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Cellular/Molecular

TARP -2 and vy-8 Differentially Control AMPAR Density
Across Schaffer Collateral/Commissural Synapses in the
Hippocampal CA1 Area

Miwako Yamasaki,' Masahiro Fukaya,'> Maya Yamazaki,’ Hirotsugu Azechi,’ Rie Natsume,’ Manabu Abe,’

Kenji Sakimura,’ and “Masahiko Watanabe'

'Department of Anatomy, Hokkaido University Graduate School of Medicine, Sapporo 060-8638, Japan, 2Department of Anatomy, Kitasato University
School of Medicine, Sagamihara, Kanagawa 252-0374, Japan, and *Department of Cellular Neurobiology, Brain Research Institute, Niigata University,
Niigata 951-8585, Japan

The number of AMPA-type glutamate receptors (AMPARs) at synapses is the major determinant of synaptic strength and varies from
synapse to synapse. To clarify the underlying molecular mechanisms, the density of AMPARs, PSD-95, and transmembrane AMPAR
regulatory proteins (TARPs) were compared at Schaffer collateral/commissural (SCC) synapses in the adult mouse hippocampal CA1 by
quantitative immunogold electron microscopy using serial sections. We examined four types of SCC synapses: perforated and nonper-
forated synapses on pyramidal cells and axodendritic synapses on parvalbumin-positive (PV synapse) and pravalbumin-negative in-
terneurons (non-PV synapse). SCC synapses were categorized into those expressing high-density (perforated and PV synapses) or
low-density (nonperforated and non-PV synapses) AMPARs. Although the density of PSD-95 labeling was fairly constant, the density and
composition of TARP isoforms was highly variable depending on the synapse type. Of the three TARPs expressed in hippocampal
neurons, the disparity in TARP -2 labeling was closely related to that of AMPAR labeling. Importantly, AMPAR density was significantly
reduced at perforated and PV synapses in TARP y-2-knock-out (KO) mice, resulting in a virtual loss of AMPAR disparity among SCC
synapses. In comparison, TARP -8 was the only TARP expressed at nonperforated synapses, where AMPAR labeling further decreased
to a background level in TARP y-8-KO mice. These results show that synaptic inclusion of TARP -2 potently increases AMPAR expres-
sion and transforms low-density synapses into high-density ones, whereas TARP +y-8 is essential for low-density or basal expression of
AMPARSs at nonperforated synapses. Therefore, these TARPs are critically involved in AMPAR density control at SCC synapses.

Key words: AMPA receptor; hippocampus; interneuron; perforated synapse; pyramidal cell; transmembrane AMPAR regulatory proteins

(s )

Although converging evidence implicates the importance of transmembrane AMPA-type glutamate receptor (AMPAR) regulatory
proteins (TARPs) in AMPAR stabilization during basal transmission and synaptic plasticity, how they control large disparities in
AMPAR numbers or densities across central synapses remains largely unknown. We compared the density of AMPARs with that
of TARPs among four types of Schaffer collateral/commissural (SCC) hippocampal synapses in wild-type and TARP-knock-out
mice. We show that the density of AMPARs correlates with that of TARP -2 across SCC synapses and its high expression is linked
to high-density AMPAR expression at perforated type of pyramidal cell synapses and synapses on parvalbumin-positive interneu-
rons. In comparison, TARP -8 is the only TARP expressed at nonperforated type of pyramidal cell synapses, playing an essential
role in low-density or basal AMPAR expression. j

ignificance Statement

the number of synaptic AMPARSs is the major determinant of
synaptic strength. AMPARs are inserted into the extrasynaptic

Introduction
Most of the fast excitatory synaptic transmission in the brain is
mediated by AMPA-type glutamate receptors (AMPARs), and
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membrane by exocytosis, where they are highly mobile by lateral
diffusion (Opazo et al., 2012). Subsequently, AMPARs are
trapped at synapses through interaction with scaffolding proteins
in the postsynaptic density (PSD) and removed by endocytosis or
lateral diffusion (Malinow and Malenka, 2002; Bats et al., 2007;
Opazo et al., 2012). The diffusional trapping and removal of
AMPARs emphasizes the importance of the mechanisms that
determine the synaptic strength. The number of AMPARSs is dif-
ferentially regulated at individual synapses in a target cell type-,
input source-, and activity-dependent manner (Nusser et al.,
1998; Matsuzaki et al., 2004; Yamasaki et al., 2011). The disparity
in the number of synaptic AMPARSs is considered to underlie
efficient learning and information storage (Brunel et al., 2004;
Barbour et al., 2007).

AMPARSs are heterotetramers or homotetramers consisting of
GluA1-GluA4 (GluR1-GluR4) subunits (Hollmann and Heine-
mann, 1994). The C-termini of GluA subunits bind different cy-
toplasmic proteins, yielding distinct trafficking, recycling, and
synaptic plasticity mechanisms (Barry and Ziff, 2002; Malinow
and Malenka, 2002; Song and Huganir, 2002). In addition to
these principal subunits, most, if not all, neuronal AMPAR com-
plexes contain transmembrane AMPAR regulatory proteins
(TARPs) as essential auxiliary subunits (Yamazaki et al., 2004;
Tomita et al., 2005). The TARP family comprises six isoforms:
four classical or type-I (-2, y-3, y-4, and y-8) and two atypical or
type-II (y-5 and y-7) TARPs (Kato et al., 2008; Soto et al., 2009).
TARPs interact with AMPARSs and mediate their association with
PSD-95, a key scaffolding protein in the PSD (Chen et al., 2000;
Tomita et al., 2004). TARPs are involved in every aspect of
AMPAR functions, from surface expression and synaptic target-
ing to gating and pharmacology (Ziff, 2007; Jackson and Nicoll,
2011b). Although converging evidence has shown the impor-
tance of TARPs in AMPAR stabilization during basal transmis-
sion and synaptic plasticity (Bats et al., 2007), it remains largely
unknown how they contribute to disparities in AMPAR numbers
or densities across synapses.

To address this issue, we focused on Schaffer collateral/com-
missural (SCC) synapses in the stratum radiatum of the hip-
pocampal CA1 area. SCC synapses constitute the majority of
synapses in the stratum radiatum (Sorra and Harris, 2000) and
are formed on the dendritic spines of pyramidal cells and the
dendritic shafts of GABAergic interneurons. Intriguingly, they
exhibit highly skewed distributions of AMPARs depending on
the synapse size, configuration, and distance from the soma
(Nusser et al., 1998; Takumi et al., 1999; Racca et al., 2000; Mat-
suzaki et al., 2004; Nicholson et al., 2006; Shinohara et al., 2008).
For example, SCC synapses on pyramidal cells are classified into
perforated and nonperforated synapses based on the configura-
tion of PSD. Perforated synapses contain more AMPARs than
nonperforated synapses (Desmond and Weinberg, 1998; Nichol-
son et al., 2006) and have long been assumed to associate with
structural expression of long-term potentiation (Liischer et al.,
2000).

By applying quantitative immunogold electron microscopy
(EM) to serial ultrathin sections, we measured the density of
AMPARSs, PSD-95, and three classical TARPs expressed in hip-
pocampal neurons at four types of SCC synapses. Here, we show
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that TARP -2 is enriched at perforated synapses on pyramidal
cells and at synapses on parvalbumin (PV)-positive interneurons
(PV synapses) and critically involved in their high-density ex-
pression of AMPARs. In contrast, TARP +y-8 is the only classical
TARP expressed at nonperforated synapses on pyramidal cells,
where it plays an essential role in the low-density or basal expres-
sion of AMPARs. These results suggest that the inclusion of spe-
cific TARP isoforms contribute influentially and differentially to
the disparity of synaptic AMPAR expression, playing a role in
AMPAR density control in a target cell type-, input source-, and
activity-dependent manner.

Materials and Methods

Animals. We used male C57BL/6 wild-type (WT) mice and knock-out
(KO) mice defective in GluA1, GluA2, GluA3, or GluA4 (Yamasaki et al.,
2011) and in TARP y-2 (Yamazaki et al., 2010), TARP -3, or TARP y-8
(Fukaya et al., 2006) at the adult stage (2-4 months of age). TARP
7v-3-KO mice were produced using the C57BL/6N ES cell line RENKA
(Mishina and Sakimura, 2007), as reported previously (Fukaya et al.,
2006; Yamazaki et al., 2010). All animal experiments were performed in
accordance with the guidelines laid down by the animal welfare commit-
tees of Hokkaido University. The numbers of mice examined for respec-
tive experiments were as follows: in situ hybridization (WT, 6);
immunofluorescence (WT, 9; TARP y-2-KO, 3; TARP y-3-KO, 3; TARP
v-8-KO, 3); quantitative postembedding immunogold and conventional
electron microscopy (WT, 3; TARP y-2-KO, 3; TARP y-3-KO, 3; TARP
y-8-KO, 3).

