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Cornichon-2 Modulates AMPA Receptor-Transmembrane
AMPA Receptor Regulatory Protein Assembly to Dictate
Gating and Pharmacology
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Neuronal AMPA receptor complexes comprise a tetramer of GluA pore-forming subunits as well as accessory components, including
transmembrane AMPA receptor regulatory proteins (TARPs) and cornichon-2/3 (CNIH-2/3). The mechanisms that control AMPA re-
ceptor complex assembly remain unclear. AMPA receptor responses in neurons differ from those in cell lines transfected with GluA plus
TARPs -8 or -7, which show unusual resensitization kinetics and non-native AMPA receptor pharmacologies. Using tandem GluA/
TARP constructs to constrain stoichiometry, we show here that these peculiar kinetic and pharmacological signatures occur in channels
with four TARP subunits per complex. Reducing the number of TARPs per complex produces AMPA receptors with neuron-like kinetics
and pharmacologies, suggesting a neuronal mechanism controls GluA/TARP assembly. Importantly, we find that coexpression of CNIH-2
with GluA/TARP complexes reduces TARP stoichiometry within AMPA receptors. In both rat and mouse hippocampal neurons, CNIH-2
also associates with AMPA receptors on the neuronal surface in a y-8-dependent manner to dictate receptor pharmacology. In the
cerebellum, however, CNIH-2 expressed in Purkinje neurons does not reach the neuronal surface. In concordance, stargazer Purkinje
neurons, which express CNIH-2 and -7, display AMPA receptor kinetics/pharmacologies that can only be recapitulated recombinantly
by a low y-7/GluA stoichiometry. Together, these data suggest that CNIH-2 modulates neuronal AMPA receptor auxiliary subunit

assembly by regulating the number of TARPs within an AMPA receptor complex to modulate receptor gating and pharmacology.

Introduction

Ionotropic AMPA receptors, key components of excitatory
CNS neurotransmission, comprise a heterotetramer of princi-
pal, channel-forming subunits (GluA1-4), which are alterna-
tively spliced and assembled as dimer-of-dimers (Seeburg,
1993; Hollmann and Heinemann, 1994; Dingledine et al,,
1999; Mayer and Armstrong, 2004; Collingridge et al., 2009;
Sobolevsky et al., 2009). Most, if not all, neuronal AMPA re-
ceptor complexes also contain transmembrane AMPA recep-
tor regulatory proteins (TARPs). Studies have identified six
TARP isoforms, classified into type I (y-2, -3, -4, and -8) and
type II (y-5 and -7) subfamilies, which differentially modulate
synaptic trafficking and gating of neuronal AMPA receptors
throughout the brain (Moss et al., 2003; Tomita et al., 2003;
Fukaya et al., 2005; Cho et al., 2007; Kato et al., 2007, 2008;
Milstein et al., 2007; Soto et al., 2009).
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The mechanisms controlling TARP assembly into AMPA re-
ceptor complexes remain unclear. In y-8-containing hippocam-
pal neurons, TARP stoichiometry is either two or four per AMPA
receptor complex dependent on neuronal subtype (Shi et al.,
2009). Another study found that y-2 stoichiometry is fixed at one
per AMPA receptor complex in cerebellar granule neurons (Kim
etal., 2010). Because TARPs dose-dependently modulate AMPA
receptor gating (Milstein et al., 2007), understanding mecha-
nisms that control TARP stoichiometry within AMPA receptors
is crucial.

Proteomic analyses have identified additional AMPA receptor
accessory proteins. In particular, cornichon 2/3 (CNIH-2/3) pro-
motes surface trafficking and enhance gating of recombinant
AMPA receptors (Schwenk et al., 2009). Recent studies found
that overexpressed CNIH-2 cannot reach the neuronal surface in
transfected cerebellar granule cells and only promotes Golgi traf-
ficking of AMPA receptors (Shi et al.,, 2010). Others studies
showed that endogenous hippocampal CNIH-2 localizes in part
to the neuronal surface and acts synergistically with -8 to regu-
late AMPA receptor pharmacology and gating (Kato et al., 2010).
The distinct conclusions between these studies may reflect that
the first primarily focused on CNIH-2 effects in cerebellar prep-
arations, which predominantly express TARPs y-2 and vy-7,
whereas the second analyzed the effects of CNIH-2 on vy-8-
containing hippocampal AMPA receptors. The latter study also
showed that coexpression of GluA subunits with y-4, -7, and -8
produces channels with unique resensitization kinetics not seen
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in native neurons and that CNIH-2 blunts this resensitization
(Kato et al., 2010).

Using tandem GluA-TARP constructs to constrain stoichi-
ometry (Shietal., 2009), we find that resensitization is a feature of
certain four-TARP- but not two-TARP-containing AMPA recep-
tors. We observed that CNIH-2 blocks resensitization via reduc-
ing the number of TARPs per AMPA receptor complex. The
pharmacological properties of hippocampal AMPA receptors re-
flect the presence of both y-8 and CNIH-2, and surface expres-
sion of CNIH-2 requires y-8. By contrast, CNIH-2 in the
cerebellum is not present on the cell surface. Purkinje neurons
from stargazer mice, which contain y-7 and CNIH-2 but not y-2,
express AMPA receptor complexes that show electrophysiologi-
cal properties resembling low y-7 stoichiometry AMPA receptors
without CNIH-2. Thus, CNIH-2 can modulate the stoichiometry
of multiple TARP isoforms but only associates at the cell surface
with specific TARP-containing AMPA receptors.

Materials and Methods

Materials. All salts, precast gels, and buffers were purchased from Sigma-
Aldrich, Invitrogen, Thermo Fisher Scientific, or Bio-Rad. Antagonists
and agonists were purchased from Tocris Bioscience. Polyclonal anti-
bodies against pan-type I TARP (07-577) and GluAl (AB1504) and
monoclonal antibody against GluA2 (MAB3397) were purchased from
Millipore. Mouse monoclonal TUJ1 antibody (MM5-435P) was pur-
chased from Covance. Mouse monoclonal synaptophysin antibody
(S5768) was purchased from Sigma-Aldrich. Affinity-purified guinea pig
and rabbit polyclonal antibodies for CNIH-2, -8, -7, and y-2 were
generated as described previously (Kato et al., 2010; Kim et al., 2010).
HRP-conjugated anti-guinea pig secondary antibody (706-035-148) and
HRP-conjugated native secondary antibody for mouse- and rabbit-
derived primary antibodies (21230) were from Jackson ImmunoRe-
search Laboratories and Thermo Fisher Scientific, respectively.

