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Glutamate is a major excitatory neurotransmitter in the vertebrate brain. AMPA-type glutamate receptors mediate fast excitatory
transmission. AMPA receptors assemble with transmembrane AMPA receptor regulatory protein (TARP) auxiliary subunits and func-
tion as native ion channels. However, the assembly and stoichiometry of AMPA receptor and TARP complexes remain unclear. Here, we
developed a novel strategy to determine the assembly and stoichiometry of this protein complex and found that functional AMPA
receptors indeed assembled as a tetramer in a dimer-of-dimers structure. Furthermore, we found that the AMPA receptor auxiliary
subunit, TARP, had a variable stoichiometry (1-4 TARP units) on AMPA receptors and that 1 TARP unit was sufficient to modulate
AMPA receptor activity. In neurons, TARP had fixed and minimum stoichiometry on AMPA receptors. This fundamental composition of
the AMPA receptor/TARP complex is important for the elucidation of the molecular machinery that underlies synaptic transmission.

Introduction

Glutamate is a major excitatory neurotransmitter in the verte-
brate brain, and AMPA-type glutamate receptors play critical
roles in fast synaptic transmission. AMPA receptors have four
subunits (GluA1-4) (Seeburg, 1993; Hollmann and Heinemann,
1994). Transmembrane AMPA receptor regulatory proteins
(TARPs) have been identified as auxiliary subunits of AMPA re-
ceptors (Nicoll et al., 2006; Osten and Stern-Bach, 2006; Ziff,
2007; Coombs and Cull-Candy, 2009; Sager et al., 2009). AMPA
receptors and their auxiliary subunits assemble and function as
native ion channels in the brain.

The assembly and stoichiometry of AMPA receptors have
been studied extensively. Recombinant AMPA receptors exhibit
three distinct conductance levels in a single-channel recording
(Rosenmund et al., 1998). Leucine zipper peptide-based oli-
gomerization assays showed that tetramerized AMPA receptors
work more efficiently than monomeric, dimeric, trimeric, and
pentameric peptide-fused receptors (Matsuda et al., 2005). A
chemical cross-linking experiment of native AMPA receptors
from porcine brain revealed the presence of multiple bands; the
molecular weight of the largest complex was ~400 kDa (Wu et
al., 1996). AMPA receptors were detected on blue native (BN)-
PAGE predominantly as tetramers and weakly as monomers and
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dimers in neurons (Greger et al., 2002, 2003, 2006; Vandenberghe
et al., 2005). In addition, sedimentation equilibrium analysis of
the ligand-binding domains (S1-S2) of the AMPA receptor in
solution revealed that these domains form a dimer after binding
of cyclothiazide, which is a desensitization blocker of AMPA re-
ceptors (Sun et al., 2002). Single-particle analysis of AMPA re-
ceptors purified from rat brains and from SF9 cells revealed the
presence of twofold asymmetric and symmetric structures, re-
spectively (Safferling et al., 2001; Nakagawa et al., 2005; Midgett
and Madden, 2008). The N-terminal domain (NTD) of the
AMPA receptor can form a dimer (Leuschner and Hoch, 1999)
independently of the ligand-binding domains. The crystal struc-
ture of this NTD was resolved recently and confirmed that the
NTD forms a dimer (Jin et al., 2009; Kumar et al., 2009). In
addition, the Q/R editing site in the pore loop of AMPA receptors
was suggested to play a role in AMPA receptor tetramerization
(Greger et al., 2003). These results strongly indicate that the
AMPA receptor is a tetramer that forms a dimer-of-dimers struc-
ture. Consistent with the dimer-of-dimers model, the functional
characterization of AMPA receptor mutants suggests that this
receptor is a tetramer (Mano and Teichberg, 1998; Robert et al.,
2001) and that the dimer-of-dimers model fits well with reported
results (Ayalon and Stern-Bach, 2001; Mansour et al., 2001).
However, the function of TARPs as AMPA receptor auxiliary
subunits and the stoichiometry of TARPs are unknown.

Here, we developed a novel strategy based on SDS-PAGE and
BN-PAGE to explore the assembly and stoichiometric properties
of AMPA receptor and TARP complexes. We found that the
functional AMPA receptor was a tetramer that indeed formed a
dimer-of-dimers structure. TARPs showed a variable stoichiom-
etry (1-4 units) on AMPA receptors, and each of the four TARP
isoforms interacted with the AMPA receptor independently,
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ing solution containing the following (in mm): 90
NaCl, 1.0 KCl, 1.5 CaCl,, and 10 HEPES, pH 7.4.
3l Data were presented as mean = SEM. Differences
in means were tested using one-way ANOVA fol-
ol lowed by post hoc analysis with Tukey’s test.

BN-PAGE. BN-PAGE was performed as de-
1t scribed previously (Schagger et al., 1994) and
gel concentrations are indicated in the legends
of the figures. Oocytes were injected with
GluAl cRNA alone or with GluAl and starga-
zin cRNAs at the concentrations indicated. Oo-
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After centrifugation at 20,000 X g for 20 s, the
pellet was solubilized with 0.3% Triton X-100
for 30 min at 4°C, followed by centrifugation at
20,000 X g for 5 min. The solubilized proteins
were then resolved by SDS-PAGE or BN-
PAGE, which was followed by Western blot
analysis. Films were scanned and the signal in-
tensity of each band was analyzed using the
Image] software, which is available from the NTH
website, followed by normalization of signals to

O

kDa
669

BN-PAGE

e
wol @
2324

the wild-type signal after subtraction of the back-
ground signal of the film. Data were presented as
means = SEM. Differences in means were tested
using one-way ANOVA, followed by post hoc
analysis with Tukey’s test, or Student’s  test and
are shown in each figure legend.

