaptic and
extrasynaptic membranes of dendrites and spines. These findings suggest that y-8
is the major TARP in hippocampal neurons, and plays a key role in
increasing the number of synaptic and extrasynaptic AMPA receptors at these neuronal
compartments. The impaired AMPA receptor expression is generally consistent with
a preceding report by Rouach et al. (2005). However,
quantitative differences are also noted between the studies, particularly in
estimated reduction of extrasynaptic AMPA receptor
expression. AMPA receptors are reduced to similar extents at synaptic and extrasynaptic

sites in the present study, whereas they are reduced much more severely at extrasynaptic



sites than at synaptic sites (Rouach et al., 2005).

Materials and methods

Animals

All animal experiments were carried out in accordance with the guidelines laid down
by the animal welfare committees of
Niigata University and Hokkaido University. The TARP y-8-deficient
mouse was produced by homologous recombination using a new ES cell line RENKA,
which we developed from the C57BL/6N strain. We first isolated a genomic fragment
carrying exons 2-4 of the 58 gene by PCR from C57BL/6 mouse genomic DNA (Fig.
4A). The 1.8 kb DNA fragment, which carried the 34 bp loxP sequence and
Pgk-1 promoter-driven neomycin  phosphotransferase gene (neo) flanked
by two Flp recognition target (frt) sites (Takeuchi et al. 2002), was inserted
into the site 143 bp upstream of the exon 3. The 34 bp loxP sequence with 26 bp linker
sequence was inserted into the site 203 bp downstream of the exon
3. The targeting vector ptvG8-flox contained exon 3 of the 8 gene flanked by loxP
sequences, 7.2 kb upstream and 2.9 kb downstream genomic sequences, and 4.3
kb pMC1DTpA (Kitayama et al. 2001).

ES cells were cultured on
mitomycin C-treated neomycin-resistant fibroblasts in Dulbecco’s modified Eagle’s me
dium (DMEM, high glucose) (Invitrogen, Carlsbad, CA, USA) supplemented with
17.7 % ES-cell qualified fetal calf serum (Invitrogen), 88.4 uM non-essential

amino acids (Invitrogen), 884 uM Sodium pyruvate (Sigma, St. Louis, MO, USA), 88.4



uM  2-mercaptoethanol ~ (Sigma), and 884 U/ml  murine leukemia
inhibitory ~ factor, ESGRO  (Chemicon International, = Temecula, CA).
Linearized ptvG8-flox was electroporated into RENKA cells, and G-418 (175
ug/ml) resistant clones were picked up. Recombinant clones were identified
by Southern blot hybridization analysis (Fig. 4B). Recombinant ES cells were injected
into eight-cell stage embryos of CD-1
mouse strain. The embryos were cultured to blastocysts and transferred to psudopregnan
t CD-1 mouse uterus. Resulting chimeric mice were mated to C57BL/6 mice, and

+/flox

offspring (-8"""") were further crossed with TLCN-Cre mice (Nakamura et al.,
2001; Fuse et al, 2004) to yield heterozygous (»8") mice (Fig.
4C). Homozygous v-8-KO and control mice were obtained

by crossing heterozygous pairs. Mice were examined at 9 weeks of age for

immunohistochemical analysis and 8-11 weeks for immunoblot analysis.

Antibody

Polyclonal antibodies against the following molecules were used; vy-8 (raised
in the rabbit and guinea pig), pan-AMPA receptor (guinea pig), GluRal (GIuR1)
subunit (rabbit, Shimuta et al., 2001), GluRa.2 (GIuR2) subunit (rabbit, Shimuta et al.,
2001), NMDA receptor GIURC1 (NR1) subunit (C2 cassette, rabbit, Watanabe et al.,
1998; C2’ cassette, guinea pig, Abe et al., 2004) and GluRe2 (NR2B) subunit (rabbit,
Watanabe et al., 1998), vesicular glutamate transporters VGIUT1 and VGIuT2
(quinea pig, Miyazaki et al.,, 2003), plasmalemmal glutamate transporter GLAST
(guinea pig, Shibata et al., 1997), and actin

(rabbit, Chemicon International Inc., CA, USA).



The y-8 and pan-AMPA receptor antibodies were raised in the present study.
Nucleotide sequences encoding C-terminal amino acid residues 372-431 (cytoplasmic
epitope) of mouse y-8 (accession No. AF361350), and amino acid residues 717-754
(LLESTMNEYIEQRKPCDTMKVGGNLDSKGYGIATPKGS,  extracellular/luminal
epitope) and 727-745 (EQRKPCDTMKVGGNLDSKG, extracellular/luminal) of
mouse GluRal (X57497, see Supplemental Fig. 1A) were obtained
by polymerase chain reaction using single-stranded
mouse cDNA library. The longer GluRal sequence,
which  lies between transmembrane segments TM3 and TM4 and
upstream to the flip/flop site, was used for antigen, while the shorter one, which
is common to all four AMPA receptor subunits and low in homology to other ionotropic
glutamate receptor subunits, was used for affinity purification (Supplemental Fig.
1A). After subcloning into pGEM-T Easy plasmid by the TA cloning (Promega,
Madison, WI, USA), cDNA fragments were checked by sequencing, excised
by restriction enzymes BamHlI and EcoRl, and subcloned
into pGEX-4T-2  plasmid vector (Amersham  Biosciences, Piscataway,
NJ, USA). Glutathione S-transferase (GST) fusion proteins were expressed in E.
coli and purified using Glutathione-Sepharose 4B
(Amersham Biosciences). Fusion proteins were emulsified with Freund’s complete or
incomplete  adjuvant  (DIFCO,  Detroit, MI, USA), and injected
subcutaneously into female rabbits and guinea pigs at intervals of 2
weeks. From antisera, specific antibodies were purified
using GST-free polypeptides coupled to Sepharose 4B

(Amersham Biosciences). The specificity of y-8 antibody was confirmed



by the absence of immunoblot and immunohistochemical labeling in y-8-KO mice (Fig.
2A, 2B, 4D). The specificity of pan-AMPA receptor antibody was shown
by blank immunoperoxidase staining with antibody preabsorbed with 50 ug/ml
of GST fusion protein carrying 727-745 amino acid residues of GluRal and
also by immunoblot using COS7 cell lysates transfected with AMPA receptor and
kainate receptor subunits (Supplemental Fig. 1B-D). Pan-AMPA receptor
antibody strongly recognized a single band at 100kDa of GluRal-a4 subunits with

a trace of cross-reactivity to kainate receptor GIuRB2 (or GIuR6) subunit.