Animal housing and care. Adult male Wistar rats were obtained from
Charles River Laboratories. Stargazer male mice and littermate male
C57BL/6 controls were obtained from The Jackson Laboratory. Animals
were housed under 12 h light/dark cycles with access to food and water ad
libitum until they were killed for study following protocols approved by
Eli Lilly and Company Internal Animal Care and Use Committee.

cDNA cloning and tandem construct generation. All GluA cDNAs are
flip splice variants unless indicated. GluAlo refers to the flop splice vari-
ant of the GluA1 isoform. All GluA and TARP cDNAs were derived from
human except for GluA2, which was cloned from rat. Tandem constructs
were generated by directly linking the N terminus of the TARP protein to
the C-terminal tail of the GluA subunit. No amino acid linker was placed
in between the GluA and TARP encoding cDNAs.

Recombinant cell culture and transfection. HEK 293T cells were main-
tained at 37°C in 5% CO, high-glucose DMEM medium supplemented with
10% fetal calf serum and 1% penicillin—streptomycin and split biweekly or
triweekly. HEK 293T cells were plated in 35 mm dishes and were transiently
transfected using FuGENE 6 according to manufacturer’s protocols
(11814443001: Roche Applied Science). GluA, TARP, and CNIH cDNAs
were cotransfected with a green fluorescent protein (GFP)-expressing re-
porter plasmid for identification in electrophysiology experiments. Experi-
ments were performed 48—72 h after transfection.

Native gel experiments from oocyte and hippocampal protein. Oocytes
were harvested and maintained as described previously (Kim et al.,
2010). Blue native PAGE (BN-PAGE) was conducted as previously de-
scribed (Vandenberghe et al., 2005; Kim et al., 2010).

Acutely isolated neurons. Hippocampal pyramidal and cerebellar Pur-
kinje neurons from five +3-month-old mice were isolated as previously
described (Kato et al., 2008). Briefly, a rapidly dissected brain was im-
mersed in ice-cold NaHCO;-buffered saline solution (in mm: 120 NaCl,
2.5KCl, 1 MgCl,, 1.25 Na,PO,, 2 CaCl,, 26 NaHCO3, and 10 glucose, pH
7.2; osmolarity, 300 = 2 mOsm/L). Coronal hippocampal and cerebellar
slices (400 wm thick) were prepared by a Vibroslice (Campden Instru-
ments) in ice-cold NaHCOj;-buffered saline solution and then were re-
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covered at room temperature in continuously oxygenated (95% O,, 5%
CO,), NaHCO;-buffered saline solution for 0.5-5 h. The slices were
transferred to a solution containing low-Ca?* HEPES-buffered saline
(low-Ca** HBS) (in mm: 140 sodium isothionate, 2 KCI, 4 MgCl,, 0.1
CaCl,, 15 HEPES, pH 7.2; osmolarity, 300 = 2 mOsm/L). Dissected
hippocampal CALl regions and cerebella were placed into protease type
XIV (1 mg/ml; Sigma-Aldrich) dissolved in oxygenated HEPES-buffered
HBSS (HBSS 6136; Sigma-Aldrich) and maintained at 37°C, pH 7.4,
osmolarity, 300 = 5 mOsm/L. After 30 min incubation, the tissue was
rinsed three times with the low-Ca?" HBS and triturated using fire-
polished Pasteur pipettes. Hippocampal pyramidal and cerebellar
Purkinje neurons were selected on the basis of their characteristic
morphology.

Electrophysiology. Agonist-evoked currents were recorded from trans-
fected HEK 293T cells and acutely isolated neurons as described previ-
ously (Kato et al., 2008). Recordings were made using thick-walled
borosilicate glass electrodes pulled and fire-polished to a resistance of 2-5
MQ. All cells were voltage clamped at —80 mV, and data were collected
and digitized using Axoclamp 200 and Axopatch software and hardware
(Molecular Devices). For whole-cell recordings, the transfected HEK
293T cells were bathed in external solution containing the following [in
mM: 117 tetraethylammonium (TEA), 13 NaCl, 5 BaCl,, 1 MgCl,, 20
CsCl, 5 glucose, and 10 Na-HEPES, pH 7.4 = 0.03]. For acutely isolated
neurons, 10 um CPP (3-[(=)-2-carboxypiperazin-4-yl]-propyl-1-phos-
phonic acid), 10 uM bicuculline, and 1 um TTX were added to the exter-
nal solution and the extracellular concentration of NaCl was increased to
130 mm and TEA was omitted. The intracellular electrode solution con-
tained the following (in mm): 160 N-methyl-p-glucamine, 4 MgCl,, 40.0
Na-HEPES, pH 7.4, 12 phosphocreatine, 2.0 Na,-ATP, pH 7.2 * 0.02
adjusted by H,SO,. For experiments involving measurement of current—
voltage ratios, we used the following internal solution (in mm): 130 CsCl,
2.5 MgCl,, 1 EGTA, 10 HEPES, 0.5 CaCl,, 12 phosphocreatine, 4 Mg-
ATP, pH 7.2 * 0.02 adjusted with CsOH. The transfected HEK 293T cell
or the acutely isolated neuron was lifted and perfused with ligand-
containing solutions from a 16-barrel glass capillary pipette array posi-
tioned 100-200 pwm from the cells (VitroCom). Agonists (1 mMm) were
applied as indicated. Potentiation experiments were carried in cells pre-
incubated for 1 min with cyclothiazide (CTZ) (200 um). Resensitization
percentage was calculated as follows: I, resens/IGiu-pes X 100, where
IG1u-resens 18 the current that accrues from the trough of desensitization
(see Fig. 1A). Kainate (KA)/glutamate ratios were calculated as follows:
IxallGi» Where I, and Iy, are the steady-state responses evoked by
kainate and glutamate application, respectively. CTZ potentiation of
kainate-evoked responses was calculated as follows: ((Ixs 4 crz/Ica) X
100) — 100, where I, o1z is the steady-state current amplitude re-
corded during kainate plus CTZ application and I, is the steady-state
current amplitude recorded during kainate application. Potentiation of
glutamate by cyclothiazide was expressed as a fold relative to the
glutamate-evoked current alone as follows: I, crz/Ig,, where
It otz 18 the steady-state current amplitude recorded during gluta-
mate plus CTZ application and I, is the steady-state current ampli-
tude recorded during glutamate application. Analyses were
performed using Clampfit software (Molecular Devices).