Agonist-evoked currents in cerebellar granule
cells. Stargazer mice were obtained from the
Jackson Laboratory and were maintained at
the Yale animal facility under the guidelines of
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Figure 1.

without any cooperative binding properties. In neurons, TARP had
fixed and minimum stoichiometry on AMPA receptors. This funda-
mental composition of the AMPA receptor/TARP complex is im-
portant for the elucidation of the molecular machinery that
underlies synaptic transmission.

Materials and Methods

Antibodies. The following antibodies were used: rabbit polyclonal anti-
bodies to GluAl, GluA2/3, GluA4, and pan-TARP (Millipore); guinea
pig polyclonal antibody to green florescent protein (GFP) (Tomita et al.,
2004); and mouse monoclonal antibody to hemagglutinin (HA) epitope
(Covance).

Plasmid construction. GluAl and stargazin (STG) were subcloned into
pGEMHE with multiple units of AcGFP (Clontech).

Electrophysiology using Xenopus laevis oocytes. Two-electrode voltage-
clamp (TEVC) recordings were performed as described previously (To-
mita et al., 2004). Briefly, cRNAs were transcribed in vitro using T7
mMessage mMachine (Ambion) and oocytes were injected with GluA1l
cRNA alone or with GluA1 and stargazin cRNAs at the amount indicated.
TEVC analysis (holding potential = —70 mV) was performed 2 d after
injection at room temperature. Each agonist was bath applied in record-

AMPA receptors assemble with TARP/stargazin. A, Schematic domain structure of GluA1, GluAT lacking the NTD
(GluATANTD), stargazin, and HA-epitope-tagged stargazin (HA-stargazin). LBD, Ligand-binding domain. B-D, Oocytes were
injected with cRNA of GluA1 (10 ng), GluATANTD (5 ng), stargazin, and HA-stargazin (0.25 ng), which was followed by measuring
glutamate (100 pum)-evoked current with cyclothiazide (50 M) by two-electrode voltage-clamp recording (B) and solubilization
with Triton X-100 and SDS-PAGE (10%) (C), or BN-PAGE (4 —8%) (D). Proteins were detected using an anti-GluA1 antibody (which
recognizes the C terminus of GluA1), an anti-pan-TARP antibody (which recognizes the cytoplasmic domain of stargazin), and an
anti-HA-epitope antibody. C, GluA1, stargazin (STG), and HA-stargazin were expressed at 100, 37, and 37 kDa, respectively,
without detection of protein degradation on SDS-PAGE. D, GluA1 and GluATANTD formed homo-oligomers around 669 and 440
kDa, respectively, on BN-PAGE. The molecular weight of GluA1 and GIuATANTD homo-oligomers shifted toward a higher molec-
ular weight after coexpression with stargazin or HA-stargazin. The shifted bands of GluA1 and GluATANTD homo-oligomers were
also recognized by an anti-pan-TARP antibody and an anti-HA antibody. WB, Western blotting; Cont, water-injected control.

the Institutional Animal Care and Use Com-
mittee. Heterozygous male and female mice
were mated to obtain wild-type, heterozygous,
and homozygous stargazer mice. Cerebellar
granule cell cultures were prepared from post-
natal day 7 mice. Patch-clamp recordings from
cerebellar granule cells (DIV7-9) were per-
formed in external solution, pH 7.4, containing
the following (in mm): 10 HEPES, 140 NaCl,
2.5KCl, 2.5 CaCl,, 1.3 MgSO,, 2.7 MgCl,, and
10 glucose. Patch pipettes were filled with a
recording solution (pH 7.2, 320 mOsm) that
contained the following (in mm): 130 cesium
methanesulfonate, 5 HEPES, 5 Mg-ATP, 0.2 Na-
GTP, 20 tetraethylammonium, and 5 EGTA. All
recordings were performed at room temperature. To isolate and record
AMPA receptor-mediated currents, tetrodotoxin (1 um), AP-5 (100 um),
and picrotoxin (100 um) were added to the external solution. The current
was analog low-pass filtered at 3 kHz and digitally sampled at 25 kHz. Pipette
resistances for these experiments were typically ~3-5 M() and series resis-
tances were ~15-20 M{). Only recording epochs in which series and input
resistances varied <<10% were analyzed. Data were presented as mean *
SEM. Differences between experimental groups were considered significant
when p was <0.05 by Tukey’s test with ANOVA.