Histology and immunohistochemistry
Under deep pentobarbital anesthesia (100 mg/kg of body weight, i.p.),
mice  were  perfused transcardially with 4%  paraformaldehyde/0.1M
sodium phosphate buffer (PB, pH 7.2) for histology, immunoperoxidase, and
immunofluorescence or with 4% paraformaldehyde/0.1% glutaraldehyde/0.1M PB for
immunoelectron microscopy. Brains of y-8-KO and control mice were embedded in
single paraffin blocks to examine histology and immunoperoxidase using paraffin
sections (SM1000R, Leica, Nussloch, Germany). Microslicer sections (VT1000S,
Leica) were prepared for immunofluorescence (50 pm in  thickness)
and for preembedding (50 um) and postembedding (400 pm) immunoelectron
microscopies.

All immunohistochemical incubations were done at room temperature. For light
microscopic immunohistochemistry, primary antibodies were diluted to 1 ug/ml
with  phosphate-buffered saline (PBS) for immunoperoxidase or PBS

containing 0.1% Tween 20 (TPBS) for



immunofluorescence. Immunoperoxidase was performed by successive incubation
with primary antibodies overnight, biotinylated secondary antibodies for 2 hr, and
avidin-biotin-peroxidase complex for 1 hr, using a Histofine SAB-PO(R) kit
(Nichirei  Corp., Tokyo, Japan). Immunoreaction was visualized with
3,3'-diaminobenzidine, and photographs were taken by an AX-80 light
microscope (Olympus, Tokyo, Japan). For immunofluorescence, microslicer
sections were immunoreacted overnight with rabbit y-8 antibody singly or in
combination with guinea pig antibodies. They were visualized by 2 hr incubation with
indocarbocyanine (Cy3)-labeled donkey anti-rabbit IgG
(1:200, Jackson ImmunoResearch, West Grove, PA, USA) and/or Alexa488-labeled
goat anti-guinea pig antibody (1:200, Molecular Probes, Eugene, OR, USA). After
washing three times with TPBS, images were taken with a confocal laser
scanning  microscope  (FV1000, Olympus). All images were obtained
by restricting the width of emission wavelength wusing spectral slit and
by adopting the sequential mode of laser scanning,
both to minimize the fluorescence crosstalk.

Preembedding silver-enhanced immunogold electron microscopy often
yields higher labeling in superficial portions of immunostained sections than
deeper portions, because of limited antibody penetration from the section
surface. To overcome this problem for quantitative assessment, microslicer
sections were permeabilized with 0.02% saponin for 30 min, and 0.004% saponin
was added to diluent of blocking serum and antibodies. Sections were incubated
overnight with primary antibodies and then with anti-rabbit or -guinea pig 1gG

conjugated with colloidal gold for 2 hr (1.4 nm in diameter, Nanogold,



Nanoprobes Inc., Stony Brook, NY, USA). After silver enhancement (HQ silver,
Nanoprobes), sections were treated with 0.5% osmium tetroxide, stained in block with
2% uranyl acetate, dehydrated, and embedded in Epon 812. Ultrathin
sections were prepared from <1.5 um from the section surface, mounted on nickel grids,
and stained with 2% uranyl acetate for 10 min.

For postembedding immunogold, slices were cryoprotected with 30% sucrose in
0.1M PB, and frozen rapidly with liquid propane in a Leica EM CPC unit. Frozen
sections were immersed in 0.5% uranyl acetate in methanol at -90 °C in a
Leica AFS freeze-substitution unit, infiltrated at -45 °C with Lowicryl HM-20 resin
(Lowi, Waldkraiburg, Germany), and polymerized with UV light. After etching with
saturated sodium-ethanolate solution for 3 sec, ultra-thin sections on nickel
grids were treated successively with 1% human serum albumin (Wako,
Osaka, Japan)/0.1% Tween 20 in Tris-buffered saline (HTBST pH 7.5) for
1 hr, primary antibodies (15 pg/ml for each) in HTBST overnight, and colloidal gold
(10 nm)-conjugated anti-rabbit IgG (1:100, British Bio Cell International, Cardiff, UK)
in HTBST for 2 hr. Finally, grids were stained with uranyl acetate for 15 min.

Electron micrographs were taken randomly by an H7100 electron
microscope (Hitachi, Tokyo, Japan). For quantitative analysis, the number of
metal particles and the length of plasma membrane were measured on electron
micrographs, using an IPLab software (Nippon Roper, Tokyo, Japan). Statistical

significance was assessed by Student’s t-test.

Immunoblot



For quantitative Western blot analysis, three or five brains from each
genotype were pooled for one experiment. The brain tissues were homogenized in
10 volumes of sucrose buffer (0.32 M sucrose, 5 mM EDTA, 05
mM phenylmethylsulfonlfluoride, 2 uM leupeptin, and 1 um pepstatin) and centrifuged
at 700 x g for 10 min to obtain the postnuclear fraction (homogenates, S1 in Fig.
4). The cell fractionation was carried out as described previously (Carlin et al.,
1980; Abe et al., 2004). To compare protein solubility, the synaptosomal fraction
was treated with various concentration of Triton X-100 for 15 min on ice and then
centrifuged at 81,600 x g for 1 hr. The resultant pellets were resuspended with 40
mM Tris-Cl pH8.0 and 1% sodium dodecyl sulfate (SDS). The determination of protein
concentrations was made by the method of
Lowry. SDS-polyacrylamide electrophoresis and Western blot were carried out
according to Abe et al. (2004). Signal intensities of immunoreaction were determined
digitally using the densitometry function of NIH image (available from the U.S.
National Institutes of Health) and normalized with loaded proteins. Statistical

analysis was performed using Student’s t-test

Results

Immunoblot analysis of TARP y-8

By immunoblot using y-8-specific antibody and pan-AMPA receptor antibody, regional
distributions of y-8 and AMPA receptors were comparatively examined
biochemically. In homogenates from seven brain regions of adult C57BL/6 mice,

we found that the levels of y-8 and AMPA receptors were both highest



in the hippocampus (Fig. 1A). Densitometric measurement
demonstrated that hippocampal content of v-8
was overwhelming among brain regions examined (Fig. 1B).
On the other hand, regional differences of AMPA receptor distribution
were less variable compared to y-8 (Fig. 1B).