Slice biotinylation. Slice biotinylation was performed essentially as de-
scribed previously (Kato et al., 2010). Four hundred micrometer mouse
hippocampal and stargazer mouse cerebellar slices were incubated in
slicing buffer (in mwm: 124 NaCl, 26 mm NaHCOj;, 3 KCl, 10 glucose, 0.5
CaCl,, and 4 MgCl,) for 30 min and then recovered in biotinylation
solution for 30 min at room temperature (biotinylation solution is slicing
solution except [CaCl,] and [MgCl,] were raised to 2.3 and 1.3 mwm,
respectively). Slices were then preincubated in ice-cold biotinylation so-
lution for ~1 min. Surface proteins of the dissected tissue were labeled
with sulfo-NHS-SS-biotin (1.5 mg/ml; Pierce) for 30 min on ice and the
reaction quenched with glycine (50 mm). Hippocampi and cerebella were
homogenized with Tris buffer (TB) (50 mwm Tris, pH 7.4, 2 mm EGTA)
and then sonicated. To isolate membrane the fraction, homogenates
were centrifuged at 100,000 X g for 20 min, and the pellet was resus-
pended in TB containing NaCl (TN) (TB plus 100 mm NaCl). The mem-
brane was solubilized with 0.4% SDS in TN for 5 min at 4°C and then
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Figure 1.  The number of -8 subunits per AMPA receptor regulates resensitization. 4, Representative traces of kainate- and glutamate-evoked currents from HEK 293T cells cotransfected with

tandem GluA1/-y-8 (A,; four TARPs), nontethered GIuAT plus y-8 (A,), GluA1/-y-8 plus GluA2 (A;; two TARPs), GluA1/+y-8 plus GluAT (A,; two TARPs), GIuAT (4;), or from acutely isolated CA1
hippocampal neurons (Ay). B;, B,, Linear rectification confirms incorporation of nontethered GluA2 subunit within GluA1/-y-8-containing AMPA receptor complexes. €, Quantification reveals that
only four-TARP y-8-containing AMPA receptors exhibit resensitization. D, Reducing the number of y-8 subunits per AMPA receptor complex decreases the magnitude of glutamate-evoked
steady-state current. E, Reducing the number of -y-8 subunits per AMPA receptor complex does not alter the TARP-dependent high kainate to glutamate current ratio. *p << 0.05 when compared
with GluA1/y-8 (B) or GluA1 plus y-8 (C~E). Numbers of repetitions are indicated above the bar graphs. Summary data are mean = SEM.

neutralized with 10-fold excess of Triton X-100. The lysate was cleared by
spinning at 100,000 X g for 20 min. Twenty microliters of ULTRA link
Neutravidin resin (Roche) was added and incubated at 4°C for 2 h. Non-
bound internal protein solution was removed. Beads were washed with
radioimmunoprecipitation assay buffer and biotinylated surface pro-
teins were eluted by boiling for 5 min in Laemmli buffer containing DTT
(7.7 mg/ml). Eluted proteins and internal proteins were separated by
SDS-PAGE and detected via Western blotting.

Statistics. Data are represented as mean = SEM and are the result of at least
three independent experiments. Analyses involving three or more data sets
were performed with a one-way ANOVA with a Tukey—Kramer post hoc
analysis, unless otherwise indicated, using GraphPad Prism software. Anal-
yses involving two data sets were performed with an uncorrected Student ¢
test or with a Student ¢ test with a Welsh correction, only if the variances were
statistically different. Significance was set as a value of p < 0.05.

Results

AMPA receptors containing two y-8 subunits per AMPA
receptor complex do not exhibit resensitization

We recently found that cotransfection of GluA subunits with y-4,
v-7, or -8 yields receptors that display glutamate-evoked “re-
sensitization,” which involves slow accrual of steady-state current

after desensitization (Kato et al., 2010). AMPA receptors in hip-
pocampal neurons contain y-8 but show no resensitization. To
understand better the mechanism for TARP-induced resensitiza-
tion, we evaluated the effect of TARP stoichiometry. To express
receptors with four TARPs per AMPA receptor complex, we used
a previously described strategy and generated a GluA1/vy-8 tan-
dem construct that has the N terminus of y-8 covalently tethered
to the C terminus of GluA1 (Morimoto-Tomita et al., 2009; Shi et
al., 2009). We found that glutamate-evoked currents from the
GluA1/+v-8 tandem construct (four TARPs) qualitatively repro-
duced the resensitization observed when nontethered GluA1 and
7v-8 subunits are coexpressed (Fig. 1A4,,A,,C). Because AMPA
receptor tetramers preferentially assemble as dimer-of-dimers
(Mansour et al., 2001), cotransfection of a GluA1/y-8 tandem
with a free GluA subunit produces receptors with two TARPs per
complex (Shi et al., 2009); channels produced by cotransfection
of GluA1/y-8 plus GluA2 show linear I/V relationship confirm-
ing incorporation of GluA2 (Fig. 1B). Interestingly, glutamate-
evoked currents from two-TARP-containing receptors displayed
no resensitization, which is similar to evoked currents from
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large kainate-evoked currents and robust
glutamate-evoked resensitization consis-
tent with high-TARP stoichiometry
AMPA receptors (Fig. 2A,,B). At 130:1
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kainate-evoked currents and no resensiti-
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4-TARP like

1001 +nov8 AMPA receptors (Fig. 2A,,B). From seven

Gl Glu KA 0-TARP 0400:1 .
— — — — A130:1 cells transfected at a 40:1 ratio, two
U 10] Mt showed large kainate-evoked currents and
e no resensitization (Fig. 2A;) consistent
L [0e " with low-TARP stoichiometry AMPA re-

2s 2s 20 0 20 a0 60 80 . . .
% resensitization ceptors. This 40:1 ratio transfection also
C1 cluat+y8+CNH2 C26luaLo + Glua2 +4-8 + CNIH-2 D y1(?lded three cells with hlgh-TARP klnetlc.s
il 400000, (Fig. 2A,) and two cells with no TARP ki-
netics (Fig. 2B). These results suggest that
10000 transfection of even small amounts of y-8 (1
Lo %jo " part in 13) into HEK cells yields only high-
. TARP stoichiometry receptors. Whereas a
fﬂg specific ratio of GluA:TARP subunits (40:1)

GIuA1+GIuA2+/8+CNIH 2 GIuA1+7 8+ CNIH-1

KA

| s00pA

750 pA
L P/

can yield some low-TARP receptors, the
transition from no-TARP to high-TARP

9 GluA1 + -8 + CNIH-2

A GluA1o + GIuA2 + y-8 + CNIH-2
© GluAl + GIuA2 + 7-8 + CNIH-2
M GluAl + -8 + CNIH-1

stoichiometry receptors in HEK cells occurs
asa potent and steep function of y-8 expres-

sion. Apparently, high-TARP stoichiometry

40 60

is favored in transfected cells.