In situ hybridization. We used isotopic in situ hybridization using **P-
dATP-labeled 45-mer antisense oligonucleotide probes for GluAl-
GluA4 mRNAs (Hashimoto et al., 1999) and non-isotopic in situ
hybridization with fluorescein-, digoxigenin (DIG)-, or biotin-labeled
cRNA probes for GluAl (nt 344-1183 bp, GenBank accession #NM_
001113325), GluA2 (nt 408-1247 bp, GenBank accession #NM_001083806),
GluA3 (nt 262-1101 bp, GenBank accession #NM_016886), GluA4 (nt 262-
1250 bp, GenBank accession #AB102777), 67 kDa glutamic acid decarboxyl-
ase (GAD67; nt 1036-2015 bp, GenBank accession #NM_008077),
neuropeptide Y (NPY; nt 1-495 bp, GenBank accession #NM_023456),
parvalbumin (PV; nt 57-389 bp, GenBank accession #NM_013645),
cholecystokinin (CCK; nt 1-658 bp, GenBank accession #NM_
031161), neuronal nitric oxide synthase (nNOS; nt 99-1175 bp,
GenBank accession #NM_008712), TARP -2 (nt 584-1360 bp,
GenBank accession #AF077739), TARP y-3 (nt 195-950 bp, GenBank
accession #AJ272044), and TARP -8 (nt 817-1380 bp, GenBank ac-
cession #NM_133190) mRNAs. cRNA probes were synthesized by in
vitro transcription using the Bluescript I plasmid vector encoding the
above cDNAs as described previously (Yamasaki et al., 2010). The
specificity of GluA1-GluA4 and GAD67 was reported in Yamasaki et
al. (2011).

Under deep pentobarbital anesthesia (100 mg/kg body weight, i.p.),
brains were freshly obtained and immediately frozen in powdered dry
ice. Fresh frozen sections (20 wm) were cut on a cryostat (CM1900; Leica
Microsystems) and mounted on silane-coated glass slides. Sections were
treated successively: fixation with 4% paraformaldehyde-0.1 M sodium
phosphate buffer (PB), pH 7.2, for 10 min, PBS, pH 7.2, for 10 min,
acetylation with 0.25% acetic anhydride in 0.1 M triethanolamine-HCI,
pH 8.0, for 10 min, and prehybridization for 1 h in a buffer containing
50% formamide, 50 mm Tris-HCI, pH 7.5, 0.02% Ficoll, 0.02% polyvi-
nylpyrrolidone, 0.02% bovine serum albumin, 0.6 M NaCl, 200 pg/ml
tRNA, 1 mm EDTA, and 10% dextran sulfate. Isotopic in situ hybridiza-
tion was performed at 42°C for 12 h in prehybridization buffer supple-
mented with oligonucleotide (10,000 dpm/pul), followed by washing in
0.1X SSC containing 0.1% SDS at 55°C for 40 min twice and exposure to
x-ray film BioMax (Kodak,).

FISH was performed at 63.5°C for 12 h in hybridization buffer supple-
mented with a mixture of cRNA probes at a dilution of 1:1000. Posthy-
bridization washing was done at 61°C successively with 5X SSC for 30
min, 4X SSC containing 50% formamide for 40 min, 2X SSC containing
50% formamide for 40 min, and 0.1X SSC for 30 min. Sections were
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Table 1. Details of primary antibodies used
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Molecule Sequence (NCBI #) Host Specificity Reference

GluA1 841-907 aa (X57497) Rb, GP IB/KO (IF, IE) Yamazaki et al., 2010, Yamasaki et al., 2011
GluA2 847-863 aa (X57498) Rb, GP IB/KO (IF, IE) Yamazaki et al., 2010, Yamasaki et al., 2011
GluA3 853-883 aa (AB022342) Rb, GP, Go IB/KO (IF, IE) Yamazaki et al., 2010, Yamasaki et al., 2011
GluA4 849-902 aa (AB022913) Rb, GP IB/KO (IF, IE) Yamazaki et al., 2010, Yamasaki et al., 2011
pan-AMPAR 727-745 aa (X57497) GP IB/HEK Fukaya et al., 2006

PSD-95 1-62 aa (D50621) Rb, GP 1B Fukaya and Watanabe, 2000

PV 1-110 aa (NM_013645) Pb, GP, Go IB Nakamura et al., 2004, Miura et al., 2006
TARP y-2 302-318 aa (AF077739) Rb, GP IB/HEK/KO (IF, IE) Yamazaki et al., 2010

TARP -3 290-310 aa (NM_019430) GP IB/HEK/KO (IF, IE) Present study

TARP y-8 362-421 aa (AF361350) Rb/GP IB/HEK/KO (IF, IE) Fukaya et al., 2006

Go, Goat polyclonal antibody; GP, guinea pig polyclonal antibody; HEK, immunoblot with transfected HEK cell lysates; IB, i

hl

with brainh ;KO (IF, IE), lack of immunolabeling was confirmed by immunofluorescence (IF)

and postembedding immunogold (IE) using knockout brains; pan-AMPAR, pan-AMPAR antibody was raised against the sequence common to all four GluA subunits; Rb, rabbit polyclonal antibody.

incubated at room temperature in NTE buffer (0.5 M NaCl, 0.01 m Tris-
HCI, pH 7.5, and 5 mm EDTA) for 20 min, 20 mM iodoacetamide in NTE
buffer for 20 min, and TNT buffer (0.1 m Tris-HCI, pH 7.5, and 0.15 m
NaCl) for 20 min. For double- or triple-labeling FISH, each reporter
molecule was visualized separately. First, fluorescein was visualized with
peroxidase-conjugated anti-fluorescein antibody (Invitrogen; 1:1500,
1 h) and the FITC-TSA plus amplification kit (PerkinElmer). Second,
DIG was visualized with peroxidase-conjugated anti-DIG antibody
(Roche Diagnostics, 1:500, 1 h) and the Cy3-TSA plus amplification kit
(PerkinElmer). Third, biotin was visualized with peroxidase-conjugated
anti-biotin antibody (Vector Laboratories, 2 pug/ml, 1 h) and the Cy5-
TSA plus amplification kit (PerkinElmer). Residual activities of perox-
idase introduced in the prior detection were inactivated by incubation
of sections with 1% H,O, for 30 min. Sections selected for double-
labeling FISH were further stained with NeuroTrace 640/660 Nissl
stain (Invitrogen).

Photographs were taken with a confocal laser-scanning microscope
(FV1000; Olympus) equipped with a HeNe/Ar laser, and PlanApo (10X/
0.40) and PlanApoN (60X/1.42, oil-immersion) objective lenses (Olym-
pus). Fluorescence cross talk was prevented by restricting the width of the
emission wavelength using spectral slit and by adopting the sequential
mode of laser scanning. All images represent single optical sections
(640 X 640 pixels, pixel size 110 nm).

Expression levels of mRNA were evaluated semiquantitatively from
confocal images taken with appropriate gain-level settings. Separate
color components were converted to grayscale and the gray level
(arbitrary units) and area were measured using MetaMorph software
(Molecular Devices) from individual somata of GAD67 or other marker
mRNA-positive interneurons or from Nissl-stained small neurons in the
pyramidal cell layer (i.e., pyramidal cells). For normalizing expression
levels, the gray level of individual cells in each interneuron type was
divided by the mean gray level of 100 pyramidal cells in the same field of
view. In the present study, statistical comparisons of the expression level
were made between pyramidal cells and GAD67-positive cellsand among
PV-, CCK-, and nNOS/NPY-expressing interneurons.

Antibodies. We used primary antibodies against GluA1-GluA4, PSD-
95, PV, TARP -2, TARP y-3, and TARP v-8. Of these, we produced in
the present study an affinity-purified TARP v-3 antibody, which was
raised against aa residues 290-310 of mouse TARP -3 (NM_019430).
Information on the sequence of antigens, host species, specificity, and refer-
ences of each primary antibody is summarized in Tables 1, 2, 3, and 4.

The specificity of the TARP -3 antibody was confirmed by immuno-
blot detection of a protein band at 32-35 kDa in brain homogenates and
HEK293T lysates transfected with TARP vy-3, but not TARP -2, TARP
-4, or TARP -8 (data not shown), and by blank immunohistochemical
labeling in TARP +y-3-KO brains at light and electron microscopic levels
(see Fig. 7B, Table 3). The specificity of other TARP antibodies and
GluA1-GluA4 antibodies was confirmed by intense labeling in WT
brains and almost blank labeling in the corresponding GluA-KO and
TARP-KO brains (Tables 2, 3), whereas that of pan-AMPAR and PSD-95
antibodies was confirmed by exclusive labeling of asymmetrical synapses
in WT mice (Table 4, top). The specificity of PV antibody was supported
by intense immunogold labeling in the cytoplasm of dendritic shafts

Table 2. Inmunogold labeling using AMPAR and TARP antibodies in WT mice

Density
PSD membrane Non-PSD membrane Cytoplasm
Ab Mean  SEM L Mean SEM L Mean SEM S

GluA1
SP 77 0.6 412 04 0.1 513 1.5 08 45
PV 17.9 1.5 30 0.3 0.2 20.4 66 18 267
nPv 1.8 23 43 04 0.4 17.1 6.7 21 53
SP 68 08 44 0.6 0.2 47.7 88 21 3.8
GluA2
PV 4.5 07 193 0.6 0.2 15.2 36 12 7.6
nPv 31 1 42 08 0.5 13.7 39 12 5

SP 1.9 04 294 0 0 484 15 08 43
GluA3

PV 10 0.8 303 0.1 0.1 17.1 26 08 8

nPv 3 1.1 51 0 0 10.9 13 05 10.1

SP 0.2 0.1 231 0 0 50.9 18 08 45
GluA4

PV 12 09 273 02 0.1 216 49 11 8.1
nPV 1.7 08 43 03 0.2 10.5 35 08 8

TARP 42
sp 15 03 34 0 0 548 1 05 53
Vo223 11 19 01 01 185 15 06 94
WV 97 08 66 0 0 M2 02 01 65
TARP 73
sp 05 02 188 0 0 B85 0 0 36
PV 5207 29 01 01 129 15 04 136
V15 11 250 0 45 16 09 31
TARP 48