Protein solubility of y-8 was compared with AMPA receptors, NMDA receptor
subunit  GluRe2  (NR2B), and their  interacting  scaffold  protein
PSD-95. The synaptosomal fraction was prepared as starting samples by purification
with the sucrose density gradient fractionation, and
detergent-soluble components were eliminated to obtain the postsynaptic
density (PSD) fraction by step-wise increase of Triton X-100 concentrations (Fig.
1C, D). Relative contents of y-8 were first decreased to half the initial level (i.e.,
synaptosomal fraction or 0% Triton X-100) at low detergent concentration
(0.125% Triton X-100), and then slightly increased with the increase of detergent
concentrations (PSD fraction or 0.5% Triton X-100).
On the other hand, from the synaptosomal to the PSD fraction, relative contents of AMP
A receptors were almost constant or slightly increased, while GluRe2 subunit and
PSD-95 displayed progressive condensation up to 4- or
12-folds, respectively.  Therefore, hippocampal y-8 is composed of
detergent-sensitive and  -insensitive  components; the former component
is particularly large for -8 as well as AMPA receptors, when

compared to NMDA receptors and PSD-95.

Immunohistochemical distribution of y-8 in hippocampal neurons



In microslicer sections of the adult mouse brain, immunofluorescence for vy-8
intensely  labeled the telencephalon especially the hippocampus (Fig.
2A, C). This immunostaining was specific, because labeling was not seen in the y-8-KO
brain (Fig. 2B). In the hippocampus, intense signals were observed
on the surface of neuronal somata as well as on dendritic shafts that often yielded
cylindrical and circular patterns of immunostaining by optical sectioning with a
confocal microscope (Fig. 2D-G). Neuropils between dendritic shafts were also filled
with intense signals for v-8. Furthermore,
weak particulate labeling was occasionally seen inside perikarya and dendritic
shafts. By double immunofluorescence, v-8-positive structures in the neuropil
were apposed close to both glutamatergic terminal marker VGIuT1 (Fig. 2E, F) and
astroglial marker glutamate transporter GLAST (Fig. 2G), but appeared
unlikely to overlap with either of the two.

Then, double immunofluorescence was performed with pan-AMPA receptor
antibody (Fig. 2H-K). In contrast to characteristic hippocampal immunostaining for y-8
(Fig. 2H1), signals for AMPA receptors were very low (Fig. 2H2);
weak signals were visible in perikarya, dendrites, and neuropils, only when
gain levels of a confocal microscope were raised (data  not
shown). Because immunohistochemical detection of PSD molecules is often hindered
because of extensive protein-protein interaction, we employed pepsin pretreatment,
which has been shown to effectively visualize PSD molecules at the light
microscopic level when applied to formalin-fixed brain sections (Watanabe et al.,
1998; Fukaya and Watanabe, 2000; Yamada et al., 2001). Incubation with 1 mg/ml

of pepsin for 1 min at 37°C greatly intensified immunostaining for AMPA receptors,



but not for y-8 (Fig. 2I). After 3 min of pepsin incubation, the intensity of
immunofluorescence was further augmented for both y-8 and AMPA receptors (Fig.
2J). As a result, extensive overlap of the two molecules was displayed
on the somatodendritic surface and in the neuropil (Fig. 2K).

To determine subcellular distribution of y-8, we employed immunogold electron
microscopy in the CAl (Fig. 3A-F) and CA3 (Fig.
3G, H) regions. By preembedding silver-enhanced immunogold method,
metal particles for y-8 were heavily deposited along the cytoplasmic
side of the extrasynaptic membrane on somata, dendritic shafts, and spines (Fig. 3A-C).
Occasionally, intracellular labeling was found around the endoplasmic reticulum (ER).
No significant labeling was seen in the synaptic membrane, axons, and terminals (Fig.
3C). Conversely, postembedding immunogold revealed high levels of
synaptic labeling (Fig. 3D, F-H). Gold particles for y-8 were accumulated
on the postsynaptic membrane of asymmetrical synapses on spines (Fig. 3D, G, H) and
dendritic  shafts (Fig. 3F). Extrasynaptic membranes of spines and
dendrites were also labeled by postembedding method (arrows in Fig. 3D, G),
but the extrasynaptic labeling was apparently lower in levels than
synaptic  labeling. The specificity of preembedding (data not shown)
and postembedding immunogold labeling (Fig. 3E) was verified by the lack of
significant labeling in y-8-KO mice.

Therefore, conventional preembedding methods readily detect y-8 at extrasynaptic
and intracellular sites, whereas pepsin pretreatment and postembedding method can

effectively detect synaptic y-8.



Quantitative assessment of synaptic, extrasynaptic, and intracellular y-8

The distribution of y-8 at synaptic, extrasynaptic, and intracellular
sites were quantitatively evaluated from immunogold electron micrographs (Fig.
3l-L). By postembedding method, most particles on spines in the CAl
stratum radiatum were associated with the cell membrane (96.4%), as judged
by <30 nm from the cell membrane to the center of gold particles, while the rest
were judged as intracellular labeling (>30 nm, 3.6%) (Fig. 3l). Of the cell
membrane-associated gold particles on spines, labeling density was 3.4-fold higher for
synaptic membrane than for extrasynaptic membrane (Fig. 3J). Such a high
synaptic labeling was also observed at other asymmetrical synapses in the CAl
and CA3 regions, whereas it was very low at symmetrical synapses (Fig. 3K),
indicating selective expression at excitatory synapses. Therefore, y-8 is highest
on the synaptic membrane of various excitatory synapses, and also distributed
on the extrasynaptic membrane. Levels of extrasynaptic labeling in different
somatodendritic compartments were further compared
by preembedding immunogold labeling. In CALl pyramidal cells, we found a higher

density of extrasynaptic labeling in dendritic shafts than in spines and somata (Fig. 3L).

Selective reduction of hippocampal AMPA receptors in y-8-KO mice

To address the role of y-8 for hippocampal AMPA receptor expression, we produced
v-8-KO mice by homologous recombination using a newly developed ES
cell line derived from the C57BL/6N strain (Fig. 4A-C, see Materials and
Methods). From heterozygous pairs, y-8-KO mice were born in the Mendelian ratio,

and the absence of y-8 protein was confirmed in the brain of y-8-KO mice (Fig. 4D).



By loading appropriate amounts of homogenates and fractionated protein
samples, hippocampal contents of AMPA receptors, GluRe2, and PSD-95
were compared between control and y-8-KO mice (Fig. 4D, E). In y-8-KO
mice, AMPA receptors were significantly reduced to half the level of control
mice in the homogenate (S1, 46.0 + 6.8% (s.e.m.), p<0.01, t-test, n=4 for both mice),
crude synaptosomal fraction (P2, 52.0 + 2.6%, p<0.01, n=5), microsomal fraction (P3,
59.0 + 4.7%, p<0.01, n=5), and PSD fraction (35.0 + 1.5%, p<0.01, n=3). In
contrast, no significant reduction was observed for GIluRe2 or PSD-95
in the homogenate and any fractions. No gross defects were found in the size, proportion,
or histology of y-8-KO brain, including the hippocampus (Fig. 4F-H).