% resensitization

Figure 2.

acutely isolated hippocampal neurons or from HEK cells with
either GluA subunit expressed alone (Fig. 1 A;-A,,C).

Steady-state currents from these two-TARP-containing re-
ceptors were reduced in magnitude relative to the four-TARP-
containing receptors but were greater than those from GluA
subunits alone (Fig. 1D). Importantly, restricting the number of
-8 subunits per AMPA receptor complex had minimal impact
on the ratio of kainate-evoked to glutamate-evoked steady-state cur-
rents (Ixx/I,), which was quantitatively similar to ratios from acutely
isolated CA1 hippocampal neurons and was increased relative to kai-
nate/glutamate current ratios from free GluA subunits expressed alone
(Fig. 1 E). This augmented I ,/I;;, confirmed the presence of y-8 in the
two-TARP transfectants. Thus, resensitization is a kinetic signature of
7-8-containing AMPA receptors saturated with four TARPs per recep-
tor complex.

Recombinant AMPA receptors preferentially incorporate
high y-8 stoichiometry

We next varied the ratio of transfected GluA1l:y-8 cDNAs from
1:1 to 400:1 with the goal of generating unlinked AMPA receptor/
TARP complexes of low TARP stoichiometry. To assess the pres-
ence and number of y-8 subunits, we monitored the magnitude
of kainate-evoked currents and the extent of glutamate-evoked
resensitization, respectively (Fig. 2A, B). We found that all cells in
transfections at GluAl:y-8 ratios of 1:1, 4:1, and 13:1 showed

Transfected cells preferentially assemble into AMPA receptors with high TARP stoichiometry. A,~A,, Representative
traces of kainate- and glutamate-evoked currents from HEK 293T cells cotransfected with various titrations of GluA1 and -y-8. Two
examples from the GluA1:y-8 (40:1) transfection (A, A;) are shown to illustrate variability at this specific ratio. B, Comparison of
the magnitude of kainate-evoked currents and degree of resensitization reveals that almost all titrations yielded receptors either
having four-TARP-like properties (high KA current magnitude and high resensitization) or having no TARPs (low KA current
magnitude and no resensitization). C;—C,, Representative traces of kainate- and glutamate-evoked currents from HEK 293T cells
cotransfected y-8 and CNIH-2 with various GluA subunit combinations or GluA1 plus y-8 plus CNIH-1. D, Comparison of the
magnitude of kainate-evoked currents and degree of resensitization reveals that -y-8 plus CNIH-2 transfection yielded receptors
having two-TARP-like properties (high KA current magnitude and no resensitization), whereas GluA1 plus -y-8 plus CNIH-1 resem-
bled four-TARP-like receptors. GluA1o refers to the flop variant of the principal GluAT AMPA receptor subunit.

We previously reported that CNIH-2
completely blocks resensitization in
GluAl plus y-8-containing and partially
reduces resensitization in GluA1/+y-8 tan-
dem AMPA receptors, while also main-
taining large kainate-evoked currents
(Kato et al., 2010). Here, we observed that
CNIH-2 coexpression with y-8 and vari-
ous homomeric or heteromeric GluA sub-
unit combinations reliably produced
AMPA receptors that displayed no resen-
sitization and high kainate-evoked cur-
rent magnitudes (Fig. 2C,—C;,D). Coexpression of GluAl plus
v-8 with CNIH-1, an inactive homolog of CNIH-2 (Schwenk et
al., 2009), produced AMPA receptors that exhibited the “four-
TARP-like” phenotype of resensitization with a high kainate ef-
ficacy (Fig. 2C,,D). Thus, cotransfection with CNIH-2 creates
AMPA receptors resembling low TARP vy-8 stoichiometry.

TARP stoichiometry shapes hippocampal AMPA receptor
CTZ pharmacology

We next sought pharmacological signatures that were different
between neuronal and recombinant receptors and potentially
could be explained by changes in TARP/AMPA receptor stoichi-
ometry. Previous reports have shown that CTZ potentiated KA-
evoked responses by ~2-fold in CA1l hippocampal neurons
(Patneau et al., 1993), but only by ~0.6-fold in recombinantly
expressed y-8-containing receptors (Tomita et al., 2007). Re-
cently, we showed that CTZ potentiated KA-evoked currents
from heteromeric GluA1o/GluA2 AMPA receptors coexpressing
v-8 and CNIH-2 by ~2-fold (Kato etal., 2010). Here, we find that
CTZ potentiates kainate-evoked currents by ~10-fold in vy-8-
lacking AMPA receptors, by ~2-fold in two-TARP-containing
receptors, and <<0.5-fold in four-TARP-containing receptors
(Fig. 3A;—A;,B). Importantly, in hippocampal neurons and in
cells recombinantly expressing y-8 plus CNIH-2, we find that
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Figure 3.  AMPA receptors coexpressing reduced y-8 with CNIH-2 exhibit CA1 hippocampal neuron-like kainate/cyclothiazide pharmacology. A;—A,, Representative traces of kainate-evoked

currents (2 (TZ) from HEK 293T cells cotransfected with GluA1 plus GluA2 alone (4,), GluA1/-y-8 plus GluA2 (A,; two TARPs), GluA1/~y-8 (4; four TARPs), GluA1 plus GluA2 plus y-8 (A,), GluAT plus
GluA2 plus y-8 plus CNIH-2 (A5), and from acutely isolated CAT hippocampal neurons (4). B, Quantification of CTZ potentiation of kainate-evoked currents reveals that reducing the number of -y-8
per AMPA receptor complex mimics the magnitude of CTZ potentiation observed in native CA1 hippocampal AMPA receptors. C,—C, Representative traces of both kainate-evoked and glutamate-
evoked currentsin the presence of (TZ from HEK 2937 cells transfected with GluAT alone (C;), tandem GluA1/-y-8 plus GluA2 (C,; two TARPs), tandem GluA1/-y-8 (C; four TARPs), nontethered GluA1
plus -8 (C,), GluA1 plus CNIH-2 (C;), or GluAT plus y-8 plus CNIH-2 (C,). D, Reducing the number of -y-8 subunits per AMPA receptor complex decreases /s | 1/l + crz» Whereas coexpression of
(NIH-2 with GluA1 plus -y-8 maintains a high /s | 1/l + o1z Yatio. Note that GluA1 plus CNIH-2 shows a higher /s , 77/, + 17 Tatio than GluAT alone and that GluAT plus -8 plus CNIH-2 more
closely resembles the CA1 hippocampal phenotype than two-TARP -y-8 AMPA receptors. *p << 0.05 using Fisher's least significant difference (LSD) when compared with GluA1 plus GluA2 plus y-8
(B) or GluA1 plus -8 (D). Numbers of repetitions are indicated above the bar graphs. Summary data are mean = SEM.