WB:HA

Results

The AMPA receptor assembles with TARP

AMPA receptors function as hetero-oligomers or homo-
oligomers and TARPs function as AMPA-receptor auxiliary sub-
units. To determine the assembly and stoichiometry of the AMPA
receptor/TARP complex, i.e., the specific ratio of molecules
present in the functional AMPA receptor complex, we used BN-
PAGE, which has the advantage of preserving protein complexes
on PAGE (Schagger et al., 1994) (supplemental Fig. 1 A, available
at www.jneurosci.org as supplemental material).
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To detect the AMPA receptor/TARP complex using BN-
PAGE, we selected the GluA1 subunit of the AMPA receptor and
the prototypical TARP isoform stargazin/y-2. We expressed
GluAl and GluAl lacking the large NTD (GluA1ANTD) in Xe-
nopus laevis oocytes via injection of their respective cRNAs in the
presence or absence of stargazin or stargazin tagged with an HA
epitope in the first extracellular loop (HA-stargazin) (Fig. 1A).
We confirmed that both AMPA receptors used here exhibited
comparable ion channel activity (Fig. 1 B) (Tomita et al., 2004,
2007a). Expression of full-length proteins without protein deg-
radation was confirmed by SDS-PAGE using an anti-GluAl
antibody (which recognizes the C terminus of GluAl), an anti-
pan-TARP antibody (which recognizes the cytoplasmic domain
of stargazin), and an anti-HA antibody (which recognizes the HA
epitope inserted at the first extracellular loop of stargazin) (Fig. 1C).
Stargazin was detected at ~37 kDa and GluAl and GluA1ANTD
were detected as single bands that migrated at ~100 kDa and ~55
kDa, respectively (Fig. 1C).

GluAl and GluAIANTD were detected as single bands that
migrated on BN-PAGE at ~669 kDa and ~440 kDa, respec-
tively (Fig. 1 D). Coexpression of stargazin and HA-stargazin
shifted the molecular weight of the GluA1 complex toward a
higher molecular weight on BN-PAGE (Fig. 1 D). The shifted
band was also recognized by the anti-pan-TARP and anti-HA
antibodies (Fig. 1D). Importantly, native AMPA receptor
complexes in the cerebellum migrated at ~669 kDa, which is
similar to the size of GluAl coexpressed with stargazin in
oocytes (Vandenberghe et al., 2005). This result indicates that
the AMPA receptor/stargazin complex is reconstituted in
cRNA-injected oocytes on BN-PAGE.

During BN-PAGE, detergents bound to proteins, especially
hydrophobic transmembrane proteins, have the effect of shifting
protein migration to higher molecular weights. As such, trans-
membrane proteins often appear larger in molecular weight. In
addition, unidentified interactions in a protein complex could
render the molecular weight of a protein complex larger than
expected. Therefore, it is not possible to deduce AMPA receptor
stoichiometry from molecular-weight standards on BN-PAGE.
Thus, we developed a novel strategy to determine the stoichiom-
etry of the AMPA receptor and TARPs using BN-PAGE.

The AMPA receptor assembled as a tetramer that adopted a
dimer-of-dimers conformation

Both GluAl and GluAIANTD functioned as glutamate-gated ion
channels (Fig. 1 B) and both structures were preserved on BN-PAGE
as uniform complexes (Fig. 1D). The difference in the molecular
weight of the two functional proteins on BN-PAGE was used to
determine the stoichiometry of AMPA receptors. If two proteins
assembled as hetero-oligomeric AMPA receptors without disrupt-
ing any other protein interactions, then the molecular weight of the
resulting complex on BN-PAGE will be intermediate to the molec-
ular weights of the two homo-oligomeric proteins. The number of
subunits incorporated in each receptor complex was determined by
counting the number of distinct molecular-weight bands between
the homo-oligomers (supplemental Fig. 1B, available at www.
jneurosci.org as supplemental material).

First, we used HA-GluA1IANTD and HA-GluA1ANTD fused
to three monomeric GFP units (AcGFP X 3; 90 kDa) since molec-
ular weights of HA-GluA1ANTD and HA-GluA1ANTD-GFP X 3
(50 kDa and 140 kDa, respectively) are significantly different
without a disturbance in channel function (Fig. 2A). Xenopus
laevis oocytes were injected with various ratios of HA-GluA1ANTD
and HA-GIuA1ANTD-GFP X3 cRNAs and then subjected to SDS-
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PAGE and BN-PAGE. GIuAIANTD and GluA1ANTD-GFPX3
were detected as single bands on SDS-PAGE in a cRNA dose-
dependent manner (Fig. 2B). In contrast, five distinct bands were
detected on BN-PAGE (Fig. 2C). This result led us to conclude that
GluATIANTD was a tetramer (Fig. 2C).

To determine the stoichiometry of full-length GluA1, we next
injected various ratios of HA-GluA1 and HA-GluA1ANTD cRNAs
into Xenopus laevis oocytes and performed SDS-PAGE and BN-
PAGE (Fig. 2D). The expression of GluAl and GluAIANTD was
confirmed on SDS-PAGE without any detectable protein degrada-
tion (Fig. 2E). Although HA-GIuA1ANTD (~480 kDa) was a tet-
ramer (Fig. 2C), three (and not five) distinct bands of HA-GluA1
and HA-GIuAIANTD hetero-oligomers and homo-oligomers
were detected using BN-PAGE (Fig. 2 F). Similarly, anti-GluA1
antibody detected three distinct bands in oocytes injected with
various combinations of GluA1 and GluA1ANTD (supplemental
Fig. 2A—C, available at www.jneurosci.org as supplemental ma-
terial). The difference in the molecular weight of each of the three
distinct bands observed for HA-GluAl and HA-GluA1ANTD
hetero-oligomers was ~90 kDa, which corresponds to two sub-
units of NTD (45 kDa). These results suggested that the NTD of
full-length GluA1 preferentially forms a dimer before tetramer-
ization. The three distinct complexes of HA-GluAl and HA-
GluA1ANTD (Fig. 2F) were a dimer of GluAl dimers, a GluAl
dimer with two GluA1ANTD monomers, and four GluAIANTD
monomers (Fig. 2G).