Changes in immunohistochemical distribution
of AMPA receptors were examined in the hippocampus (Fig. 5-7). First,
we compared light microscopic distribution
of AMPA receptors by employing pepsin pretreatment for 3 min (Fig.
5A, B, G-L). As compared to control mice,
immunofluorescence intensity for AMPA receptors was considerably lowered in
v-8-KO hippocampus (Fig. 5A, B). This reduction was selective to AMPA receptors,
because no differences were noted for NMDA receptor subunit GIuRC1 (NR1) (Fig.
5C, D), GluRe2 (data not shown), PSD-95 (data not shown), and glutamatergic terminal
marker VGIuT1 (Fig. 5E, F). At higher magnifications, reduction was marked in most
dendritic layers of the CA1 (Fig. 5G, J), CA3 (Fig. 5H, K), and dentate gyrus (Fig. 5I,
L). Exceptionally, reduction was very mild in the stratum lucidum of the CA3 region
(Fig. 5H, K), in which mossy fibers terminate to form glutamatergic

synapses with CA3 pyramidal cells and interneurons (Hamlyn, 1962; Acsady et al.,



1998). No significant changes were discerned for perikaryal staining of pyramidal
cells and granule cells (Fig.
5G-L). These results demonstrate that AMPA receptors are selectively reduced in

v-8-KO hippocampus mainly due to the loss of AMPA receptors from dendrites.

Quantitative assessment of synaptic AMPA receptors in y-8-KO mice

Changes in synaptic AMPA receptors were assessed by postembedding immunogold
(Fig. 6). Synaptic labeling was reduced to variable degrees at axo-spinous asymmetrical
synapses in y-8-KO hippocampus. The most severe reduction was noted in the CAl
stratum radiatum (Fig. 6A, B), where the number of immunogold per
synaptic profile was significantly reduced to 35% of control level in y-8-KO
mice (384 + 041 (sem.) wvs. 134 + 030 for control and
v-8-KO, respectively, p<0.01, t-test, n=96 synapses for control, n=78 synapses for
v-8-KO, Fig. 6G). In the CA3 region, the density of
synaptic labeling was significantly reduced to 67% in the stratum radiatum (3.76 +
0.51 vs. 2.50 + 0.43, p<0.05, n=35 synapses for control, n=42 synapses for y-8-KO, Fig.
6l). In the stratum lucidum, however, reduction was very mild (83%) at
mossy fiber-CA3 synapses, showing no significant difference (4.75 + 0.44 vs. 3.95 +
0.47, p>0.05, n=42 synapses for control, n=42 synapses for y-8-KO, Fig.
6E, F, J). Synaptic labeling for GIuRC1 subunit, as examined using a mixture of C2
and C2’ cassette antibodies (Abe et al., 2004), was comparable between control and
v-8-KO mice (3.93 + 0.28 vs. 4.15 + 0.28, p>0.05, n=83 synapses for control, n=84
synapses for y-8-KO, Fig. 6C, D, H). Thus, despite high expression of v-8

at various hippocampal synapses (Fig. 3K),



synaptic AMPA receptors were differentially affected in the absence of v-8,

depending on hippocampal regions and layers.

Quantitative assessment of extrasynaptic and intracellular AMPA receptors in
v-8-KO mice
Because pan-AMPA receptor antibody binds to extracellular epitopes, it was often
difficult to distinguish cellular origin of immunogolds, when they fell between two cell
membranes apposing close to each other. To overcome this problem,
we used to compare extrasynaptic AMPA receptors, GluRal (or GluR1)-specific
antibody that recognizes intracellular epitopes of the subunit. However, when
applying the GluRal antibody to postembedding immunogold
method, the sensitivity was less than half of that obtained with pan-AMPA receptor
antibody. In control mice, the density of synaptic and
extrasynaptic GluRal labeling was 4.32 and 0.69 particles, respectively, per 1
um of the cell membrane in CAl pyramidal
cells. Because labeling density was further reduced in y-8-KO mice; in particular,
extrasynaptic labeling became much less and appeared
indistinguishable from the background level. Therefore, changes in extrasynaptic as well
as intracellular AMPA receptors were assessed by preembedding silver-enhanced
immunogold using GluRa1-specific antibody (Fig. 7).

Light microscopic observation on silver-enhanced
immunogold labeling revealed that diffuse labeling in
dendritic  layers was substantially decreased in y-8-KO  hippocampus,

whereas no marked changes were appreciable for somatic labeling (Fig. 7A, B),



similarly to the results by immunofluorescence (Fig. 5G-L). By electron microscopy,
silver particles for GluRal subunit in the CA1 stratum radiatum were associated with
extrasynaptic membrane or distributed intracellularly in both genotypes of mice (Fig.
7C-H). By counting the number of silver particles per spine, cell
membrane-associated labeling for GluRa1 subunit was significantly reduced in y-8-KO
mice to 47% of control level (0.38 + 0.02 (s.e.m.) vs. 0.18 + 0.02 for control and
v-8-KO, respectively, p<0.01, n=265 spines for control, n=250 for v-8-KO),
whereas intracellular labeling was almost comparable (83%; 0.12 + 0.01 vs. 0.10 +
0.01, p>0.05, Fig. 71). Changes in extrasynaptic GluRal labeling were further compared
among respective somatodendritic compartments. In control mice, the density of
extrasynaptic labeling was higher in dendritic shafts than in spines and somata (Fig. 7J),
as is the case for y-8 (Fig. 3L). In y-8-KO mice, substantial reduction was seen in
extrasynaptic spine membrane (38% of control level; 0.71+ 0.09 (s.e.m.) vs. 0.26 +
0.03 for control and vy-8-KO, respectively, p<0.01) and extrasynaptic dendritic
membrane (36%; 1.32 + 0.13 vs. 0.48 + 0.03, p<0.01), whereas reduction was mild in
extrasynaptic ~ somatic membrane (73%; 0.69 + 007 wvs. 041 +
0.09, p>0.05). Since these scores were much higher than the background level,
as determined from presynaptic terminal membrane (Fig. 7J), the extrasynaptic and
intracellular labeling was considered to be specific. Therefore, in CALl pyramidal
cells of vy-8-KO mice, extrasynaptic GIluRal labeling in spines and

dendrites are reduced severely and similarly to synaptic AMPA receptors (Fig. 6G).