CTZ potentiates kainate-evoked currents by ~1.75-fold, which
resembles two-TARP-containing receptors (Fig. 3A;,A,B).

To compare our results with other studies (Shi et al., 2009), we
measured the ratio of kainate- to glutamate-evoked currents in
the presence of CTZ. By including CTZ, we find the kainate/
glutamate ratio (Ixacrz/IGuscrz) of four y-8-containing re-
ceptors is greater than two y-8-containing receptors, agreeing
with previously published experiments that pioneered use of teth-
ered GluA1/vy-8 constructs to control stoichiometry (Shi et al., 2009)
(Fig. 3C,,C;,D). Also agreeing with previous studies (Shi etal., 2010),
we found that coexpressing CNIH-2 with GluA1 modestly increased
the Ix o+ crz/ G+ otz ratio (Fig. 3C,,D). Interestingly, we found that

coexpression of CNIH-2 with nontethered GluAl and vy-8 repro-
duced the CA1 hippocampal neuronal Iy, c17/IG1+ o1z ratio ob-
served in our study, which is equivalent to the ratio previously
reported (Shietal., 2009) (Fig. 3C,,D). Thus, although a reduction in
7v-8 stoichiometry can reproduce some aspects of hippocampal neu-
ron pharmacology, complete recapitulation of CA1 hippocampal
neuron pharmacology also requires CNIH-2.

CNIH-2 reduces the number of TARP subunits in AMPA
receptor complexes

These pharmacological findings raise two distinct possibilities:
CNIH-2 reduces TARP stoichiometry or CNIH-2 coassembles
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Figure 4. CNIH-2 reduces TARP stoichiometry in AMPA receptor complexes. A, Oocytes were injected with cRNAs encoding
GluA1 together with y-8 as indicated, and native complexes were separated by blue native PAGE. Note that most of y-8 does not
comigrate with GluA1. The arrowhead denotes localization of the GluA1-containing tetrameric AMPA receptor complex, whereas
the arrow denotes migration of TARP -y-8. B, Blue native PAGE of hippocampal membrane extracts reveals CNIH-2, -2, and GluA1
but not -y-8 comigrate at a similar high molecule weight. , -y-2 exhibits a higher functional affinity for AMPA receptors than y-8.
Quantification of resensitization reveals that only AMPA receptors expressing high y-8:y-2 ratios exhibit resensitization, and
coexpression of GluAT with a tandem construct linking y-2 to y-8 (y-8/y-2) with GIuAT does not yield resensitizing currents.
Coexpression of “free” y-2 suppresses resensitization from the GluA1/-y-8 tandem, whereas coexpression of free y-8 does not
induce resensitization from the GluA1/-y-2 tandem. Summary data are mean =+ SEM. D, Oocytes were injected with cRNAs
encoding GluAT together with -y-2 and/or CNIH-2 as indicated, and native complexes were separated by blue native PAGE. Left
panel, GluATimmunoblot shows that addition of -y-2 and/or CNIH-2 produced AMPA receptor complexes that migrate higher than
GluA1 alone. Importantly, addition of CNIH-2 shifts down the native mass of GluAT plus y-2 complexes. Middle panel, y-2
immunoblot demonstrates that coexpression of CNIH-2 reduces the apparent molecular weight of -y-2-containing AMPA receptor
complexes and CNIH-2 also reduces the intensity of the y-2 band relative to the GluA1 band. Right panel, CNIH-2immunoblot show
that coexpression of -y-2 with CNIH-2 increases the apparent molecular weight of CNIH-2-containing AMPA receptor complexes
and decreases the CNIH-2 immunoblot intensity. E, In oocyte blue native analyses, CNIH-2 coexpression with tandem GluA1/~y-2
does not reduce the apparent molecular weight compared with GluA1/y-2 expressed alone. The arrowhead denotes localization of
the GluA1 subunit expresses alone, whereas the arrow denotes migration of the tandem GluA1/y-2 construct.

with four-TARP-saturated AMPA receptor complexes to modu-
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We wondered why y-8 might not ad-
here to AMPA receptor complexes in BN-
PAGE and hypothesized that y-8 may
have lower affinity than -2 for AMPA re-
ceptor complexes. To assess this, we
titrated y-2-containing AMPA receptor
complexes with increasing amounts of y-8
and monitored resensitization of gluta-
mate-evoked currents. We observed that
only at the highest ratios of y-8:y-2 tested
was resensitization reliably detected (Fig.
4C). We also constructed a tandem con-
struct linking -2 and y-8 (y-2/y-8) and
found that cotransfecting this construct
together with GluAl yielded non-resensi-
tizing AMPA receptors. Furthermore, coex-
pression of y-2 with the tandem GluA1/7y-8
suppressed resensitization, indicating that
v-2 can outcompete even tethered y-8. By
contrast, expressing -8 with tandem
GluA1/y-2 did not produce resensitiza-
tion (Fig. 4C). These results suggest that
-2 possesses a higher affinity than y-8 for
an AMPA receptor complex and may ex-
plain the greater stability of y-2 in BN-
PAGE conditions. Therefore, we used the
prototypical TARP, -2, for our addi-
tional BN-PAGE experiments.