GIuAIANTD formed a tetramer from monomeric subunits
instead of a dimer-of-dimers (Fig. 2C), which suggests that the
NTD is the initial dimerization domain in the AMPA receptor.
To identify a second dimerization domain in AMPA receptor
dimers, we tested the effects of several AMPA receptor mutations
on the assembly of the receptor. Neither flip/flop splicing variants
located on the second extracellular loop of GluA1 nor mutations
in the Q/R RNA editing site located in the pore loop affected the
assembly of AMPA receptors (Fig. 3A). Interestingly, the GluA1
Lurcher mutant, which carries an A636T mutation near the sec-
ond transmembrane domain, formed a tetramer less efficiently.
Most of the GluA1 Lurcher mutants formed a dimer and most of
the GluA1ANTD Lurcher mutants remained as monomers (Fig.
3B). This result suggests that the NTD dimerizes AMPA receptors
as a first step and that sites around residue A636 of GluAl are
involved in the subsequent dimerization of two dimers. GluA1l
formed a tetramer predominantly, whereas GluAl with the
Lurcher mutation and GluA1ANTD with the Lurcher mutation
formed a dimer and a monomer, respectively (Fig. 3). These re-
sults suggest that GluA1 assembles predominantly as a tetramer,
probably because GluAl is predominantly tetrameric at steady
state and not because GluAl tetramers are more stable and
monomers/dimers are degraded. Notably, similar to native
AMPA receptors, we have detected a small proportion of dimers
after long exposure (supplemental Fig. 2D, available at www.
jneurosci.org as supplemental material), whereas AMPA receptors
in transfected heterologous cells were detected predominantly as
monomers and dimers (Penn et al., 2008). This difference is proba-
bly due to protein expression level.

Variable stoichiometry of TARPs on AMPA receptors

Next, we explored the stoichiometry of TARPs on AMPA recep-
tors. As stargazin is a relatively small protein (37 kDa) when
compared with GluAl (100 kDa), stargazin was fused with a
large protein to allow adequate mobility shifts on PAGE.
Therefore, we first examined stargazin tagged with a varying
number of GFP units and confirmed the occurrence of molecular-
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The AMPA receptor formed a tetramer that adopted a dimer-of-dimers conformation. A, Schematic structure of GluATANTD tagged with HA epitope at the extracellular domain and

with three monomeric units of AcGFP (GFP < 3) at the Cterminus. LBD, Ligand-binding domain. B, Oocytes were injected with various ratios of HA-GluATANTD and HA-GluATANTD-GFP X 3 cRNAs
[ratio of HA-GIuATANTD (5 ng)/HA-GIuATANTD-GFP X 3 (13.3 ng), from the left: 1/0, 5/1,3/1,1/1,1/5,1/7,and 0/1]. HA-GluATANTD and HA-GluATANTD-GFP X 3 were detected as single bands
around 55 and 140kDa, respectively, on SDS-PAGE. C; Five distinct bands were detected at a molecular weight >500kDa (arrow) on BN-PAGE (4 —109%). The presence of five distinct bands indicates
that HA-GIuATANTD and HA-GIuATANTD-GFP X 3 formed a tetramer. D, Schematic structure of GluA1 and GIuATANTD, which were tagged with an HA epitope at the extracellular domain.
E, Oocytes were injected with various ratios of HA-GluA1 and HA-GIuATANTD cRNAs [ratio of HA-GIuA1 (2 ng)/GIuATANTD (2 ng), from the left: 1/0,7/1,3/1,1/1,1/3,1/5,1/7,and 0/1]. HA-GluA1
and HA-GIuATANTD were detected as single bands around 100 and 55 kDa, respectively, on SDS-PAGE (10%). F, Three distinct bands were detected around 700, 600, and 500 kDa (arrow) on
BN-PAGE (4-10%). The presence of three distinct bands indicates that GluA1 and GluA1ANTD formed a dimer. G, The NTD preferentially formed a dimer before tetramerization. The three distinct
complexes of HA-GIuAT and HA-GIuATANTD were a dimer of GluA1 dimers, a GluA1 dimer with two GluATANTD monomers, and four GluATANTD monomers. WB, Western blotting.

weight shifts on BN-PAGE using oocytes coinjected with GluA1l
cRNA. Despite the detection of a single band of GFP-tagged starga-
zin on SDS-PAGE, several distinct bands were detected as a GluA1
complex for stargazin tagged with multiple GFP units (data not
shown). This result suggests that some GluAl complexes contain a
lesser number of stargazin units, which led us to speculate that the
stargazin/GluA1 complex might exhibit variable stoichiometry.