Sp 149 1 457 1.1 0.2 51 20.3 32 44
PV 18 13202 05 0.1 9.6 27 09 104
PV 151 22 8 1.7 0.7 6.9 54 15 6.3

The density of immunogold labeling in the synaptic (PSD) membrane, nonsynaptic (non-PSD) membrane, and
cytoplasm of control mice was calculated as linear density (/wm) or areal density (/um %) by quantitative double-
labeling postembedding immunogold EM. Single ultrathin sections were incubated with a mixture of PV antibody
and any of GluAT-GluA4 and TARP -2, -3, and y-8 antibodies. Data were collected from two WT mice. Values
significantly higher than those in the corresponding KO mice (Table 3) are indicated in bold italic ( p << 0.01, Utest)
orbold (p << 0.05, Utest). Ab, Primary antibody; SP, dendritic spine on pyramidal cells; PV, PV-positive dendrites;
nPV, PV-negative dendrites; L, measured length; S, measured area.

forming high-density asymmetrical synapses, a morphological hallmark
of PV-positive interneurons (Baude et al., 1995; Gulyds et al., 1999). In
the present analysis, PV-positive dendrites were defined as those labeled
with immunogold at densities >10 particles/um? in consecutive sec-
tions. The mean labeling density in PV-positive dendrites 17.4 = 1.5/
wm? and below 0.2 + 0.1/um? in PV-negative dendrites (see Fig. 11,
Table 4, bottom), with no overlapping populations at 10/pm?>.
Immunofluorescence. For immunofluorescence, mice under deep pen-
tobarbital anesthesia were fixed transcardially with 4% paraformalde-
hydein 0.1 M PB, pH 7.2. Brains were cut in the midline and a pair of right
halves of WT and KO brains were embedded in single paraffin blocks to
be subjected to immunohistochemical incubations under the same con-
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Table 3. Inmunogold labeling using AMPAR and TARP antibodies in KO mice

Density
PSD membrane Non-PSD membrane Cytoplasm
Ab Mean  SEM L Mean SEM L Mean SEM S

GluA1
P 0.7 05 145 01 0.1 45.2 15 1 32
PV 03 0.2 74 0. 0.1 28.3 15 03 157
PV 0.1 0.1 28 0.1 0.1 10.5 15 0.9 5.2
P 0.1 0.1 127 01 0.1 39.5 0.5 0.5 29

GluA2

PV 0.1 0.1 192 0 0 285 0.9 0.3 17.9

Py 0.1 0 3.1 0. 0.1 9.8 0.1 0.1 45

SP 0.1 0.1 n7 0 0 492 0 0 33
GluA3

PV 0.1 0.1 n1 0 0 213 0.4 02 208

nPv o 0.1 0.1 28 0 0 7.9 0.1 0.1 43

SP 0.5 0.5 126 0 0 414 4.7 19 3
GluA4

PV 0.1 0.1 141 0 0 29.5 24 07 20

nPv 0 0.1 32 0 0 10.1 2.5 0.9 39
TARP 2

Sp 04 0.4 78 0 0 418 3.5 1.6 34

PV 2 0.5 156 04 0.2 17 39 1 9.5

Py o1 0.5 28 0 0 8.8 22 1.1 42
TARP 3

SP 0 0 95 0 0 444 0.5 0.3 3.8

PV 0.5 0.3 62 0 0 17.8 0.9 0.4 8.6

nPv 05 0.5 2 0 0 48 22 0.1 3.6
TARP v8

Sp 03 0.2 63 0. 0.1 38.1 1 0.4 33

PV 0 0 38 0 0 15 0 0 7.7

nPv 1 1 28 0 0 5 1.6 0.8 2.8

The density of immunogold labeling was measured when a mixture of PV antibody and any of GluA1-GluA4 and
TARP -2, y-3,and y-8 antibodies was applied to the corresponding GluA-KO or TARP-KO mice. Data were collected
from two KO mice. See Table 2 for explanation and abbreviations.

Table 4. Specificity of pan-AMPAR, PSD-95, and PV antibodies

Density
PSD membrane
Ab Mean SEM L
pAMPAR
Asym 12.4 3.5 59
Sym 0 0 3.9
PSD-95
Asym 41.8 3 72
Sym 0 0 6.3
Cytoplasm
Mean SEM S
PV
Sp 0.4 0.2 15
PV 17.3 1.5 34.6
nPV 0.2 0.1 323

The density of immunogold labeling for AMPARs (pAMPAR) and PSD-95 in the synaptic (PSD) membrane (/wm) or
forPVin the cytoplasm (/ um 2) was measured from two WT mice. The PSD membrane at asymmetrical synapses has
significantly higher densities of immunogold labeling for AMPARs and PSD-95 than that at symmetrical synapses
(p<<0.01each, Utest). PV-positive dendrites have significantly higher density ofimmunogold labeling for PV than
dendritic spines of pyramidal cells and PV-negative dendrites (p << 0.01, U test). See Table 2 for explanation and
abbreviations.

ditions. Paraffin sections (4 um in thickness) were made by a sliding
microtome (SM2000R; Leica Microsystems) and mounted on silane-
coated glass slides. All immunohistochemical incubations were per-
formed at room temperature and 10% normal donkey serum was used
for blocking. To expose antigens of GluA subunits and TARPs, paraffin
sections were pretreated with 1 mg/ml pepsin (DAKO) in 0.2 N HCI at
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37°C for 10 min, as reported previously (Watanabe et al., 1998). For
single immunofluorescence, sections were incubated with primary anti-
bodies (1 pg/ml) overnight, followed by successive incubation with bio-
tinylated secondary antibodies for 2 h, avidin-biotin-peroxidase complex
for 1h, and tyramide signal amplification (TSA) amplification for 10 min
using the TSA-Cy3 and TSA-Fluorescein system (PerkinElmer). For tri-
ple immunofluorescence, sections were incubated with a mixture of pri-
mary antibodies (1 ug/ml) overnight and then with Alexa Fluor 488-,
Cy3-, or Cy5-conjugated secondary antibodies for 2 h.

Photographs of whole-brain images were taken using a fluorescent
microscope (AX-70; Olympus) and hippocampal and magnified images
were obtained using a confocal laser-scanning microscope (FV1000,
Olympus) as described in the “In situ hybridization” section.

Postembedding immunogold electron microscopy. Mice under deep pen-
tobarbital anesthesia were fixed transcardially with 4% paraformalde-
hyde in 0.1 M PB, pH 7.2, and sagittal microslicer sections (400 wm) were
made from the right dorsal hippocampus located in 4001200 pm lateral
from the midline. After 4 h of postfixation in the same fixative, sections
were cryoprotected with 30% glycerol in PB and frozen rapidly with
liquid propane in the EM CPC unit (Leica Microsystems). Frozen sec-
tions were immersed in 0.5% uranyl acetate in methanol at —90°C in the
AFS freeze-substitution unit (Leica Microsystems), infiltrated at —45°C
with Lowicryl HM-20 resin (Electron Microscopy Sciences), and polym-
erized with UV.

Ultrathin sections were made from the CA1 region located in the
midway between the subiculum and CA2 using an Ultracut ultrami-
crotome (Leica Microsystems). Electron micrographs were taken from
the proximal half of the stratum radiatum of the dorsal hippocampal
CALl region (20—-80 wm distal from the stratum pyramidale). For quan-
titative immunogold analyses, the same series of sections were incubated
simultaneously. Sections were etched with saturated sodium-ethanolate
solution for 1-5 s. They were treated successively with the following
solutions: the blocking solution [2% normal goat serum in the incuba-
tion solution (0.03% Triton X-100 in TBS, pH 7.4; TTBS)] for 20 min,
primary antibody (20 pg/ml for each antibody diluted with the blocking
solution) overnight, and colloidal gold (10 nm in diameter)-conjugated
anti-rabbit or anti-guinea pig IgG (1:100, British BioCell International)
in the blocking solution for 2 h. After extensive washing in TTBS, grids
were incubated with 2% normal rabbit serum for 30 min and then over-
night with rabbit anti-PV antibody-conjugated colloidal immunogold
(15 nm) prepared according to the method of Slot and Geuze (1985).
Finally, the grids were washed in TTBS and distilled water for 30 min and
then stained with 1% OsO, for 20 min, 5% uranyl acetate/40% EtOH for
90 s, and Reynold’s lead citrate solution for 1 min.

Sampling and quantification of postembedding immunogold labeling.
For single section analyses (Tables 2, 3, 4), ultrathin sections were
mounted on 400 mesh nickel grids precoated with neoprene W (Nis-
shin). Photographs were taken with an H-7100 electron microscope (Hi-
tachi) at 10,000 X magnification and negative films corresponding to an
area of ~45 um? were scanned at 1200 dpi. For quantitative analysis,
postsynaptic and nonsynaptic membrane-associated immunogold par-
ticles, defined as those <<35 nm apart from the cell membrane, and cyto-
plasmic immunogold particles were counted and the length of the PSD
and nonsynaptic membrane and the area of each compartment were
measured using MetaMorph software (Molecular Devices). Labeling
density was obtained by dividing the total number of immunogold par-
ticles by the total length or area of each profile.