Again using the Xenopus oocyte sys-
tem, we monitored the assembly of AMPA
receptors with y-2 and CNIH-2. When
expressed alone, GluA1 migrated as a dis-
crete large-molecular-mass complex that
reflects the functional tetramer, consis-
tent with a previous report (Fig. 4 D) (Kim
et al., 2010). Immunoblotting for GluA1l
reveals that GluA1 plus y-2 receptors mi-
grate at a higher molecular weight than
GluA1l alone. Importantly, CNIH-2 coex-
pression reduced the apparent molecular
weight of the GluAl band compared with
extracts from GluAl plus y-2 transfections
(Fig. 4D). Furthermore, the apparent mo-
lecular weight and relative intensity of the
-2 band in extracts from -2 plus CNIH-2
coexpressing oocytes were also reduced rel-
ative to GluA1l plus y-2 extracts (Fig. 4D).
Expression of GluA1 plus CNIH-2 yielded a
complex that was of still smaller apparent
molecular mass and migrated just some-

late their biophysical properties. We used BN-PAGE to assess the
mass of AMPA receptor complexes (Greger et al., 2003). Using a
previously described oocyte expression system (Kim et al., 2010),
we found that most of y-8 did not comigrate with GluA1 when
the two cRNAs were coinjected (Fig. 4 A). This is curious as abun-
dant evidence shows that these proteins associate and function
together in hippocampal AMPA receptor complexes (Rouach et
al., 2005; Fukaya et al., 2006). We therefore analyzed hippocam-
pal lysates by BN-PAGE, and again y-8 migrated in several dis-
crete bands that were of lower molecular weight than the AMPA
receptor complex. By contrast, GluAl, the prototypical TARP,
v-2, and CNIH-2 comigrate in a large-molecular-weight com-
plex in hippocampus (Fig. 4 B).

what slower than GluA1 alone, but when coexpressed with -2 and
GluAl, CNIH-2 migrated at an even higher molecular weight (Fig.
4 D). Importantly, coexpression of CNIH-2 with the tandem GluA1/
7v-2 construct did not reduce the molecular weight of the complex
relative to tandem GluA1/vy-2 alone (Fig. 4E). Together, these data
show that CNIH-2 assembles together with TARP and GluAl pro-
teins and that CNIH-2 reduces the number of TARP subunits within
an AMPA receptor complex.

CNIH-2 modulates y-7-containing AMPA receptor gating
and kainate pharmacology

We previously found that transfection of GluA1 with the type II
TARP, vy-7, yields AMPA receptors that exhibit resensitizing cur-
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rents and a moderate Iy /I, of ~2 (Kato A,
et al., 2007). To assess effects of y-7 stoi-
chiometry on receptor gating and phar- Glu KA
macology, we constructed a GluAl/y-7 —_—
tandem construct. Expression of this tan-

dem construct alone, which creates four-
TARP-containing receptors, mimicked

GluAl plus vy-7 cotransfection and

yielded resensitizing receptors displaying Lo [ 200
an Iy z/Ig, ratio of ~2 (Fig. 5A5,A,,B-D). i s
Cotransfection of this tandem construct

with GluAl, thereby reducing the stoi-
chiometry to two TARPs, abolished re- A3
sensitization. Importantly, these two
y-7-containing AMPA receptors show
dramatically increased Iy,/Ig, ratios
(Fig. 5A,,B-D).

We also wondered whether CNIH-2
might modify kinetics and pharmacology of
7y-7-containing AMPA receptor complexes.
Similar to its effects on y-8-induced resen-
sitization, CNIH-2 coexpression occluded
v-7-mediated resensitization (Fig. 5A,B).
However, unlike y-8 in which coexpression
of CNIH-2 had no significant change on ~ Ag
Ix /I, (Fig. 1E) (Kato et al., 2010), coex-
pression of CNIH-2 with vy-7-containing
AMPA receptors significantly increased I,/
Iy, (Fig. 5C). This synergistic effect of y-7
and CNIH-2 on I ,/I, further establishes
that both subunits can simultaneously
modulate a single AMPA receptor complex.

We next evaluated the effects of coex-
pressing CNIH-2 with -7 and of reducing
v-7 stoichiometry on CTZ pharmacol-
ogy. CTZ potentiated glutamate-evoked
currents from GluAl alone receptors by
~400-fold and this was reduced to ~10-
to 20-fold in cells transfected with GluA1l
plus CNIH-2, GluAl plus y-7, GluAl plus
v-7 plus CNIH-2, or tandem GluAl/+y-7
(Fig. 5E). However, two-TARP +y-7-con-
taining AMPA receptors (GluA1/y-7 plus
GluAl) exhibited a striking increase in the
magnitude of CTZ-mediated potentiation
of glutamate-evoked currents relative to
GluAl plus y-7 plus CNIH-2 receptors
(~200- vs ~10-fold, respectively) (Fig. 5E). Thus, y-7-mediated
resensitization and pharmacology are sensitive to both CNIH-2
and to the number of TARP subunits per AMPA receptor com-
plex. However, receptors with reduced +y-7 stoichiometry show a
differential glutamate/CTZ pharmacology relative to y-7 plus
CNIH-2.

To ascertain whether these unique biophysical properties of
v-7-containing AMPA receptors are dependent on the principal
GluA subunit composition, we also studied GluA1/2 hetero-
mers with CNIH-2 and/or +y-7. We confirmed GluA2
incorporation via a linear -V relationship (data not shown).
GluA1/2 coexpressed with CNIH-2 possessed very low kainate/
glutamate ratios (Fig. 6A,C). Currents evoked from GluA1/2
plus -7 had low kainate/glutamate ratios but showed resensitizing
kinetics (Fig. 6A5, B,C). GluA1/2 heteromers in complex with both
v-7 and CNIH-2 showed non-resensitizing responses and
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(NIH-2 modulates y-7-containing AMPA receptor gating and pharmacology. A,—A,, Representative traces of kainate-
evoked, glutamate-evoked, and CTZ potentiation of glutamate-evoked currents from HEK 293T cells cotransfected with GluAT alone (4,),
tandem GluA1/~-7 plus GluA1 (A,; two TARPs), GluA1/~y-7 (A;; four TARPs), GluA1 plus y-7 (A,), GluAT plus CNIH-2 (4), or GluAT plus -y-7
plus CNIH-2 (44). B, Quantification reveals that four-TARP— but not two-TARP—y-7-containing AMPA receptors exhibit resensitization.
(NIH-2 occludes resensitization in -7 transfections. ¢, Whereas neither CNIH-2 nor -y-7 alone have much effect on fy, /I, cotransfection
of CNIH-2 with y-7 increases this ratio and constraining AMPA receptors to two -y-7 subunits further increases /I, D, Quantification of
glutamate-evoked steady-state current from various -7 transfections. E, Quantifying CTZ potentiation of glutamate-evoked currents
reveals that y-7 plus CNIH-2 and two-TARP y-7 AMPA receptors exhibit strikingly different degrees of CTZ potentiation (low potentiation
and high potentiation, respectively). p << 0.05 when compared with GluA1 alone (B—D) or GluAT plus y-7 (E). Numbers of repetitions are
indicated above the bar graphs. Summary data are mean == SEM.

glutamate-evoked currents with modest potentiation by CTZ
(Fig. 6A5,B,D,E). Similar to GluA1 homomers containing two
-7 subunits (Fig. 5), two-TARP y-7-containing GluA1/2 hetero-
mers have non-resensitizing glutamate-evoked currents with
high kainate/glutamate ratios and robust CTZ-mediated poten-
tiation of glutamate-evoked currents (Fig. 6 A,,B—E). Thus, y-7-
containing AMPA receptor pharmacology and gating are more
dependent on accessory subunit configuration rather than prin-
cipal GluA isoform composition.