If the stoichiometry of stargazin on GluAl is variable, we
should detect a shift in the molecular weight of this protein
complex that is dependent on the expression levels of stargazin
(supplemental Fig. 1C, available at www.jneurosci.org as supple-
mental material). To examine this possibility, we expressed a
fixed amount of GluAl (2 ng) and varying amounts of stargazin
tagged with an HA epitope in the first extracellular loop and with
four monomeric GFP units in the cytoplasmic domain (HA-
STG-GFPX4), the latter of which was expressed as a 150 kDa
protein on SDS-PAGE (Fig. 4A). GluA1 was detected as a single
band on SDS-PAGE, whereas four distinct bands were observed
for the stargazin/GluAl complex on BN-PAGE, depending on
the expression levels of stargazin. We also detected stargazin-free
AMPA receptors on BN-PAGE and noted that an increase in the
expression levels of stargazin shifted GluA1/stargazin complexes
to a higher molecular weight (Fig. 4 B). Importantly, there seemed to
be no cooperative interactions between stargazin and AMPA recep-
tors, as the molecular weight of the stargazin complex increased
linearly with the increase in the level of expression of stargazin (Fig.
4B). Furthermore, we measured AMPA receptor activity using

TEVC recording to determine the number of stargazin units re-
quired for the modulation of AMPA receptor activity. We found that
the concentration of stargazin (78 pg of cRNA) that led predomi-
nantly to a stoichiometry of one molecule of stargazin per AMPA
receptor (1XSTG) enhanced the kainate-evoked AMPA-receptor
activity significantly compared with AMPA receptor alone (Fig. 4C).
Lower stargazin concentrations (39 and 19 pg) also enhanced
kainate-evoked AMPA receptor activity significantly (2 ng of GluA1l
with no stargazin, 192 = 63 nA; with 39 pg of stargazin, 645 * 115
nA; with 19 pg of stargazin, 572 = 94 nA). These results indicate that
one stargazin molecule was sufficient to modulate the channel prop-
erties of AMPA receptors. In addition, HA-stargazin-GFP X4 did
not form an oligomer upon high expression of HA-stargazin-
GFPX4 (Fig. 4D). Furthermore, stargazin and stargazin-GFPX4
did not form heteromers on BN-PAGE, which suggests that starga-
zin was expressed as a monomer (Fig. 4 E). These results imply thata
maximum of four stargazin molecules bind to one AMPA receptor
and that this is dependent on the expression levels of stargazin. Our
results also indicated that one stargazin unit was sufficient to mod-
ulate the activity of the AMPA receptor.

Neuronal AMPA receptor complexes contained one

TARP molecule

To determine the stoichiometry of stargazin on AMPA receptors
in neurons, the simplest strategy would be to compare the mo-
lecular weights of neuronal and reconstituted AMPA receptor
complexes. However, four AMPA receptor isoforms (GluA1-4)
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Figure3. The Lurchersite of GluAT, but not the Q/R editing site or the flip/flop splicing
isoforms, was involved in the second dimerization of AMPA receptor dimers. Oocytes were
injected with the cRNAs indicated. A, Both GluA1 flip and flop splicing isoforms (5 ng of
CRNA each) elicited single bands at around 669 kDa on BN-PAGE (4—10%). In addition,
both GIuA1 and the Q/R edited forms (5 ng of cRNA each) yielded single bands at around
669 kDa on BN-PAGE. Coinjection with stargazin (STG; 0.4 ng of cRNA) led to an increase in
the molecular weight to a similar extent. B, GluA1 and GIuATANTD carrying a mutation
(A636T) corresponding to the Lurcher mutation in the A2 orphan receptor (GIuAT Lc or
GIUATANTD Lc, 5 ng of cRNA each) were observed as single bands at around 100 and 50
kDa, respectively, on 10% SDS-PAGE, which was similar to what was observed for the wild
type. Although GluA1 Lc and GIUATANTD Lc assembled as a tetramer, the majority of
GluA1 Lcand GluATANTD Lc were detected on BN-PAGE (3—15%) as a dimer and a mono-
mer, respectively. WB, Western blotting.

are expressed in the brain and their molecular weights differ from
one isoform to the other, which complicates the interpretation of
molecular-weight-based results. Therefore, we devised an alter-
native approach: we used stargazer mice, which have the advan-
tage of lacking stargazin expression via an ETn insertion near
exon 2 of the stargazin gene (Letts et al., 1998). Vandenberghe et
al. (2005) showed that BN-PAGE can separate the AMPA recep-
tor from the AMPA receptor associated with TARP (TARPin
AMPA receptors) in the brain and found that the expression of
TARPin AMPA receptor was decreased in the cerebellum in a
stargazin copy-number-dependent manner. Importantly, quantita-
tion of TARPs and TARPin AMPA receptors in different geno-
types may reveal fixed or variable stoichiometry of TARPs in the
brain in a TARP-expression-dependent manner. However,
such systematic quantitation has not been performed. Therefore,
we measured the ratio of TARPs and TARPin AMPA receptors in
different stargazer genotypes to determine the fixed or variable
nature of TARP stoichiometry on AMPA receptors.

The AMPA-receptor complex detected using the anti-GluA2/3
antibody exhibited two different sizes in neurons from wild-type
and stargazer heterozygous mice (Fig. 5A), as shown previously
(Vandenberghe et al., 2005). As there was no corresponding
TARP signal detected using the anti-pan-TARP antibody (Fig.
5A), it is unlikely that the lower band detected in stargazer het-
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erozygous neurons contained TARP. This result suggests that
only the AMPA-receptor complex detected at the same size as the
TARP complex was an AMPA receptor/TARP complex. There-
fore, the higher band observed in heterozygous cells represented
the TARPin AMPA receptor and the lower band corresponded to
AMPA receptors without TARP (TARPless AMPA receptors)
(Fig. 5A). In addition to these two bands detected on GluA2/3
Western blotting, we detected a band smaller than 480 kDa, as
indicated by the asterisk, which could be a dimerized form of a
GluA2/3.