For serial section analyses (Figs. 1, 3, 5, 8, 9, 10), each Lowicryl block
was trimmed into a trapezoid (~300 wm wide and ~180 wm height) that
contained the stratum pyramidale and the stratum radiatum of the CA1
region. On average, the area of the trapezoid was 5.2, 4.8, 4.4, and 4.0 (X
10* wm?) from WT, TARP-y2-KO, TARP-vy3-KO, and TARP-v8-KO
mice, respectively. A ribbon of consecutive 15-25 sections was mounted
on each single-slot nickel grid supported by Formvar membrane. Aver-
age thickness of sections was estimated to be consistently ~90 nm based
on the homogeneity of interference color of the sections floating on the
water in a boat of diamond knife (Meek, 1976), as well as the estimated
value obtained from the minimal folds method with modification (Small,
1968; Kubota et al., 2009). Immunoreacted sections were viewed at 80 KV
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on a JEM-1400 transmission electron microscope (JOEL). Two different
fields of view containing at least one PV-positive or PV-negative dendrite
were chosen from each mouse, and images having an area of ~32 pm?>
were captured from 10-20 consecutive sections using a 1 k CCD camera
(C4742-95-12ER; Hamamatsu Photonics) at 20,000X magnification
(1000 pixel/inch). In general, 3—4, 7-8, or 3—4 consecutive sections suf-
ficed to “cover” the entire nonperforated synapses, perforated synapses,
or axodendritic interneuron synapses, respectively. On average, 68.1,
71.1, 61.0, and 68.8 sections from WT, TARP-y-2-KO, TARP-vy-3-KO,
and TARP-v-8-KO, respectively, were used in the analyses using each
antibody. Synapses were sampled for quantitative analysis only if they
were clearly identified and fully included within serially sectioned vol-
umes of the tissue. The length of PSD was measured on each ultrathin
section and summed from all sections through each synapse. Linear la-
beling density was calculated by dividing the total number of immuno-
gold particles by the total length of PSD at individual synapses. There
were no significant differences in the total PSD length of synapses from
the same categories among analyses using different antibodies or mouse
lines. Results of Kruskal-Wallis (KW) test were as follows: p = 0.30, 0.14,
0.18, and 0.20 at perforated, nonperforated, PV, and non-PV synapses,
respectively.

Conventional serial electron microscopy. To calculate the percentage of
perforated and nonperforated synapses on pyramidal cell spines, 20-30
serial ultrathin sections were made from the same Lowicryl blocks used in
the postembedding immunogold. They were mounted on Formvar-
coated copper single-slot grids and stained with 1% OsO, for 20 min, 5%
uranyl acetate/40% EtOH for 90 s, and Reynold’s lead citrate solution for
1 min. Two different fields of view per mouse were chosen from the
similar zone in the postembedding immunogold EM analyses. Sections
were imaged at 80 KV on a JEM-1400 transmission electron microscope
(JOEL) and images having an area of ~49 um? were captured from
20 consecutive sections using a 1 k CCD camera (C4742-95-12ER;
Hamamatsu Photonics) at 15,000X magnification (1000 pixel/inch).
Synapses were sampled only if they were clearly identified and fully in-
cluded within serially sectioned volumes of the tissue. The number of
synapses reconstructed from each mouse line was 2748, 2778, and 2804
from WT, TARP-y2-KO, and TARP-vy8-KO mice, respectively.

Statistical analyses. All values are expressed as the mean = SEM (where
n = number of analyzed synapses or neurons unless otherwise noted).
Statistical tests were performed using SPSS 22.0 software (IBM). Before
analysis, we tested the normality of all quantitative data using Kolmogo-
rov—Smirnov and Shapiro—Wilk tests, as well as the homogeneity of vari-
ance by Levene’s test. Because some of the datasets in this study violated
the assumptions of normality and/or homogeneity of variance, compar-
isons of two groups were performed using a two-tailed Welch’s unequal
variances ¢ test, which is a parametric test robust in the face of violations
in normality, and two-tailed Mann—Whitney U test (U test), the non-
parametric equivalent of the ¢ test. We confirmed that parametric and
nonparametric statistics resulted in p-values of the same order of magni-
tude; therefore, only the p-values from the U test are presented in Results,
but data are presented as mean = SEM. For three or more group com-
parisons, KW test with post hoc Scheffe’s multiple-comparisons proce-
dure was performed. For assessment of the relationship between AMPAR
labeling density and total PSD length, the Pearson correlation coefficient
was calculated. For further assessment of the relationship among synapse
type, PSD size, and AMPAR, labeling density was performed with a two-
way ANOVA, which is generally robust to moderate deviations from
normality (Glass et al., 1972). In semiquantitative FISH analyses, exper-
iments from different sections and animals were pooled because no sig-
nificant difference was observed in normalized fluorescent intensity. In
quantitative postembedding immunogold analyses, measurements in
two to three animals of the same mouse line were pooled because no
significant difference was observed for labeling density or total PSD
length using the KW test. Differences were considered statistically signif-
icant at p < 0.05.

Results

To clarify the synapse-type-dependent regulation and mecha-
nisms of AMPAR expression, we applied postembedding immu-
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nogold EM to serial ultrathin sections covering the entire PSD of
given SCC synapses and measured the density of immunogold
labeling from the total number of immunogold particles and the
total PSD length at given synapses on serial sections.

Heterogeneous density of AMPARs

When viewed in serial EM sections, SCC synapses on dendritic
spines of pyramidal cells (Fig. 1A) could be classified, by the
different configurations of PSDs, into two subtypes: perforated
synapses with fenestrated, horseshoe-shaped, or segmented PSD
(Fig. 1B,C) and nonperforated synapses with continuous disk-
like PSD in all sections (Fig. 1D). Consistent with previous re-
ports in rats (Ganeshina et al., 2004; Nicholson et al., 2006), the
majority of SCC synapses on dendritic spines were nonperforated
synapses (92.7 * 0.83%, n = 6 fields of view, from 3 mice), with
the rest being perforated synapses (7.3 £ 0.83%),).

The two types of SCC synapses exhibited striking differences
in immunogold labeling for AMPARs. Using a pan-AMPAR an-
tibody raised against the sequence common to all four GluA sub-
units (Fukaya et al., 2006), immunogold particles were observed
in all perforated synapses (48 of 48 synapses; Fig. 1A—C), but only
in 40% of nonperforated synapses (60 of 150 synapses; Fig.
1A,D). The mean density of AMPAR labeling was five times
higher at perforated synapses than at nonperforated synapses
(Fig. 1E, left; p < 0.01, U test). The total PSD length measured
from perforated synapses was twice larger than that from non-
perforated synapses (0.52 = 0.02 uwm and 0.25 = 0.01 wm from
perforated and nonperforated synapses, respectively, p < 0.01, U
test). When the density of AMPAR labeling at individual synapses
was plotted as a function of the total PSD length (Fig. 1E, right),
no significant correlation was found between the two parameters
at both perforated and nonperforated synapses [Pearson correla-
tion coefficient (r) = 0.12 and 0.17, respectively; p = 0.16 and
0.25, respectively]. To further examine whether labeling density
was independent of synapse size within given synapse types, a
two-way ANOVA was conducted. For this purpose, perforated
and nonperforated synapses were classified into large and small
by the total PSD length above or below the median (Fig. 1F). We
found no significant interaction between synapse type and PSD
size (F(; 194y = 0.23, p = 0.64). Furthermore, the main effect of
synapse type, but not the PSD size, was statistically significant
(F1,104) = 241.70, p < 0.01 for synapse type; F(, 194y = 2.62,p =
0.11 for PSD size). Therefore, the perforated type of PSD config-
uration is strongly associated with higher AMPAR density at SCC
synapses on pyramidal cells.

In the CAl stratum radiatum, SCC synapses on GABAergic
interneurons also display a wide variability in immunogold label-
ing for AMPARs (Nusser et al., 1998). In our preliminary exper-
iments, dendritic shafts decorated with numerous asymmetrical
synapses invariably displayed prominent immunogold labeling
for AMPARs, whereas those with sparse innervation exhibited
low to moderate immunolabeling. Because dense SCC innerva-
tion on dendritic shafts is one of the hallmarks of PV-positive
interneurons (Baude et al., 1995; Gulyés et al., 1999), and PV-
positive and PV-negative dendrites were clearly distinguished by
the density of PV-immunolabeling (Fig. 1I), we used double-
labeling postembedding EM for PV (large particles) and
AMPARSs (small particles) (Fig. 1G,H,J,K). We found that immu-
nogold particles were observed on all asymmetrical synapses on
PV-positive and PV-negative dendritic shafts (28 of 28 PV syn-
apses; 20 of 20 non-PV synapses) and that immunogold labeling
was clearly higher at PV synapses (Fig. 1G,H) than at non-PV
synapses (Fig. 1],K). The mean density of AMPAR labeling was 3
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Figure 1. SCCsynapses loaded with high- or low-density AMPARS in hippocampal CAT py-
ramidal cells and interneurons. Pan-AMPAR antibody was used to evaluate AMPAR labeling
density in Figure 1. A-D, Postembedding immunogold EM for AMPARs showing high-density
labeling at perforated synapses (P1 and P2) and low-density labeling at nonperforated syn-
apses (NP). Three asymmetrical synapses on pyramidal cell spines in A are enlarged as three

J. Neurosci., April 13,2016 - 36(15):4296 - 4312 « 4301

times higher at PV synapses than at non-PV synapses (Fig. 1L,
left; p < 0.01, U test). No significant difference in the total PSD
length was observed between PV and non-PV synapses (0.39 *
0.02 wm and 0.38 * 0.02 um from PV and non-PV synapses,
respectively; p = 0.78, U test). When the density of AMPAR
labeling at individual synapses was plotted as a function of the
total PSD length (Fig. 1L, right), the correlation between the two
parameters was not significant at PV synapses (r = —0.023, p =
0.91), whereas there was a weak negative correlation at non-PV
synapses (r = —0.46, p < 0.05). This expression was further
confirmed by classifying PV and non-PV synapses into large or
small ones by the total PSD length above or below the median
(Fig. 1M ). A two-way ANOVA revealed no significant interaction
between synapse type and PSD size (F(, 44, = 2.30, p = 0.14).
Furthermore, the main effect of synapse type, but not the PSD
size, was statistically significant (F(, 44, = 45.74, p < 0.01 for
synapse type; F(; 44y = 0.39, p = 0.54 for PSD size). Therefore, the
target interneuron type is strongly associated with different
AMPAR densities at SCC synapses on interneurons.