AMPA receptors in stargazer Purkinje neurons resemble low
-7 stoichiometry

To determine how these features in heterologous cells compare
with native y-7-containing AMPA receptors, we evaluated cere-
bellar Purkinje neurons, which express y-7, y-2, and CNIH-2
(Lein et al., 2007; Schwenk et al., 2009). Previous studies showed



Gill et al. @ CNIH-2 Modulates AMPA Receptor/TARP Assembly

A

Glu

GluAl +GluA2 (0-TARP)

=

zoo A

A2 GluA1/y-7 +GluA2 (2-TARP)
Glu

| 2008

1s

A;

| 2008

1s

Lloo PA Lloo PA

ls

1s 1s

GluAl + GluA2 + y-7

Glu KA

Lluu PA

6 5 4

*

% resensitization m

GluA1 + GluA2
GluA1/y-7 + GluA2
GluA1 + GIUA2 + -7
GluA1 + GIuA2 + CNIH-2

GluA1 + GIUA2 + y-7 + CNIH-2
GluA1 + GluA2

GluA1/y-7 + GluA2
GluA1 + GIUA2 + -7
GluA1 + GIuA2 + CNIH-2

GluA1 + GIuA2 + y-7 + CNIH-2
GluA1 + GluA2

GluA1/y-7 + GluA2
GluA1 + GIUA2 + -7
GluA1 + GIuA2 + CNIH-2

GluA1 + GIuA2 + y-7 + CNIH-2

Figure 6.

GluA1/2 alone (Fisher's LSD). Summary data are mean = SEM.

that synaptic AMPA receptor currents in Purkinje neurons are
reduced 50-70% in stargazer mice (Hashimoto et al., 1999;
Menuz and Nicoll, 2008) and that y-2/y-7 double-knock-out
mice show a ~90% reduction (Yamazaki et al., 2010). Analysis of
acutely isolated Purkinje neurons from stargazer mice, which
lack -2, therefore provides a system to study neuronal y-7-
containing AMPA receptors. As previously reported (Menuz and
Nicoll, 2008), we find that extrasynaptic AMPA receptor re-
sponses elicited by glutamate plus CTZ are similar in stargazer
and wild-type Purkinje neurons (Fig. 7C,D,F). Unexpectedly,
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-7 and CNIH-2 interact to regulate gating and pharmacology of GluA1/2 heteromers. A,—A,, Representative traces
of kainate-, glutamate-, and CTZ plus glutamate-evoked responses from cells expressing GluA1/2 (4,), tandem GluA1/~y-7 plus
GluA2 (A,; two TARPs), GluA1/2 plus CNIH-2 (A;), GluA1/2 plus -y-7 (A,), or GluA1/2 plus -7 plus CNIH-2 (). Quantification of
resensitization (B) and /y,/I, ratios (C) from the GluA1/2 cotransfectants reveals that -y-7-induced resensitization is blocked by
either CNIH-2 or by reducing -7 stoichiometry. Only reducing -7 stoichiometry generates high /,//, ratios. D, Quantification
of glutamate-evoked steady-state current from various -y-7 transfections. E, Quantifying CTZ potentiation of glutamate-evoked
currents reveals that, among the accessory protein-containing AMPA receptor complex configurations, only two-TARP -y-7-
containing AMPA receptors exhibit strikingly high CTZ potentiation of glutamate-evoked currents. *p << 0.05 when compared with
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magnitude to the potentiation observed
with low y-7-containing AMPA receptors
(Fig. 7E,F). Furthermore, extrasynaptic
Purkinje neuron AMPA receptors from
stargazer mice display a high I /I, ratio
of ~17 and exhibit no resensitization (Fig.
7G,H). This unique combination of fea-
tures (very high I/, ratio and very
high CTZ potentiation) can be mimicked
only by recombinant AMPA receptors
containing a low y-7 stoichiometry with-
out coexpression of CNIH-2.

KA Glu

KA Glu

Hippocampal CNIH-2 surface
expression requires y-8

We previously showed that CNIH-2 is
present on the membrane surface in the
hippocampus where it modulates synaptic
function (Kato et al., 2010). By contrast,
our data in stargazer Purkinje neurons
suggest that CNIH-2 effects may be re-
stricted internally to control y-7 stoichi-
ometry. Because y-8 is highly expressed in
CA1 hippocampal neurons and stabilizes
hippocampal CNIH-2 protein expression
(Rouach et al., 2005), we wondered
whether -8 also modulates CNIH-2 sur-
face expression. Using a cell-impermeant
biotinylation reagent, we compared
CNIH-2 surface levels in hippocampi
from wild-type and -8 knock-out mice.
As previously published, we found that
GluA1/2, y-8, and CNIH-2 are expressed
on the surface of hippocampal slices,
whereas internally expressed B-tubulin
and synaptophysin are not (Fig. 8A). We
also confirmed previous reports that total
GluA1l (Rouach et al., 2005) and CNIH-2
levels (Kato et al., 2010) are reduced in y-8
knock-out hippocampus (Fig. 8A). Inter-
estingly, we found that the residual
CNIH-2 in y-8 knock-out hippocampus
is depleted from the cell surface (Fig.
8A,C). By contrast, knock-out of y-8 did
not abolish surface expression of the re-
sidual GluAl/2 proteins (Fig. 8A,C).
Thus, y-8 appears necessary for the sur-
face trafficking of CNIH-2 within the
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hippocampus.