To examine AMPA receptor and TARP stoichiometry in neu-
rons, we measured the signal intensity of TARP and TARPin AMPA
receptors in three genotypic backgrounds (wild type, heterozygous,
and homozygous) (Fig. 5B and supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). We found that the
down-regulation of TARP in heterozygous stargazer cells corre-
lated with reductions in the levels of TARPin AMPA receptors.
The residual TARP complexes observed in homozygous stargazer
cells could be due to the other TARP isoforms, y-3 and +y-4, that
were expressed in other types of cultured neurons (Fig. 5B). Im-
portantly, the increase in stargazin copy number led to the con-
cordant up-regulation of the AMPA receptor/TARP complex
signal, which suggests a fixed stoichiometry of stargazin on
AMPA receptors in neurons.

One of the important roles of TARP is the modulation of the
channel properties of AMPA receptors. For example, TARP ren-
ders kainate more efficacious to AMPA receptors and increases
the ratio of kainate- and glutamate-evoked currents (Tomita et
al., 2005, 2007b; Turetsky et al., 2005; Korber et al., 2007). To this
effect, we examined agonist-evoked currents. No agonist-evoked
currents were detected in stargazer homozygous cerebellar gran-
ule cells. Kainate- and AMPA-evoked currents in neurons from
wild-type mice were twice as large as those found in neurons of
heterozygous mice, without changes in the ratio of kainate- and
AMPA-evoked currents, which suggests that stargazin modulates
AMPA-receptor activity in a stargazin copy-number-dependent man-
ner (Fig. 5C,D). We did not observe any significant difference in
the ratio of kainate- and AMPA with cyclothiazide-evoked cur-
rents between neurons from stargazer heterozygous and wild-
type mice (Fig. 5E).

A fixed stoichiometry of TARP on neuronal AMPA recep-
tors could be due to either saturating or minimal levels of
TARP expression, i.e., one or four TARP molecules on one
AMPA receptor. Importantly, we did not detect any unbound
stargazin in wild-type and stargazer heterozygous mice, which
suggests that neuronal stargazin expression levels do not allow
asaturating association between AMPA receptors and the pro-
totypical TARP, stargazin. Furthermore, we found no cooper-
ative interaction between the four maximum stargazin units
and the AMPA receptor (Fig. 4 B), and one stargazin was suf-
ficient to modulate AMPA-receptor activity (Fig. 4C). From
these results, we concluded that only one stargazin interacts
with one AMPA receptor tetramer, which forms a dimer-of-
dimers structure, to modulate AMPA receptor activity in cer-
ebellar granule cells.

Discussion

Here, we showed that functional AMPA receptors assembled as
tetramers and formed a dimer-of-dimers structure biochemi-
cally. Using the same strategy, we also determined that the AMPA
receptor auxiliary subunit, TARP, had a variable stoichiometry
(1-4 TARP units) on AMPA receptors in a TARP amount-
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Figure4. Variable stoichiometry of stargazin on AMPA receptors. A, Oocytes were injected with GluA1 cRNA (2 ng) and various
amounts (from left toright: 0, 2.5, 1.25,0.625,0.313,0.156, and 0.078 ng) of stargazin tagged with HA epitope at the extracellular
domain and with four monomeric AcGFP units (GFPX4) at its cytoplasmic domain (HA-STG-GFP<4). Single bands of HA-
stargazin-GFP X4 and GluA1 were detected on SDS-PAGE (10%) at around 150 kDa, as assessed using an anti-HA antibody, and at
around 100 kDa, as assessed using an anti-GluA1 antibody. B, Up-regulation of the expression of HA-tagged stargazin (STG)
containing four GFP units (HA-STG-GFP X 4) shifted the molecular weight of the GIuA1 complex detected using an anti-GluA1
antibody. We detected four distinct bands, in addition to a band corresponding to GluA1 alone, which suggests that a maximum of
four stargazin molecules can bind to one AMPA receptor dimer-of-dimers structure. In addition, the molecular weight of the
GluA1/stargazin complex was shifted linearly upon increase of stargazin expression, which suggests that all four stargazin-binding
sites on the AMPA receptor were independent. C, Kainate-evoked (20 wum) currents from oocytes that were coinjected with GluA1
(2 ng) and various amounts of stargazin tagged with four GFP units (STG-GFP < 4) were measured using TEVC recording. Data
represent the means == SEM (n = 5-7); asterisks indicate p << 0.05 using Tukey's test with ANOVA, a significant difference
compared with GluAT alone. NQ, non-quantitative because current amplitudes were too high (>12 wA). D, HA-stargazin tagged
with four monomeric GFP units did not form oligomers in an expression-level-dependent manner (from left to right, 4, 2, 1, 0.5,
0.25,0.125,0.0625, and 0.031 ng) on BN-PAGE (4 —15%). E, HA-tagged stargazin and HA-stargazin tagged with four monomeric
GFP units did not form a dimer and were expressed as monomers on BN-PAGE (4 —15%). Ratio of HA-STG (0.8 ng)/HA-STG-GFP X 4
(1.6 ng), from left: 1/0,7/1,5/1,3/1,1/1,1/3,1/5,1/7, and 0/1. WB, Western blotting.
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1999; Ayalon and Stern-Bach, 2001;
Mansour et al., 2001; Jin et al., 2009; Ku-
mar et al., 2009). In addition, the ligand-
binding domain of AMPA receptors (also
termed S1-S2 domain) can dimerize, es-
pecially after binding of cyclothiazide,
which blocks the desensitization of AMPA
receptors (Sun et al,, 2002). Here, we
found that the AMPA receptor formed a
tetramer and adopted a dimer-of-dimers
structure. In addition, we found that the
NTD of the AMPA receptor mediated the
first dimerizing interaction between
AMPA receptor subunits. The second
dimerization was mediated by domains
located near the second transmembrane
domain, which was supported by the less
efficient tetramerization of the GluAl
Lurcher mutant (A636T). However, a
small portion of GluAl Lurcher mutant
proteins formed tetramers, which sug-
gests that A636T was involved in, but was
not required for, the second dimerization.
The A636T mutation may modulate the
structure of the ligand-binding domain,
which is considered one of the dimeriza-
tion domains of the receptor.