Together, these results suggest that AMPAR density varies
significantly across SCC synapses; that is, between perforated and
nonperforated types of SCC synapses on pyramidal cells and be-
tween SCC synapses on PV and non-PV interneurons.

Composition of GluA subunits

The disparity in AMPAR expression at SCC synapses was further
investigated using subunit-specific GluA antibodies, the specific-
ity of which was confirmed by blank immunohistochemical
labeling in the brains and synapses of corresponding GluA-KO
mice (Tables 2, 3; Yamasaki et al., 2011). Immunofluorescence
using paraffin sections revealed two distinct patterns of labeling
in the hippocampal CA1 area: fine punctate labeling in the neu-
ropil and coarse peridendritic labeling of putative interneurons
(Fig. 2A—H). Triple immunofluorescence clarified that punctate
neuropil labeling was found for GluA1, GluA2, and GluA3 (Fig.

<«

consecutive images in B—D. Arrowhead pairs indicate the edge of synapses. At, Axon terminals.
E, Mean AMPAR labeling density at perforated (P, open column) and nonperforated (NP, dashed
column) synapses (right) and plots of AMPAR labeling density (per m of the total PSD length,
ordinate) and the total PSD length (w.m, abscissa) at individual perforated (open circles) and
nonperforated (dashed squares) synapses measured from serial sections (right). **p < 0.01, U
test. Dashed lines are linear regression fits to the data. F, Comparison of the mean AMPAR
labeling density in small (S) and large (L) perforated (open columns) and nonperforated
(dashed columns) synapses. Comparison of the means by a two-way ANOVA shows that the
main effect of synapse type, but not the PSD size, is statistically significant (**p << 0.01andp =
0.54, respectively). G, H, J, K, Double-labeling postembedding immunogold EM for AMPAR
(¢ =10nm) and parvalbumin (PV, 15 nm) showing high-density AMPAR labeling at dendritic
shaft synapses on PV-positive interneurons [Dn(PV), PV synapses] and low-density labeling at
those on PV-negative interneurons [Dn(nPV); non-PV synapses]. Boxed regions in G and J are
enlarged and shown in H and K. I, Summary histogram showing the distribution of averaged
labeling density in each dendritic profile obtained from three to four consecutive sections. Note
that the density of PV-immunolabeling in PV-positive (PV, gray columns) and PV-negative
(nPV, black columns) dendritesin the present study display a clear bimodal distribution. L, Mean
density of AMPAR labeling at PV (PV, gray column) and non-PV (nPV, black column) synapses
(left) and plots of AMPAR labeling density (ordinate) and the total PSD length (abscissa) at
individual PV (gray circles) and non-PV (black squares) synapses measured from serial sections
(right). **p << 0.01, U test. Dashed lines are linear regression fits to the data. M, Comparison of
the mean AMPAR labeling density in small (S) and large (L) PV (gray columns) and non-PV (black
columns) synapses. Comparison of the means by a two-way ANOVA shows that the main effect of
synapse type, but not the PSD size, is statistically significant (**p << 0.01and p = 0.11, respectively).
A total of 246 synapses were reconstructed from 81 sections. The numbers of synapses or dendritic
profiles examined and the total length of PSD (mean = SEM) areindicated in parentheses orin/on the
bar, respectively. Error bars indicate SEM. Scale bars, 200 nm.
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GIuA3

Immunofluorescence labeling for four GluA subunits. A—D, Overall labeling patterns in the hippocampus. E-H, Magnified images of the CA1 area. Arrows indicate peridendritic labeling

of putative interneurons for GluA3 and GluA4. Intense fine punctate labeling in the neuropil for GluA1 masks peridendritic labeling of putative interneurons. /,J, Tripleimmunofluorescence for GluA1
(red), GluA2 (green), and GluA3 (blue) in the CA1 area. Note that neuropil puncta are labeled intensely for GluA1 and GluA2 and low to moderately for GluA3, yielding homogeneous whitish-yellow
colors. Peridendritic labeling of putative interneurons is also seen for GluA1 and GIluA3, but not GluA2 (J, arrows). K, L, Triple immunofluorescence for GluAT (red), GluA3 (blue), and GluA4 (green)
inthe CA1 area. Note that peridendritic labeling yields white (GluAT+/GluA3+/GluA4+; arrows) to light-blue (GluA3 +/GluA4+; arrowheads) colors. DG, Dentate gyrus; Or, stratum oriens; Py,
pyramidal cell layer; Ra, stratum radiatum; Sub, subiculum. Scale bars: A-D (in D), 200 .m; E-H (in H), 20 pum; 1, K, 20 m; J, L, 10 m.

21L]), whereas peridendritic labeling was evident for GluAl,
GluA3, and GluA4, with occasional labeling for GluA2 (Fig.
2K,L).

We then examined the density of GluA labeling at given types
of SCC synapses (Fig. 3). Consistent with the results gained using
the pan-AMPAR antibody, the labeling density was significantly
higher at perforated synapses than at nonperforated synapses for
GluAl, GluA2, and GluA3 (Fig. 3I-K, columns and left axis; p <
0.01; U test). Similarly, it was significantly higher at PV synapses
than at non-PV synapses for all four subunits (Fig. 3I-L, columns
and left axis; p < 0.05 and p < 0.01 for GluA1 and GluA2-GluA4,
respectively, U test). Because there was a considerable difference
in the density of AMPAR labeling between the four synapse types
(Fig. 1 E,L), we standardized the expression levels of GluA sub-
units by calculating an expression index. This was obtained by
dividing the labeling density using GluA subunit antibodies by
that using the pan-AMPAR antibody at the corresponding syn-

apse types (Fig. 3I-L, red dots and right axis). We found no
significant differences between perforated and nonperforated
synapses in the expression index for GluAl, GluA2, GluA3, or
GluA4 (p = 0.44, 0.32, 0.25, and 0.66, respectively, U test). Sim-
ilarly, there were no significant differences between PV and
non-PV synapses for GluA1l, GluA2, and GluA3 (p = 0.88, 0.21,
and 0.29, respectively, U test). In contrast, the expression index
for GluA4 was significantly higher at PV synapses than at non-PV
synapses (p < 0.01, Utest). These results suggest that the subunit
composition at perforated and nonperforated synapses on pyra-
midal cells is quite similar, whereas it is different between PV and
non-PV interneurons. Therefore, the composition of GluA sub-
units appears to undergo target cell type-dependent regulation
between pyramidal cells and interneurons and also among in-
terneuron populations.

Target cell type-dependent regulation was further examined
by FISH. FISH using antisense cRNA probes for each GluA sub-
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Figure3. The density and composition of four GluA subunits at four types of SCC synapses. A—H, Double-labeling postembedding immunogold EM for each GluA subunit (¢ = 10 nm) and PV
(15nm). Dn(nPV), shaft dendrite forming non-PV synapses; Dn(PV), shaft dendrite forming PV synapses; Sp(NP), spine forming nonperforated synapse; Sp(P), spine forming perforated synapse. For
other abbreviations, see Figure 1./-L, Columns, Left axis, Mean labeling density of GluA subunits per unit PSD length (um) at given synapse types measured from serial sections. **p << 0.01, *p <
0.05; N.S., not significant; differences in the labeling density between perforated and nonperforated synapses and between PV and non-PV synapses, U test. Note significantly higher labeling
densities at perforated synapses (P) than at nonperforated synapses (NP) for GluA1, GluA2, and GluA3, and also at PV synapses (PV) than at non-PV synapses (nPV) for all four subunits. I-L, Right
axis, Dots, Mean expression index of GluA subunits as calculated by dividing the labeling density using GIuA subunit antibodies by that using pan-AMPAR antibody. ##p << 0.01, #p << 0.05;
differences in the expression index between perforated and nonperforated synapses and between PV and non-PV synapses; U test. Note no significant differences between perforated (P) and
nonperforated (NP) synapses in the expression index for GluA1, GluA2, or GluA3. In contrast, the expression index tends to be substantially higher at PV synapses than at non-PV synapses for all four
GluA subunits, particularly GluA4. A total of 226, 211, 181, and 191 synapses were reconstructed from 60, 72, 65, and 60 sections for GluA1, GluA2, GluA3, and GluA4 analysis, respectively. The
numbers of synapses examined and the total PSD length (mean == SEM) are indicated in parentheses and in/on the bar, respectively. Error bars indicate SEM. Scale bars, 200 nm.
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In situ hybridization showing the neuron-type-dependent expression of four GluA subunits in CA1 pyramidal cells and interneurons. A-H, Single-labeling in situ hybridization in the

hippocampus using isotopic oligonucleotide probes (4, C, E, 6) and nonisotopic riboprobes (B, D, F, H). I-T, Double- or triple-labeling FISH showing distinct GluA subunit expressions in PV-positive
(I-L), CCK-positive (M—P), and nNOS/NPY-positive (Q—T) interneurons. U-X, Mean relative fluorescence intensity of each GluA subunit mRNA in GABAergic interneurons expressing GAD67 mRNA
and three major subtypes ofinterneurons. Theintensity in each interneuron type is normalized to thatin CA1 pyramidal cells (dashed lines). ##p << 0.01, comparison between GAD67-expressing cells
and pyramidal cells, U test. **p << 0.01, comparison with PV-positive interneurons; KW test with post hoc Sheffe’s procedure. Note higher expression levels of all four GluA subunits in
PV-positive interneurons among the three interneuron subpopulations. The numbers of neurons examined are indicated in parentheses. Error bars indicate SEM. Scale bars: A—H (in H),