DISCUSSION

In the present study, we aimed at clarifying subcellular distribution of y-8
in  hippocampal neurons, and pursuing its role in AMPA receptor
expression. The phenotypic alterations we observed in our y-8-KO
mice are qualitatively consistent in
many respects with those in the preceding study (Rouach et al., 2005), but several

quantitative differences are also observed as discussed later.

v-8 is the major TARP of hippocampal AMPA receptors

The concentrations of -8 and AMPA receptors were both highest
in the hippocampus (Fig. 1A, B), where similar biochemical and
immunohistochemical features were noted. First, spatial patterns of hippocampal
immunolabeling for y-8 and AMPA receptors very resembled to each other at
both the histological (Fig. 21, J) and cytological (Fig.
2K) levels. Intense signals were detected in
dendritic layers, particularly in the stratum oriens and
stratum radiatum of the CAL region, and distributed along somatodendritic surface and
in the neuropil. Second, postembedding immunogold technique was needed to reveal
synaptic y-8 (Fig. 3D, F-H), whereas those in the extrasynaptic and intracellular
sites were readily detected by conventional preembedding immunohistochemistry (Fig.
3A-C). Such distinctive labeling properties by pre-
and postembedding methods are essentially the same as in AMPA receptors (Baude et
al., 1995; Bernard et al, 1997; Fig. 6, 7 in the present study).

Postembedding immunogold and pepsin pretreatment may help the exposure of synaptic



v-8 and AMPA receptors and eventually facilitates immunohistochemical detection
(Ottersen and Landsend, 1997; Watanabe et al., 1998). Third, quantitative assessment
by pre- and postembedding immunogold analyses clarified that the density of y-8
was highest on the synaptic membrane of asymmetrical synapses (Fig. 3J, K). y-8
was also distributed at substantial densities on the extrasynaptic membrane,
where higher density was found in dendrites than in spines and somata (Fig. 3J,
L). These distribution properties are essentially true for AMPA receptors (Baude et al.,
1995; Nusser et al., 1998a; Fig. 6, 7). Fourth, v-8
and AMPA receptors in the synaptosomal fraction contain much larger amounts of
detergent soluble component (Fig. 1C, D). Close biochemical nature between y-8
and AMPA receptors is also indicated by their similar distribution
in fractions of the sucrose density gradient of Triton X-100-treated synaptic plasma
membrane-enriched samples (Inamura et al., 2006). Furthermore, it has been
demonstrated that v-8 forms co-immunoprecipitable complex
with AMPA receptors (Sharp et al., 2001; Tomita et al., 2003). Taken
altogether,  these  results suggest that -8 is the major TARP
of hippocampal AMPA receptors.

Different from our finding on the fourth point,
it has been reported previously that four TARPs in the synaptosomal fraction,
including y-8, are resistant to extraction with 0.5% Triton X-100 (Fig. 6A in Tomita et
al.,

2003). The reason for the discrepancy remains uncertain. However, remarkable and prog
ressive condensation of NMDA receptor GIluRe2 subunit and PSD-95

in preparation from the synaptosomal to the PSD fraction contrasted



sharply with nearly constant levels of y-8 and AMPA receptors (Fig. 1C, D),
suggesting that the latter are more susceptible to solubilization with

detergents than the former.

Abundant extrasynaptic expression and scarce intracellular distribution of y-8

Despite aforementioned similarities, we also found different features in
expression patterns between AMPA receptors and y-8. In spines of control mice, y-8
showed a higher percentage of extrasynaptic labeling in the total
surface  labeling  (23%, Fig. 3J) than AMPA  receptors  (14%,
calculated  from  postembedding  immunogold  labeling  for  GluRal
subunit). The abundant extrasynaptic expression of y-8 may account, at least in part, for
its better visibility than AMPA receptors by immunofluorescence without protease pretr
eatment (Fig. 2H), and also for its larger initial loss during preparation
of the PSD fraction than AMPA receptors (Fig. 1C, D). The wide synaptic and
extrasynaptic  distribution of y-8 in the hippocampus is  consistent
with recent results from SDS-digested freeze-fracture replica labeling (Inamura et al.,
2006). In contrast, the percentage of intracellular labeling in the total
spine labeling was very low (3.6%, Fig. 3I). The scarcity of intracellular pool for
v-8  relative to that for AMPA  receptors  (24%, Fig. 71)
seems relevant to the finding by Tomita et al. (2004); upon
binding to glutamate, AMPA receptors dissociate from TARPs to be internalized,

while TARPs remain on the cell membrane (Tomita et al., 2004).



Severe deficits of surface AMPA receptors on spines and dendrites, but not somata,
in y-8-KQCA1 pyramidal cells

In CAl pyramidal cells of v-8-KO hippocampus,
synaptic AMPA receptor labeling was reduced to 35% of control level (Fig.
6G). This severe reduction is consistent with the result by Rouach et al. (2005) (33% of
control level). In the present study, similar degrees of reduction were found for
extrasynaptic GluRa1 labeling in spines (37%) and dendritic shafts (36%) of pyramidal
cells (Fig. 7J). Thus, the ablation of y-8 results in 3-fold decrease of synaptic and
extrasynaptic AMPA receptors on spines and dendrites in CAl pyramidal
cells. This concomitant reduction appears to be explained the two-step
mechanism for AMPA receptor expression by TARPs, in which interaction
with the cytoplasmic tail of TARPs increases surface AMPA receptors,
and the binding of TARPs with PSD-95 targets them to synapses (El-Husseini et al.,
2000; Chen et al., 2000; Chetkovich et al., 2002; Schnell et al., 2002; Bredt and Nicoll,
2003).

Despite lower receptor density on the extrasynaptic surface than at the synaptic
site, the total extrasynaptic AMPA receptors should outnumber the total
synaptic AMPA receptors, taking into account the vast area of the extrasynaptic
membrane on neuronal surface. Extrasynaptic receptors are thought to operate as a
detector of extracellular levels of neurotransmitters diffusing out of the synaptic cleft,
and to control the excitability of a given neuronal portion or a whole neuron (Nusser et
al.,, 1998b; Dzubay and Jahr, 1999; Sem’yanov, 2005). Importantly, y-8
is essential for long-term potentiation at CA1 synapses (Rouach et al., 2005). Based

on these results, functional role of vy-8 can be depicted as follows. y-8



contributes to steady-state synaptic transmission and extrasynaptic sensing of neural
activities by increasing the surface AMPA receptors, and is also involved in
dynamic-state  mobilization of  AMPA  receptors to the  synaptic
site to express synaptic plasticity (Passafaro et al.,, 2001; Choquet and Triller,
2003; Ashby et al., 2004; Groc et al., 2004; Gardner et al., 2005).