We found that the first dimerization of
the full-length AMPA receptor was medi-
ated by its NTD. However, AMPA recep-
tors lacking NTD retained channel
activity (Pasternack et al., 2002; Tomita et
al., 2007a). This indicates that the NTD
was not necessary for AMPA receptor as-
sembly. Most likely, the NTD plays roles in
the subunit-specific assembly of AMPA re-
ceptors, as suggested previously (Leuschner
and Hoch, 1999; Ayalon and Stern-Bach,
2001; Mansour et al., 2001). Moreover, the
channel activity of GluAIANTD suggests
the presence of another dimerization/tet-
ramerization domain in AMPA receptors,
in addition to the NTD and ligand-
binding domain. The identification of the
domain that mediates the second dimer-
ization of GluA1ANTD and of the full-
length AMPA receptor is crucial and will
require further investigation of the struc-
ture of the full-length AMPA receptor at
the atomic level.

dependent manner. In cerebellar granule cells, only one TARP
molecule interacted with the AMPA receptor and one TARP
unit was sufficient to modulate AMPA-receptor activity. This
fundamental composition of the AMPA receptor/TARP complex
and the unique property of the TARP dose-dependent variable
stoichiometry are important for the elucidation of the molecular
machinery that underlies synaptic transmission.

Oligomerization of the AMPA receptor

Previous studies showed that the NTD of the AMPA receptor can
dimerize and may contribute to the subunit-specific hetero-
oligomerization of AMPA receptors (Leuschner and Hoch,

Variable stoichiometry of TARPs on AMPA receptors in
heterologous cells
We found that TARPs adopt a variable stoichiometry (1-4 units)
on AMPA receptors in heterologous systems in a TARP amount-
dependent manner. Furthermore, each TARP molecule bound to
AMPA receptors independently, without any cooperative bind-
ing properties, and one TARP unit was sufficient to modulate the
activity of the AMPA receptor.

While we were finalizing this paper, another group published
a similar study (Shi et al., 2009). These authors compared the
ratios of kainate- and glutamate-evoked currents in AMPA re-
ceptor/TARP tandem proteins expressed in heterologous cells
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and concluded that AMPA receptors as-
sume a variable stoichiometry and con-
tain zero, two, or four units of TARP. This
conclusion is consistent with our findings.
In addition to two and four units of TARP
on AMPA receptors, one and three units
of TARP interacted with the AMPA recep-
tor complex simultaneously (Fig. 4B).
This odd number of TARP stoichiometry
suggests that TARPs bind to AMPA recep-
tor domains by preserving a fourfold sym-
metrical structure instead of a twofold
symmetry. This result suggests that TARP
may not be involved in either the first or
the second dimerizations required for the
formation of AMPA receptor tetramers.

Two isoforms of TARP homologous
proteins, STG-1 and STG-2, were identi-
fied in Caenorhabditis elegans (Wang et
al., 2008). Together with SOL-1, STG-1
and STG-2 modulate the channel activity
of GLR-1 in cRNA-injected oocytes
(Zheng et al., 2004, 2006; Walker et al.,
2006a,b). However, coexpression of
GLR-1 with either STG-1 or STG-2 led to
different GLR-1 channel properties in
cRNA-injected oocytes. This result suggests
that GLR-1 assembles with more than two
TARPs and is consistent with our result
showing that one AMPA receptor can asso-
ciate with more than two TARPs, depending
on the levels of expression of TARP. It is
important to elucidate how many TARP-
like STG units are incorporated into the
GLR-1 complex in vivo.

Stoichiometry of TARPs on AMPA
receptors in neurons
In cerebellar granule cells, we found that
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Figure5. Neuronal AMPA receptors associated with one TARP/stargazin. Primary cerebellar granule cell cultures were prepared

from littermates of wild-type (4/-), heterozygous (+/5tg), and homozygous (Stg/Stg) stargazer mice. A, Neurons were solu-
bilized and resolved on 3— 8% BN-PAGE. Two predominant bands of GluR2/3 in neurons from wild-type (left, arrow) and stargazer
heterozygous (left, arrow and arrowhead) and homozygous (left, arrowhead) mice were observed on BN-PAGE. Stargazin was
expressed ina copy-number-dependent manner (right, arrow). A single band of stargazin was detected in neurons from wild-type
and heterozygous neurons, but not in neurons from homozygous stargazer mice. The asterisks indicate nonspecific bands, one of
which could be GluA2/3 dimers. B, The signal intensity of GluA2/3 and stargazin bands in neurons from wild-type and stargazer
heterozygous and homozygous mice was quantified using the ImageJ software and was normalized to the wild type. Importantly,
the increase in the number of stargazin copies led to the concordant up-regulation of the AMPA receptor/TARP complex signal,
which suggests a fixed stoichiometry of stargazin on AMPA receptors in neurons. (—E, Agonist-evoked whole-cell currents were
measured in cultured mouse cerebellar granule cells. The steady-state currents evoked by 20 um kainate (/y,) or 100 um AMPA
with 100 um cyclothiazide (CTZ; /5 ypp,cr7) increased linearly in a stargazin copy-number-dependent manner. The representative
traces (), mean steady-state amplitude (D), and ratio of agonist-evoked currents (E) for each genotype are shown. Data represent
the mean = SEM (n = 4-5). Asterisks indicate p << 0.01 using Tukey's test with ANOVA, a significance difference of /, or
Iawpascrz between wild-type and stargazer heterozygous or between stargazer heterozygous and homozygous. WB, Western
blotting.