200 pum; I-T (in T), 20 .

unit yielded characteristic expression patterns in the hippocam-
pus (Fig. 4B,D,F,H), which were similar to those obtained by
radiolabeled antisense oligonucleotide probes (Fig. 4A,C,E,G).
In double- or triple-FISH, we identified pyramidal cells as cells
lacking GAD67 mRNA expression in the pyramidal cell layer,
whereas interneurons were identified by expression of GAD67
mRNA and respective interneuron markers (Fig. 4I-T'). Pyrami-
dal cells strongly expressed GluA1l, GluA2, and GluA3 mRNAs,
but were quite low in GluA4 mRNA. To compare the expression
levels of the respective GluA mRNAs between GAD67-expressing
interneurons and pyramidal cells, and also among three major
subpopulations of interneurons, the PV-, CCK-, and nNOS/
NPY-expressing interneurons (Somogyi and Klausberger, 2005;
Fuentealba et al., 2008), we normalized the fluorescent intensity
in each type of interneurons to the averaged intensity in pyrami-
dal cells (Fig. 4U-X). Compared with pyramidal cells (dashed

lines), the mean intensity in GAD67-expressing interneurons was
significantly lower for GluAl, GluA2, and GluA3 mRNAs and
significantly higher for GluA4 mRNA (Fig. 4U-X; p < 0.01 each,
U test). Among the three interneuron subpopulations, PV-
positive interneurons showed significantly higher levels of all
four GluA subunits compared with other interneurons express-
ing CCK or nNOS/NPY (Fig. 4U-X; p < 0.01 each, KW test
followed by Sheffe’s post hoc test). These expression properties
support the target cell type-dependent composition of GluA
subunits.

Homogeneous density of PSD-95

Retaining AMPARs at synapses requires specific interactions with
membrane-associated guanylate kinases (MAGUKs) and TARPs
(Schnell et al., 2002; Jackson and Nicoll, 2011b). Because PSD-95
is the most influential MAGUK for the synaptic expression of
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Figure 5.  Homogeneous PSD-95 densities and heterogeneous TARP densities in four types of SCC synapses. A—H, Double-labeling postembedding immunogold EM for PV (¢ = 15 nm) and
PSD-95 (10 nm; A, B), TARP y-2 (10 nm; C, D), TARP -3 (10 nm; E, F), or TARP -y-8 (10 nm; G, H). See abbreviations in Figures 1and 3. /-L, Mean labeling density of PSD-95 (I), TARP -2 (J), TARP
-3 (K), and TARP y-8 (L) per unit PSD length (wm) at individual synapse types measured from serial sections. **p << 0.01; N.S., not significant; differences in the labeling density between
perforated and nonperforated synapses, and between PV and non-PV synapses; Utest. A total of 162, 234,201, and 162 synapses were reconstructed from 79, 65, 60, and 71 sections for PSD95, TARP
y-2, TARP +y-3, and TARP y-8 analysis, respectively. The numbers of synapses examined and the total PSD length (mean == SEM) are indicated in parentheses and in/on the bar, respectively. Error
bars indicate SEM. Scale bars, 200 nm.

AMPARSs in the hippocampus (El-Husseini et al., 2000; Béique  analyzed from each type of SCC synapse. The density of PSD-95
and Andrade, 2003; Huganir and Nicoll, 2013), we compared the ~ labeling showed no significant differences between perforated
density of PSD-95 labeling among SCC synapses (Fig. 5A,B).  and nonperforated synapses and between PV and non-PV syn-
Immunogold labeling for PSD-95 was observed in all synapses  apses (Fig. 5I; p = 0.35 and 0.18, respectively, U test). Further-
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more, there were no significant differences among all four
synapse types (p = 0.36, KW test). Therefore, despite a large
disparity in AMPAR labeling, the density of PSD-95 labeling is
homogeneous across SCC synapses.

Heterogeneous density of TARPs

Among four classical or type-I TARPs with high sequence homol-
ogy, TARP -2, TARP -3, and TARP -8 are transcribed in
hippocampal neurons (Tomita et al., 2003; Fukaya et al., 2005).
We characterized their cellular expressions by FISH (Fig. 6A-0).
Pyramidal cells were labeled for the three TARPs, with the highest
fluorescent intensity for TARP y-8 mRNA and the lowest for
TARP y-3 mRNA. The relative intensity in interneurons was also
calculated by defining the mean fluorescence intensity in pyrami-
dal cells (i.e., GAD67 mRNA-negative cells in the pyramidal cell
layer) as 1.0 (dashed lines in Fig. 6P-R). The mean relative inten-
sity of TARP y-2 and TARP y-3 mRNAs in PV-positive interneu-
rons was several times higher than that in CCK-positive or
nNOS/NPY-positive interneurons (Fig. 6 P, Q; p < 0.01 each, KW
test followed by Sheffe’s post hoc test). In contrast, the mean
relative intensity of TARP -8 mRNA was twofold to threefold
higher in pyramidal cells than in GAD67-expressing interneu-

rons (Fig. 6R, left, p < 0.01, U test). These findings indicate the
prominent expression of TARP y-2 and TARP -3 in PV-positive
interneurons and of TARP +y-8 in pyramidal cells at the transcrip-
tion level. High expression of TARP y-2 in PV-positive interneu-
rons has also been reported in the neocortex (Maheshwari et al.,
2013).

Consistent with this expression pattern, immunofluorescence
labeling using TARP isoform-specific antibodies, the specificity
of which was confirmed at the light microscopic level by blank
labeling in the corresponding KO mice (Fig. 7A-C), visualized
predominant peridendritic labeling of putative interneurons for
TARP -2 and TARP v-3, and predominant punctate labeling in
the neuropils for TARP vy-8 in the hippocampal CAl area (Fig.
7D-F).

Next, we analyzed the density of synaptic TARP labeling using
TARP isoform-specific antibodies, the specificity of which was
confirmed at the EM level using the corresponding KO mice
(Tables 2, 3). TARP y-2 labeling was prominent at PV synapses
and moderate at perforated synapses, showing significant differ-
ences between perforated and nonperforated synapses and be-
tween PV and non-PV synapses (Fig. 5C,D,J; p < 0.01 each, U
test). TARP +y-3 labeling was only prominent at PV synapses, but
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there was no significant difference in the labeling density (Fig.
5E,FK, right; p = 0.25, U test). In contrast, TARP y-8 was richly
expressed at various SCC synapses, showing no significant differ-
ences between perforated and nonperforated synapses and be-
tween PV and non-PV synapses (Fig. 5G,H, L; p = 0.13 and 0.55,
respectively, U test). Therefore, synaptic expression of TARPs is
differentially regulated among the four types of SCC synapses.
The disparity in synaptic AMPAR labeling in pyramidal cells (i.e.,
perforated synapse > nonperforated synapse) and in interneu-
rons (i.e., PV synapse > non-PV synapse) was reproduced for
TARP 7-2, but not for TARP 7-3 or y-8. It should also be noted
that TARP -8 is the only major TARP expressed at nonperfo-
rated synapses.

Skewed AMPAR allocation requires TARP -2
To pursue the role of TARPs in the disparity of AMPAR densities at
SCC synapses, we analyzed TARP-KO mice. Serial conventional EM
analysis showed that, compared with WT control mice, the fraction
of perforated synapses in the total SCC synapses on dendritic spines
was not significantly different in TARP y-2-KO (8.2 = 0.85%),
TARP y-3-KO (8.3 = 1.34%), or TARP y-8-KO mice (6.9 = 0.85%)
(n = 6 fields of view from 3 mice; p = 0.17, KW test).
Pan-AMPAR antibody was applied to parasagittal paraffin
sections of WT and TARP-KO brains, which had been mounted
on the same glass slides for immunofluorescence incubations un-
der the same conditions. We found differential alterations in
AMPAR labeling patterns among TARP-KO mice (Fig. 8A-L).
Compared with control mice (Fig. 8A,E,I), the overall intensity
of AMPAR labeling in the hippocampus was reduced mildly in

Immunofluorescence showing specific and distinct TARP labeling in the hippocampal CA1 area. A-C, Immunofluo-
rescence for TARP -2, TARP -y-3, and TARP -y-8 in parasagittal paraffin sections in WT (top) and the corresponding TARP-KO
(bottom) mice. Note almost blank immunolabelings in the corresponding TARP-KO brains. D—F, Coarse peridendritic labeling of
putative interneurons is conspicuous for TARP -y-2 and TARP y-3, whereas intense neuropil punctate labeling is evident for TARP
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TARP y-2-KO mice (Fig. 8B) and severely
in TARP y-8-KO mice (Fig. 8J). No dis-
cernible changes were observed in TARP
v-3-KO mice (Fig. 8F). The striking re-
duction of AMPAR labeling in TARP
v-8-KO hippocampi is consistent with
previous reports (Rouach et al., 2005; Fu-
kaya et al., 2006). At a higher magnifica-
tion, peridendritic labeling of putative
interneurons was combined with punc-
tate neuropil labeling in the stratum ra-
diatum of control mice (Fig. 8C,G,K). In
TARP y-2-KO mice, reduced signal inten-
sity was moderate for punctate neuropil
labeling and severe for peridendritic label-
ing (Fig. 8D). In comparison, a marked
reduction was observed for punctate neu-
ropil labeling in TARP y-8-KO mice, leav-
ing peridendritic labeling and a few bright
neuropil puncta intact (Fig. 8L).