In contrast, no significant reduction was seen for
extrasynaptic AMPA receptors in CAL pyramidal cell somata of y-8-KO mice (Fig. 7J),
despite high levels of y-8 on the somatic surface (Fig. 3L). It has been reported that
a large intracellular pool of AMPA receptors rapidly exchanges with
surface receptors in neuronal somata,
and these newly inserted receptors travel laterally to dendrites and
spines on the timescale of seconds (Adesnik et al., 2005).
Our finding raises the possibilities that y-8 is also important for this fast lateral
movement of AMPA receptors from somata to dendrites and spines, while it
might play a minor role in surface insertion of

intracellular AMPA receptors at the soma.

Differential effects of Y-8 among hippocampal subregions

Compared to the severe loss at CAl synapses, reduction  of
synaptic AMPA receptors was modest at CA3
synapses in the stratum radiatum (67%, Fig. 61), and no significant
decrease was observed at mossy fiber-CA3 synapses (Fig.
6J). The differential reduction revealed by immunoelectron

microscopy was largely parallel with reduced immunofluorescence intensity in given



subregions of y-8-KO mice (Fig. 5G-L). Four TARPs are known to exhibit
differential regional and cellular expression within the hippocampus. In
contrast to higher expression of y-8 and y-3 in the CAl region, stargazin (y-2)
is expressed at higher levels in the CA3 and dentate gyrus than the CA1, although
cell types expressing y-2 or y-3 remain uncertain (Tomita et al., 2003; Fukaya et al.,
2005). Thus, it can be assumed that multiple TARPs cooperate for surface expression
and synaptic targeting of AMPA receptors. Differences in relative amounts of
individual TARPs in given hippocampal subregions and synapses might lead,

at least partly, to differential reduction of AMPA receptor expression in y-8-KO mice.

Differences between the present and preceding studies
Between the present and preceding (Rouach et al., 2005) studies, several
quantitative differences exist in estimated loss of AMPA receptors in y-8-KO
mice. First, reduction of AMPA receptor
contents in hippocampal homogenates was much milder in our study (46% of
control level) than in the previous study (15%). Our y-8-KO mice have a pure C57BL/6
background, whereas the y-8-KO mice used by Rouach et al. were produced
by backcrossing to C57BL/6 mice. The different genetic backgrounds might
differentially affect expression levels of four TARPs in wild-type control mice or
compensatory expression of other TARPs in y-8-KO mice.

Second, AMPA receptor expression is reduced to similar degrees at both synaptic
and extrasynaptic sites in our study. In the study by Rouach et al. (2005), extrasynaptic
immunogold labeling is reduced much more severely (5% of control level) than

synaptic labeling (33%), and reduction of



extrasynaptic AMPA receptor-mediated responses (10% of control level)
is also severer than that of synaptic ones (70%). From the first and second differences, it
can be assumed that when AMPA receptors are reduced mildly to modestly, like in our
mouse model, remaining AMPA receptors are partitioned into the synaptic and
extrasynaptic membranes at comparable densities,. However, as is the model by Rouach
et al. (2005), further receptor loss might cause preferential depletion from extrasynaptic
and intracellular compartments, to which anchoring or
scaffolding molecules are poorly provided as compared to the synaptic compartment
(Fukaya and Watanabe, 2000). Alternatively, employment of different immungold
methods with different detection sensitivities, i.e., preembedding immunogold in our
study and postembedding immunogold by Rouach et al., (2005), could
also affect the estimation of reduced extrasynaptic AMPA receptors.

Third, our finding that AMPA receptor expression is reduced
more severely at CAl synapses than at mossy fiber-CA3 synapses,
is contrary to the order of functional AMPA receptor impairment by Rouach et al.
(2005). Our current understanding is that TARPs regulate both trafficking and
gating of AMPA receptors. In addition to the enhancement for AMPA receptor
expression (Chen et al., 2000; Chetkovich et al., 2002), interaction
of AMPA receptors with TARPs greatly augments channel opening by slowing channel
deactivation  and  desensitization, but the  potencies are  different
among TARPs (Yamazaki et al., 2004; Tomita et al., 2005b). Therefore, the apparent
discrepancy  between  AMPA  receptor expression and function could
be attributable to differential contributions of

individual TARPSs to receptor trafficking and gating.



Fourth, in y-8-KO pyramidal cells, our immunofluorescence (Fig. 5) and
immunogold (Fig. 7A, B) detected no significant increase of perikaryal
staining for AMPA receptors, whereas immunoperoxidase staining by Rouach et al.
(2005) visualized augmented perikaryal staining. Clearly, this is not a
qualitative difference between the studies, but rather this is due to different
sensitivity  between immunofluorescence/immunogold and immunoperoxidase,
because our immunoperoxidase examination confirmed augmented perikaryal
staining using pan-AMPA receptor, GluRa1, and GluRa2 antibodies (Supplemental Fig.
2). Thus, both studies are consistent
in that AMPA receptors are decreased from dendrites and spines and
are redistributed to perikarya, presumably, for degradation in the perikaryal ER
(Vandenberghe et al., 2005). It should be mentioned that this redistribution
of hippocampal AMPA receptors is fairly mild when compared with that
of hippocampal NMDA receptors; in the absence of NR1 (GIuR{1) subunit,
striking perikaryal accumulation of NR2 (GluReg) subunits is visible by both
immunofluorescence and immunoperoxidase (Fukaya et al., 2003). This suggests that
other TARPs may be also involved in
intracellular trafficking of AMPA receptors in hippocampal neurons.

Through the present study, we conclude that y-8 is the major TARP
in hippocampal neurons, playing an important role in increasing the number of synaptic

and extrasynaptic AMPA receptors in dendrites and spines.
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Abbreviations

AMPA a-amino-3-hydroxyl-5-isoxazolepropionate
CA cornu ammonis

Cy3 indocarbocyanine

ER endoplasmic reticulum

GST glutathione S-transferase

HTBST 1% human serum albumin/0.1% Tween 20 in Tris-buffered
saline

KO knockout

NMDA N-methyl-D-aspartate

PB sodium phosphate buffer

PBS phosphate-buffered saline

PSD postsynaptic density

SDS sodium dodecyl sulfate

TARP transmembrane AMPA receptor regulatory protein
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Figure Legends

Fig. 1. Biochemical distribution and protein solubility of TARP v-8 in the adult
mouse brain. (A, B) Immunoblot showing the highest concentration of vy-8
and AMPA receptors in the hippocampus (Hi). In each lane, 10
ug of proteins was loaded. Values on individual
columns represent percent values relative to the levels in hippocampal homogenate. Acti
n is shown to the bottom. (C, D) Different
solubility among v-8, AMPA receptors, GluRe2, and
PSD-95. The synaptosomal fraction of the hippocampus was solubilized with
increasing  concentrations of Triton X-100 (TX). In each lane, 3
ug of proteins was loaded. Values on individual
columns represent the percentage values relative to the levels in the synaptosomal fracti
on (i.e., 0% Triton X-100). Each column represents the mean value from three to four
experiments. Bars on columns represent s.e.m. Cb, cerebellum; CP,
caudate-putamen; Cx, cortex; Md/Di, midbrain/diencephalon; MO/Pn, medulla

oblongata/pons; OB, olfactory bulb.