TARP had a fixed and minimum stoichi-

ometry on AMPA receptors. Because the

minimum number of TARP units necessary to modulate AMPA
receptor activity is one, it is very likely that neuronal AMPA re-
ceptors contain only one TARP per AMPA receptor in cerebellar
granule cells.

Independently, a recent paper by Shi et al. (2009) showed that
neuronal AMPA receptors take on a variable stoichiometry and
contain zero, two, or four TARP units, by comparing the ratios of
kainate- and glutamate-evoked currents in AMPA receptor/TARP
tandem proteins expressed in heterologous cells, as well as in neuro-
nal AMPA receptors. The disparity between their conclusions and
ours (i.e., fixed and variable stoichiometries of TARPs) could be due
to the neuronal type studied; we used cerebellar cells, while Shi et al.
used hippocampal cells. We did not detect a cooperative interaction
between TARPs and the AMPA receptor (Fig. 4B). This indicates
that the number of TARP units on the AMPA receptor was depen-
dent on the expression levels of TARP and that the stoichiometry of
TARPs on AMPA receptors could vary according to brain region.
The systematic quantitative analysis of TARPs and AMPA receptors
will be required to elucidate the detailed mechanisms that underlie
this process.

One important role of TARPs is to modulate AMPA-receptor
activity. Here, we found that one TARP was sufficient to modulate

AMPA-receptor activity, including the ratio of kainate- and
glutamate-evoked currents. However, this ratio of agonist-evoked
currents varies considerably between the AMPA receptor splicing
isoforms, flip and flop, which affects the ratios of kainate- and
glutamate-evoked currents significantly (Jonas and Sakmann,
1992; Partin et al., 1995; Koike et al., 2000; Vorobjev et al., 2000;
Tomita et al., 2005). A characterization of the channel properties
of flop splicing isoforms of AMPA receptors would enable a com-
parison of agonist-evoked currents among neurons.

A previous study used coimmunoprecipitation experiments
to demonstrate that each of the four class I TARPs (stargazin/vy-2,
v-3, v-4, and y-8) was not included in the same AMPA-receptor
complex in the cerebellum (Tomita et al., 2003). There are three
possible explanations for this phenomenon: (1) differential ex-
pression of each TARP in different neurons of the cerebellum, (2)
preferential assembly of a single TARP isoform in one AMPA
receptor complex, and (3) presence of only one TARP in a single
AMPA-receptor complex. Although each TARP isoform is ex-
pressed in distinct neurons of the cerebellum (Tomita et al., 2003;
Fukaya et al., 2005), some neurons, including Purkinje cells, ex-
press more than two TARP isoforms and heteromeric TARP
complexes should be detectable. Therefore, TARPs may form
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homomeric TARP complexes preferentially, via the AMPA re-
ceptor, or there may be one TARP in the AMPA receptor complex
in the cerebellum.

Stoichiometry of TARPs on AMPA receptors at synapses

The amplitude and decay of AMPA receptor-mediated miniature
EPSCs is slightly, but significantly, different in cerebellar granule
neurons from wild-type and stargazer heterozygous mice (Milstein
et al., 2007). This could be caused by differences in the stoichi-
ometry of stargazin on AMPA receptors at synapses or by the
presence of different populations of TARPin and TARPless
AMPA receptors at synapses.

TARP/stargazin is required for surface expression of AMPA
receptors in cerebellar granule cells (Hashimoto et al., 1999; Chen
et al, 2000). However, glutamate-induced desensitization of
AMPA receptors causes decoupling of TARPs from functional
AMPA receptors (Tomita et al., 2004; Morimoto-Tomita et al.,
2009), i.e., there are two populations of AMPA receptors,
TARPin and TARPless AMPA, at the cell surface.

Alternatively, a small proportion of AMPA receptors in wild-
type neurons may contain more than one TARP and AMPA re-
ceptors containing more TARPs traffic better to synapses. The
detection of the number of TARPs on one AMPA receptor at
synapses is necessary to address this possibility.

Recently, several proteins were identified as subunits of iono-
tropic glutamate receptors (Jackson and Nicoll, 2009; Tigaret and
Choquet, 2009). For example, cornichon on AMPA receptors,
NETOL! and NETO?2 as kainate receptor regulatory proteins on
kainate receptors, and NETO1 on NMDA receptors (Ng et al.,
2009; Schwenk et al., 2009; Zhang et al., 2009). It will be impor-
tant to elucidate the differences in the assembly and stoichiome-
try of the subunits of ionotropic glutamate receptors identified
recently.
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