We then measured the density of im-
munogold labeling for AMPARs at four
types of SCC synapses in these TARP-KO
mice (Fig. 8M-U). The normalized ex-
pression level was calculated as the per-
centage relative to the mean density of
AMPAR labeling at the corresponding
synapse types in control mice (Fig. 8V—
X). The disparity in synaptic labeling for
AMPARSs in control mice (Fig. 1 E,L) was
disrupted in TARP y-2-KO mice, showing
almost comparable densities between per-
forated and nonperforated synapses and
between PV and non-PV synapses (Fig.
8S; p = 0.21 and 0.92, respectively, U test). This was due to a
marked and significant reduction at perforated and PV synapses
to 33.0 = 8.5% and 30.5 * 4.1%, respectively (p < 0.01 each, U
test). No changes were observed in the density and normalized
expression level of AMPARs in TARP y-3-KO mice (Fig. 8T,W;
p < 0.01 each, U test). In TARP y-8-KO mice, the disparity in
synaptic labeling was largely preserved (Fig. 8U; p < 0.01 each, U
test), but the density and normalized expression level of AMPARSs
were severely reduced at nonperforated synapses (17.7 % 5.0%;
Fig. 8X, p < 0.01, U test). A mild reduction was also found at
perforated synapses in TARP -8 KO mice (p < 0.01 each, U
test). These results suggest that TARP +y-2 plays a key role in the
high-density expression of AMPARs at perforated and PV syn-
apse, and thereby constructs the framework of heterogeneous
AMPAR expression among SCC synapses. TARP -8 plays a crit-
ical role in AMPAR expression at nonperforated synapses, the
most numerous synapses in the CA1 stratum radiatum.

TARPs do not show GluA subunit preference

Using subunit-specific GluA antibodies, we investigated whether
particular GluA subunits were selectively affected in TARP
v-2-KO and TARP y-8-KO mice (Fig. 9). In TARP y-2-KO mice,
severe reductions were observed for GluA1, GluA2, and GluA3 at
perforated synapses (Fig. 9A, left; p < 0.01 each, Utest) and for all
four GluA subunits at PV synapses (Fig. 9C, left; p < 0.01 each, U
test), showing similar extents of reductions among GluA subunits
(p = 0.56 and 0.41, respectively, KW test). Likewise, in TARP
v-8-KO mice, GluAl, GluA2, and GluA3 were mildly or severely
reduced at perforated and nonperforated synapses, respectively
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Differential alterations in AMPAR labeling among TARP-KO mice. AL, Immunofluorescence using pan-AMPAR antibody for AMPAR labeling in the hippocampus (4, B, E, F,1,J) and CA1

area (C,D, G, H,K,L) of WT (A, C,E, G, I, K) and TARP-KO (B, D, F, H, J, L) mice. Note mild reduction of AMPAR labeling in the hippocampus of TARP -y-2-KO mice (4, B) and severe reduction in that
of TARP -y-8-KO mice (1, J). Peridendritic labeling is almost lost in TARP ~y-2-KO mice (C, D), whereas punctate neuropil labeling is severely lost in TARP -y-8-KO mice (K, L). M—R, Double-labeling
postembedding immunogold for AMPAR (b = 10 nm, pan-AMPAR antibody) and PV (15 nm). (S—U) The mean labeling density of AMPAR per unit total PSD length (rum) at four types of SCC
synapses in TARP -y-2-KO (S), TARP -y-3-KO (T), and TARP y-8-KO (U) mice. V—X, Normalized expression level of AMPARSs at four SCC synapses is calculated as the percentage relative to the density
of AMPAR labeling at the corresponding synapse types in control WT mice. **p << 0.01, differencesin the labeling density between perforated and nonperforated synapses or between PV and non-PV
synapses; N.S., not significant; U test. ##p << 0.01, comparison with the corresponding synapse type in control mice; U test. A total of 192, 194, and 200 synapses were reconstructed using 72, 61,
and 73 sections from TARP -y-2-KO, TARP -y-3-KO, and TARP y-8-KO mice, respectively. The numbers of synapses examined and the total PSD length (mean == SEM) are indicated in parentheses and
in/on the bar, respectively. Error bars indicate SEM. Scale bars: A-J (in J), 200 pum; €L (in L), 20 um; M—R, 200 nm.

(Fig. 9A, B, right; p < 0.05 and p < 0.01, respectively, U test) and
the extents of reductions were similar among GluA subunits (p =
0.42 and p = 0.45, respectively, KW test). These results confirm
the roles of these TARPs in skewed AMPAR expression at SCC
synapses and further suggest that these TARPs have no preference
for synaptic expression of any particular GluA subunits. This
contrasts with the preferential functional modulation of GluA2-
containing AMPARSs by type II TARPs (Kato et al., 2008).

Compensatory changes of TARP expression

Multiple isoforms of TARPs work for AMPAR expression and
function in a synergistic manner (Menuz et al., 2008; Yamazaki et
al., 2010). Finally, we examined compensatory changes in the
density of TARP labeling in TARP y-2-KO and TARP y-8-KO
mice (Fig. 10A—F). The normalized expression level was calcu-
lated as the percentage relative to the density of TARP labeling at
the corresponding synapse types in control mice (Fig. 10G,H).

In TARP v-2-KO mice, moderate but significant increases
were observed for TARP vy-8 labeling at perforated, PV, and
non-PV synapses (Fig. 10G; p < 0.01, p < 0.05, and p < 0.05,
respectively, U test). Similar increases were observed for TARP
7v-2 labeling at perforated, PV, and non-PV synapses in TARP
7v-8-KO mice (Fig. 10H; p < 0.05, p < 0.01, and p < 0.05, respec-
tively, U test). Because all of these SCC synapses in control mice
express TARP y-2 and TARP -8 (Fig. 5C, D, G, H, ],L), the increases
can be interpreted as compensatory upregulation. At nonperforated
synapses, however, no significant increases were found for TARP y-8
in TARP y-2-KO mice or TARP -2 in TARP y-8-KO mice (Fig.
10G,H; p = 0.18 and p = 0.24, respectively, U test).

Discussion

The synaptic content of AMPARs exhibits considerable disparity
between different types of synapses (Nusser et al., 1998; Matsu-
zaki et al., 2004; Yamasaki et al., 2011). Using postembedding
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Figure10.  Compensatoryincreases of TARP y-2in TARP y-8-KO mice and TARP -y-8in TARP

-2-K0 mice. A—F, Double-labeling postembedding immunogold EM for PV (¢p = 15 nm) and
TARP ~y-8in TARP ~y-2 KO mice (10 nm; A—C) or TARP -2 in TARP ~y-8-KO mice (10 nm; D-F).
G, H, Normalized expression level of TARP -y-8 labeling in TARP y-2-KO mice (G) and TARP y-2
labeling in TARP ~y-8-KO mice (H) is calculated as the percentage relative to the density of TARP
labeling at the corresponding synapse types in control mice. ##p << 0.01, #p << 0.05 compari-
son with the corresponding synapse types in control mice, U test. A total of 157 and 132 syn-
apses were reconstructed using 62 and 60 sections from TARP -y-2-KO and TARP -y-8-KO mice,
respectively. The numbers of synapses examined and the total PSD length (mean == SEM) are
indicated in parentheses and in the bar, respectively. Scale bar, A—F (in F), 200 nm.

immunogold EM on serial ultrathin sections, we have clarified
synapse-type-dependent allocations of AMPARs and TARPs in
WT mice and synapse-type-specific impairments of AMPAR ex-
pression in TARP-KO mice.