Fig. 2. Confocal laser scanning microscopy showing cellular and subcellular distribution
of y-8 in hippocampal microslicer sections. (A, B) Specificity and overall distribution of
v-8 immunofluorescence. Note characteristic labeling in the wild-type mouse brain (A),
but not in the y-8-KO mouse brain (B). (C, D) Intense immunolabeling for vy-8
in the hippocampus. (E-G) Double immunofluorescence with glutamatergic terminal
marker VGIuT1 in the CAl (E) and CA3 (F) regions and with glial marker GLAST

in the CA3 region (G). (H-K) Double immunofluorescence for -8



and AMPA receptors using pan-AMPA receptor antibody.
Prior to immunohistochemical incubation, microslicer sections were pretreated with 1
mg/ml of pepsin at 37 °C for 0 min (H), 1 min (1), and 3 min (J, K). The gain level of
confocal microscope was the same for images in H-J. Large and small arrows in (K)
indicate surface labeling on dendritic shafts of putative pyramidal cells and
interneurons, respectively. CAl1, 3, CA1 and CA3 regions; Cb, cerebellum; CP,
caudate-putamen; Cx, cortex; DG, dentate gyrus; Gr,
granular layer; Hip, hippocampus; Ht, hypothalamus; IC, inferior colliculus; LM,
stratum lacunosum-moleculare; Lu, stratum lucidum; MB, midbrain; MO, medulla
oblongata; Mo, molecular layer; OB, olfactory bulb; Or, stratum oriens;
PM, polymorphic layer; Po, pons; Py, pyramidal cell layer; Ra, stratum radiatum; SN,
substantia nigra; Th, thalamus; I~VI, laminae 1~VI; Scale bars, A, B, 1 mm; C, H-J, 0.1

mm; D-G, K, 10 um.

Fig. 3. Immunogold electron microscopy showing the subcellular localization of »8
in the hippocampus of C57BL/6 wild-type mice. (A-C) Preembedding silver-enhanced
immunogold in the pyramidal cell layer (Py, A) and stratum radiatum (Ra, B, C)
of the CAL. Arrowheads indicate silver particles on the plasma membrane of pyramidal
cell somata (A) and dendrite (B, PDn). (D-H) Postembedding immunogold
in the stratum radiatum of control CA1 (D, F) and »8-KO CAl (E), and
in the stratum radiatum (G) and stratum lucidum (Lu) (H) of
wild-type CA3. Arrows in D and G indicate gold particles on the extrasynaptic
membrane. (I-L) Quantitative analyses for subcellular localization of »8 with post-

(I-K) and preembedding (L) immunogold methods. (I) The percentage of



gold particles for plasma membrane-associated labeling and intracellular labeling in
spines of the CA1l stratum radiatum. n=168 for total particles analyzed.
(J) The mean number of metal particles per 1 um of the synaptic (Syn) and
extrasynaptic (Extra) membranes in spines of the CAl
stratum radiatum. The total length measured is 13.1 um for postsynaptic membrane and
12.2 um for extrasynaptic membrane. (K) The mean number of gold particles per
synaptic profile of asymmetrical (As) and symmetrical (Sy) synapses. The numbers of
asymmetrical synapses analyzed are 58 and 19 for axo-spinous (Sp-As) or axo-dendritic
(Dn-As) synapses in the CA1 stratum radiatum, respectively, and 60 and 48 for
axo-spinous synapses (Sp-As) in the CA3 stratum radiatum and stratum lucidum (i.e.,
mossy  fiber-CA3  synapses), respectively. The number of symmetrical
synapses analyzed (Dn-Sy) is 11 in the CAL stratum radiatum. Error bars indicate s.e.m.
(L) The mean number of silver particles per 1 um of postsynaptic membrane (Synapse;
measured membrane length, 25 um), extrasynaptic membranes (Extrasynapse) on
spines (141 um), dendritic shafts (110 um), cell body (33 um), and presynaptic terminal
membrane  (terminal; 58 um) in the CAl stratum radiatum. ER,
endoplasmic reticulum or spine apparatus; IDn, interneuron dendrite; MF,
mossy fiber terminal; NT, nerve terminal; PN, pyramidal cell nucleus; Sp,

spine. Scale bars, 500 nm in A and B; 100 nm in C-H.

Fig. 4. Production of v-8-KO mice by Cre/loxP recombination system.
(A) Schematic representation of 8 cDNA, 8" allele (-8"), targeting vector
(Vector), targeted 38"*"™ allele (38""), and knockout 58 allele (}<8)

after Cre-mediated recombination. Gray boxes represent the transmembrane segments T



M1 to TM4, while open boxes represent exon sequences, pgk-promoter-neo-pA (neo)
cassette and diphtheria toxin (DT) cassette. LoxP and frt sites are indicated
by black triangles and open half
circles, respectively. Black bars indicate probe regions (5°, neo, and 37)
used for Southern blot analysis. B, Bgl IlI; S, Spel; K, Kpn I. (B) Southern blot
analysis for genomic DNAs from 8" (+/+), ;8™ (i/flox) ES cells.
Left, Bol I1-digested DNA hybridized with 5 probe;
middle, Bal I1-digested DNA hybridized
with neo probe; right, Kpn I-digested DNA hybridized with 3’ probe. Positions of DNA
size markers (kbp) are indicated to the left. (C) Southern blot analysis for
genomic DNAs from  »87*(WT), 8" (Hetero) and »8" (KO)
mice. Spel-digested DNA hybridized with 5’in probe. Positions of DNA
size markers (kbp) are indicated to the left. (D, E) Immunoblot analysis for
78, AMPA receptors, GluRe2, and PSD-95 in the S1, P2, P3 and
PSD fractions prepared from WT and y-8-KO mice. Proteins loaded in each lane are 10
ug for the S1, P2, P3 fractions and 3 ug for the PSD fraction. Values on columns in E
show the mean percentage relative to corresponding fractions prepared from control
mice. Bars on individual columns represent s.e.m. n=3 experiments. (F-H)
Normal histology of the brain and hippocampus between WT and y-8-KO

mice. See abbreviations for Fig. 2. Scale bars, F, 1mm; G, H, 0.1 mm.