Synapse-type-dependent regulation of AMPARSs
Combinations of the major GluA subunits GluAl, GluA2, and
GluA3 in pyramidal cells and GluAl, GluA3, and GluA4 in in-

<«

reduced to similar extents for GluA1, GluA2, and GluA3 at perforated synapses (A) and for all four
subunits at PV synapses (C). Likewise, GluAT, GluA2, and GluA3 are reduced to similar extents at
perforated () and nonperforated (B) synapses in TARP y-8-K0 mice. ##p << 0.01, #p << 0.05
comparison with the corresponding synapse types in control mice, U test. Differences among
three or four subunits were compared by KW test; N.S., not significant. In analyses of TARP
v-2-K0 mice, a total of 312, 244, 275, and 87 synapses were reconstructed for GluA1-GluA4
analysis from 93, 62, 80, and 60 sections, respectively. In analyses of TARP y-8-KO mice, a total
0f 271,210,289, and 73 synapses were reconstructed for GluA1—GluA4 analysis from 78, 63, 79,
and 60 sections, respectively. The numbers of synapses examined and the total PSD length
(mean = SEM) are indicated in parentheses and in/on the bar, respectively. Statistical data are
described in the text. Error bars indicate SEM.
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terneurons are consistent with previous studies using single-cell
PCR and in situ hybridization (Jonas et al., 1994; Geiger et al.,
1995; Garaschuk et al., 1996; Catania et al., 1998; Tsuzuki et al.,
2000; Tsuzuki et al., 2001). The former expression pattern is also
consistent with the prevailing notion that GluA1/GluA2 and
GluA2/GluA3 heteromers are the major AMPARs and their
activity-dependent insertion and replacement determine the
number of synaptic AMPARs in hippocampal pyramidal cells
(Wenthold et al., 1996; Shi et al., 2001). Higher densities of
AMPAR labeling at perforated synapses and PV synapses than at
nonperforated synapses and non-PV synapses, respectively, are
consistent with previous studies (Gulyés et al., 1999; Ganeshina et
al.,, 2004; Nicholson et al., 2006; Nicholson and Geinisman,
2009). Furthermore, our observation that the density of synaptic
AMPARSs is constant within given synapse types, namely, that the
net number is proportional to the PSD size, matches previous
studies on SCC synapses in the CA1 and mossy fiber synapses in
the CA3 (Nusser et al., 1998; Takumi et al., 1999; Ganeshina et al.,
2004; Shinohara et al., 2008). Therefore, the basic framework of
AMPAR expression is faithfully reproduced in the present study.
SCC synapses in the CA1 can be clearly categorized into high-
density (perforated and PV synapses) and low-density (nonper-
forated and non-PV synapses) synapses in terms of AMPAR
expression. Because perforated synapses have twofold larger PSD
size and fivefold higher AMPAR density than nonperforated syn-
apses (Fig. 1E), the net number of AMPARs in the former should be
approximately one order of magnitude higher than in the latter.

TARP -2 for high-density AMPAR expression
To explore the underlying mechanisms, we examined PSD-95, a
key scaffolding protein in the PSD that interacts TARPs directly
and AMPARs indirectly via TARPs (Chen et al., 2000; Tomita et
al., 2004). Unexpectedly, the density of PSD-95 labeling was fairly
constant across the four types of SCC synapses, indicating that
the total number of PSD-95 is determined in linear relationship
with the PSD size or area regardless of the type of SCC synapse.
In contrast, the density of TARPs was highly variable depend-
ing on synapse type and TARP isoform. Of three classical TARPs
expressed in hippocampal neurons, we found that the density of
AMPAR labeling was closely related to that of TARP +y-2 labeling.
This was observed from the moderate immunogold labeling for
TARP v-2 at perforated synapses versus the background level at
nonperforated synapses and high transcription levels of TARP
v-2 in PV-positive interneurons versus low levels in pyramidal
cells and other interneurons. Importantly, in TARP y-2-KO
mice, there was a substantial decrease in the density of AMPAR
labeling at perforated and PV synapses, resulting in a virtual loss
of AMPAR density disparity at SCC synapses. These results show
that synaptic inclusion of TARP y-2 potently increases AMPAR
expression and transforms low-density synapses into high-
density ones. This potency is also true at cerebellar mossy fiber—
granule cell synapses, where AMPAR function and expression are
completely lost in the spontaneous TARP 7y-2-defective mutant
stargazer and TARP +y-2-KO mice (Letts et al., 1998; Hashimoto
et al., 1999; Chen et al., 2000; Yamasaki et al., 2010). As for the
normal AMPAR expression level at non-PV synapses in TARP
7v-2-KO mice, low-density expression of AMPARs at the synapses
might be functionally compensated by other functionally redun-
dant TARPs (Tomita et al., 2003; Letts et al., 2005; Rouach et al.,
2005; Milstein et al., 2007; Menuz et al., 2008).

Yamasaki et al. e Control of Synaptic AMPAR Disparity by TARPs

TARP -8 for low and basal AMPAR expression

Changes in the density of synaptic AMPARSs were subtle, if any
existed, at most SCC synapses in TARP 7y-3-KO and TARP
v-8-KO mice. Severe reduction of AMPAR density was only
noted at nonperforated synapses in TARP y-8-KO mice. At non-
perforated synapses, TARP y-8 is the only classical TARP ex-
pressed in WT mice, whereas no compensatory upregulation of
TARP -2 occurred in TARP y-8-KO mice. These findings show
that TARP vy-8 plays an essential role in maintaining the low-
density expression of AMPARs at nonperforated synapses. De-
spite compensatory upregulation of TARP -8, the density of
AMPAR labeling was severely reduced at perforated and PV syn-
apses in TARP y-2-KO mice. In contrast, AMPAR density was
normally maintained at perforated and PV synapses in TARP
v-8-KO mice, where compensatory upregulation of TARP +y-2
occurred. These contrasting phenotypes, together with no appar-
ent changes in TARP y-3-KO mice, suggest that TARPs have
differential potencies to promote synaptic AMPAR expression in
the order of TARP -2 > TARP -8 > TARP v-3.

Nevertheless, at the histological level, diminished AMPAR im-
munolabeling in the hippocampus was outstanding in TARP
v-8-KO mice compared with TARP +y-2-KO mice. This should re-
flect, at least partly, the loss of AMPARs from the most numerous
types of SCC synapses (i.e., nonperforated synapses) in TARP
v-8-KO mice. The large deficit may also be ascribed to the loss of
extrasynaptic AMPARs in TARP +y-8-KO mice for the following rea-
sons: TARP +y-8 is expressed on both the synaptic and extrasynaptic
membranes, in contrast to the concentrated synaptic expression of
TARP vy-2 (Fukaya et al., 2006; Inamura et al., 2006). In parallel with
the distinct compartmentalized expression, TARP y-8 controls ex-
trasynaptic pools of AMPARs and synaptic expression (Rouach et
al., 2005; Fukaya et al., 2006), whereas TARP 7-2 is not required for
retaining extrasynaptic AMPARs (Jackson and Nicoll, 2011a). De-
spite much lower receptor density on the extrasynaptic site than at
the synaptic site, the total number of extrasynaptic AMPARs should
outnumber the total synaptic AMPARSs, taking into account the vast
area of the neuronal surface. Therefore, the loss of extrasynaptic
AMPARSs in TARP y-8-KO mice should have a great impact on the
hippocampal content of AMPARSs. Therefore, it can be assumed that
TARP -8 is critically involved in low-density or basal expression of
AMPARSs at nonperforated synapses and on the extrasynaptic surface.

Possible mechanisms of TARP-dependent regulation of
synaptic AMPARs

How are these TARPs involved in the distinct density control of
synaptic AMPARs? At most, four TARPs assemble with tetra-
meric AMPAR channels, and this TARP/AMPAR stoichiometry
varies depending on the neuronal cell type and TARP expression
levels (Shi et al., 2009; Kim et al., 2010; Hastie et al., 2013).
AMPARs in CA1 pyramidal cells are normally saturated with four
molecules of TARP +y-8. However, in TARP y-8-KO pyramidal
cells, just one TARP molecule associates with individual
AMPARSs (Shi et al., 2009), suggesting that the remaining TARP
v-2 and/or TARP 7-3 have a smaller stoichiometry than TARP
v-8. In support of this notion, one molecule of TARP 7-2 is
sufficient to modulate AMPAR activity in cerebellar granule cells
(Kim et al., 2010). Moreover, Erbin, a member of the leucine-rich
repeat and PDZ domain family, is specifically localized at excit-
atory synapses on PV-positive interneurons, interacts with and
increases the stability of TARP vy-2, and thereby increases synap-
tic AMPAR expression (Tao et al., 2013). Therefore, the small
TARP/AMPAR stoichiometry of TARP 7-2 and the presence of
its specific molecular partner might endow this isoform with a
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high capacity to accommodate AMPAR at perforated and PV
synapses, thereby enabling high AMPAR conductance for reliable
neuronal output (Nicholson et al., 2006; Pelkey et al., 2008). In
comparison, nonperforated synapses are thought to be highly
plastic but usually “silent.” It has been proposed that insertion of
AMPARs into small, nonperforated synapses increases the size of
PSD and spines and eventually leads to the formation of perforated
synapses (Liischer et al., 2000; Matsuzaki et al., 2004). Therefore, we
assume that the selective expression of TARP -8, with large TARP/
AMPAR stoichiometry, is suited to accommodate small numbers of
AMPARSs at nonperforated synapses, which might be transformed
into AMPAR-rich perforated synapses by incorporating TARP y-2
upon enhanced neural activities.

TARPs are important targets of calmodulin-dependent pro-
tein kinase-II (CaMKII) and protein kinase C (PKC) in synaptic
plasticity (Jackson and Nicoll, 2011b). Activity-dependent phos-
phorylation of TARP y-2 by CaMKII controls the interaction
with PSD-95 (Opazo et al., 2010; Sumioka et al., 2010), thereby
enhancing the synaptic delivery and stabilization of AMPARs
(Tomita et al., 2005; Kessels et al., 2009). Given that phosphory-
lation of TARP -2 and TARP -8 is differentially regulated by
CaMKII and PKC (Inamura et al., 2006), it would be of consid-
erable interest to pursue how TARP-isoform-specific phosphor-
ylation contributes to activity-dependent regulation of synaptic
AMPAR expression in basal transmission and during synaptic
plasticity at a given type of SCC synapse.

In conclusion, TARP +y-2 and TARP vy-8 specifically and co-
operatively regulate the disparity of AMPAR expression at hip-
pocampal SCC synapses through different cellular expression
and synaptic targeting and also through their different potencies
in accommodating AMPARs on the platform of PSD.
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