Fig. 5. Immunofluorescence for AMPA receptors and immunoperoxidase for GIuR(1
and VGIuT1 in the hippocampi of control and y-8-KO mice. (A, B) Marked

decrease of AMPA receptor immunofluorescence in y-8-KO hippocampus. Microslicer



sections were pretreated with pepsin digestion for 3 min. Arrows indicate the pyramidal
cell layer. (C-F) Normal immunoperoxidase distribution for NMDA receptor GIuR(1
(C, D) and VGIuT1 (E, F) in the hippocampus. Paraffin sections were pretreated
with pepsin digestion for 10 min. (G-L) AMPA receptor
immunofluorescence in the CAL (G, J), CA3 (H, K) and dentate gyrus (I, L) of control
(G-1) and y-8-KO (J-L) mice. Microslicer sections were digested with pepsin for 3

min. See abbreviations for Fig. 2. Scale bars, A-F, 0.1 mm; G-L, 10 um.

Fig. 6. Quantitative assessment of changes in
synaptic AMPA receptors by postembedding immunogold using pan-AMPA antibody.
(A-F) Electron micrographs from wild-type (A, C, E) and y-8-KO (B, D, F)
mice for pan-AMPA (A, B, E, F) and GIUR(1 (C, D) in the CA1 stratum radiatum (Ra)
(A-D) and the CA3 stratum lucidum (Lu) (E, F). (G-J) The mean number of
immunogold particles for pan-AMPA (G, 1, J) and GIuRZ1 (H) per synaptic profiles of
asymmetrical axo-spinous synapse in the CALl stratum radiatum (G, H), CA3
stratum  radiatum (1), and CA3 stratum lucidum (J). Light and
dark gray columns represent scores for control and y-8-KO mice, respectively. Error
bars indicate s.e.m. Asterisks indicate statistical significance (p<0.05, t test). MF,

mossy fiber terminal; NT, nerve terminal; Sp, spine. Scale bars, 100 nm.

Fig. 7. Quantitative assessment of changes in extrasynaptic and
intracellular AMPA receptors by preembedding silver-enhanced immunogold method
using GluRal antibody. (A, B) Light microscopic GluRal labeling in control (A) and

v-8-KO (B) mice. Note marked reduction in dendritic layers of the CA1 region.



(C-H) Electron microscopic GluRal labeling in the CAL region of control (C-E) and
v-8-KO (F-H) mice. (I) Mean number of silver particles per spine in the CAl
stratum radiatum. Note a marked reduction of plasma membrane-associated labeling. (J)
Mean number of silver particles per 1 um of the synaptic (synapse) and extrasynaptic
(extrasynapse) membranes in the spine, dendrite, and cell body, and of nerve terminal
membrane in the CA1 stratum radiatum. The total measured length in the control and
v-8-KO mice is 37.7 and 33.7 um for postsynaptic membrane, 189 and 202 um for
extrasynaptic spine membrane, 148 and 118 um for extrasynaptic dendritic membrane,
27 and 26 um for extrasynaptic somatic membrane, and 1325 and 119.7
um for presynaptic terminal membrane, respectively. Error
bars indicate s.e.m. Asterisks represent statistical significance (p<0.01, t test). LM,
stratum lacunosum-moleculare; NT, nerve terminal; Or, stratum oriens; Py, pyramidal

cell layer; Ra, stratum radiatum; Sp, spine. Scale bars, A, B, 100 um; C-H, 100 nm.
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Supplemental Materials

Supplemental Fig. S1. Production and specificity of pan-AMPA receptor antibody. (A)
Amino acid sequences used for antigen (Ag, 717-754 amino acid residues of GluRa1)
and affinity purification (Af, 727-745). Corresponding regions of other GIuR subunits
are aligned. Red and blue residues show identical amino acids to all these subunits or to
AMPA receptor subunits, respectively. (B, C) Immunoperoxidase with guinea pig
pan-AMPA receptor antibody on parasagittal paraffin sections. Absorption of antibody
with antigen abolishes immunostaining (C). (D) Immunoblot with pan-AMPA receptor
antibody for cerebral (cerebrum) and cerebellar (cerebellum) homogenates, COS7 cell
lysates transfected with AMPA receptor subunits (GluRal-a4) and kainate receptor

subunit (GIuRB2 or GIuR®6), and untransfected lysates (COS7).

Supplemental Fig. S2. Immunoperoxidase using antibodies to pan-AMPA receptors
(A-J), GluRal subunit (K-P), and GluRa2 subunit (Q-V) in the hippocampus of control
and y-8-KO mice. G-J are enlarged views from the CAl (G, 1) and CA3 (H, J) regions.
Note reduced immunoperoxidase staining in dendritic layers of y-8-KO hippocampus,
which is consistent with immunofluorescence staining (Fig. 5). Also note stronger
perikaryal staining in y-8-KO hippocampus for AMPA receptors, GluRal subunit, and
GluRa2 subunit in CA1 and CA3 pyramidal cells, which is not appreciated from
immunofluorescence staining (Fig. 5). See abbreviations for Fig. 2. Scale bars, A-F, K-V,

0.1 mm; G-J, 10 um.



Ag
A Af
GLuRal (717-754) LLESTMNEYIEQRKPCDTMKVGGNLDSKGYGIATPKGS
GLuRa2 (724-761) LLESTMNEYIEQRKPCDTMKVGGNLDSKGYGIATPKGS

GLuRa3 (729-766) LLESTMNEYIEQRKPCDTMKVGGNLDSKGYGVATPKGS
GLuRa4 (725-762) LLESTMNEYTEQRKPCDTMKVGGNLDSKGYGVATPKGS

GLuRS (750-787) LLMESTSIEYVTQRNCNLTQIGGLIDSKGYGVGTPIGS
GLuRe (735-772) FLMESTTIEFVTQRNCNLTQIGGLIDSKGYGVGTPMGS
GLuR7 (705-742) LLMESTTIEYITQRNCNLTQIGGLIDSKGYGIGTPMGS
KA1 (720-757) FLLESTMNEYYRQRNCNLTQIGGLLDTKGYGIGMPVGS
KA2  (719-756) FLLESTMNEYHRRLNCNLTQIGGLLDTKGYGIGMPLGS

GLuRs2 (741-778) WDAAVLEYVAINDPDCSFYTVGNTVADRGYGIALQHGS
GLuRzl  (731-776) WDSAVLEFEAS-QK-CDLVTTGELFFRSGFGIGMRKDS
GLuRel (732-769) AAVLNYKAGRDEGCKLVTIGSGYIFATTGYGIALQKGS

48-

Supplemental Fig. 1



Supplemental Fig. 2
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