Previous reports have indicated that CNIH-2 does not traffic
to the surface in cerebellar granule neurons (Shi et al., 2010). In
support, our AMPA receptor gating and pharmacological data
from stargazer Purkinje neurons resemble low stoichiometry
v-7-containing AMPA receptors (Figs. 6, 7). Assessing for
CNIH-2 surface expression in stargazer mouse cerebella, we ob-
served that CNIH-2 resided almost exclusively within cells,
whereas GluAl, GluA2, and y-7 were expressed at the plasma
membrane (Fig. 8 B,D).

however, we found a dramatic reduction in steady-state glutamate-evo-

ked currents in stargazer Purkinje neurons (Fig. 7 A, B,E). Impor-
tantly, when normalized to the glutamate-evoked current
magnitude, CTZ potentiates stargazer Purkinje neuron
glutamate-evoked currents ~150-200-fold, which was similar in

Discussion
This study demonstrates that resensitization observed in y-7- and

7v-8-containing AMPA receptor complexes requires a high stoi-
chiometry of these TARPs. CNIH-2 reduces TARP stoichiometry
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and produce receptors with distinctive A ++
pharmacologies. Recombinant AMPA re- Glu KA

Gill et al. @ CNIH-2 Modulates AMPA Receptor/TARP Assembly

B stg/stg E F

Glu

ceptors containing low y-7 stoichiometry —
replicate the gating and pharmacology
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surface in hippocampus in a 7y-8-
dependent manner but not in cerebellum,
which lacks y-8. Together, these results
indicate that CNIH-2 modulates the stoi-
chiometry of TARPs in diverse neuronal
types but that CNIH-2 associates at the
cell surface only with specific TARP-
containing AMPA receptors.
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CNIH-2 modulates GluA/TARP subunit
assembly to regulate channel gating

We reported previously that glutamate-
evoked currents from recombinant
AMPA receptors containing y-4, -7, or -8
show resensitization, a triphasic kinetic
signature that involves delayed accrual of current after initial
receptor desensitization (Kato et al., 2010). This resensitization is
observed only from certain TARP-containing recombinant
AMPA receptors but not from native neurons (Kato et al., 2010).
Here, we characterized these peculiar resensitization kinetics and
found they occur only in y-8- and y-7-containing AMPA recep-
tor complexes that are saturated with four TARPs per complex.

Recent studies investigated the stoichiometry of TARPs
within both native and recombinant AMPA receptors and as-
sessed the effect TARP stoichiometry has on AMPA receptor gat-
ing and pharmacology (Shi et al., 2009; Kim et al., 2010). Analysis
of AMPA receptor complexes from injected oocytes shows that
stoichiometry is not fixed and up to four TARPs can associate
within an AMPA receptor complex (Kim et al., 2010). Similarly,
TARP stoichiometry in neurons is variable (Shi et al., 2009) and
can be increased in certain neuronal types by TARP overexpres-
sion (Milstein et al., 2007). Our study in transfected cells shows
titrations of y-8 with GluA subunits could not reproducibly yield
receptors showing neuronal-like features. Heterologous assem-
bly preferentially formed receptors with high y-8 stoichiometry
(high kainate efficacy with resensitization). These data agree with
an oocytes expression study that also found a steep shift in TARP/
GluA1 assembly using GFP-tagged stargazin cotransfected with
GluAl (Kim et al., 2010).

Because CA1 hippocampal neurons exhibit high kainate effi-
cacy with no resensitization, a neuronal process not present in
recombinant cells must regulate GluA/TARP assembly. Recently,
we reported that CNIH-2 blunts resensitization while maintain-
ing the y-8-dependent pharmacology of CA1 hippocampal neu-
rons (Kato et al., 2010), suggesting that CNIH-2 could be the
relevant factor. Indeed, using blue native gels, we find that
CNIH-2 reduces the molecular weight of TARP-containing
AMPA receptor complexes. Furthermore, these native gels show that
CNIH-2 is present in the GluA/TARP complex. This finding sup-
ports previously reported data suggesting that CNIH-2 and TARPs
can interact with a common GluA receptor (Kato et al., 2010).
CNIH-2 also promotes trafficking of AMPA receptors through the
endoplasmic reticulum/Golgi apparatus (Schwenk et al., 2009; Shi et
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AMPA receptors from stargazer cerebellar Purkinje neurons resemble two-TARP -y-7-containing recombinant AMPA
receptors. A-D, Representative traces of glutamate-evoked, kainate-evoked, and CTZ-potentiated glutamate-evoked currents
from wild-type (+/+) and stargazer (stg/stg) cerebellar Purkinje neurons. E, Glutamate-evoked currents from stargazer Purkinje
neurons are reduced relative to wild-type Purkinje neurons. F, CTZ-potentiated glutamate-evoked currents from Purkinje neurons
from both stargazer and wild-type mice are similar. G, Glutamate-evoked AMPA receptor currents from wild-type and stargazer
cerebellar Purkinje neurons do not exhibit resensitization. H, Both wild-type and stargazer cerebellar Purkinje neurons receptors
exhibit high /I, Note that these /,,//,, ratios are similar to those from two-TARP -7 and different from four-TARP y-7 and
from -7 plus CNIH-2 AMPA receptors (dotted lines) (Fig. 5). *p << 0.05 when compared with wild-type littermate controls.

al., 2010). Thus, CNIH-2 serves multiple aspects of GluA/TARP as-
sembly and trafficking.

CNIH-2 modulates AMPA receptor gating and pharmacology
in diverse neuronal types

Immunohistochemical and in situ hybridization analyses show
that Purkinje neurons are enriched with +y-2, y-7, and CNIH-2
(Lein et al., 2007; Schwenk et al., 2009). The very high I /I, for
AMPA receptors in cerebellar Purkinje neurons from stargazer
mice was unexpected because previous studies showed that y-7
(Kato et al., 2007) or CNIH-2 (Shi et al., 2010) only modestly
increased I/l Coexpression of both y-7 and CNIH-2 in-
creases Iy A/l but not to the level found in stargazer Purkinje
neurons. Recapitulating the very high I /I, level found in star-
gazer Purkinje neurons was achieved only by constraining AMPA
receptors to contain two -7 subunits per AMPA receptor com-
plex. Importantly, we found that CNTH-2 does not occur on the
surface in cerebellar slices. Indeed, stargazer Purkinje neuronal
AMPA receptor gating and pharmacology was closely recapitu-
lated by recombinant receptor containing two -7 subunits.

We also observed that stargazer Purkinje neurons show only a
modest change in whole-cell currents elicited by glutamate plus
CTZ but a dramatic reduction in currents elicited by glutamate
alone. This suggests a primary role for y-2 in regulating gating
rather than trafficking of surface AMPA receptors in cerebellar
Purkinje neurons. This differs from cerebellar granule neurons
where y-2 plays a fundamental role in both surface trafficking
and gating AMPA receptors (Hashimoto et al., 1999; Chen et al.,
2000; Rouach et al., 2005; Fukaya et al., 2006). Of interest, we find
no difference in the surface-to-internal ratio of the residual
AMPA receptors in -8 knock-out hippocampus. One explana-
tion is that not all surface AMPA receptors in hippocampus con-
tain a TARP, or alternatively that other TARPs traffic the residual
AMPA receptors. Together, these unexpected findings under-
score TARP isoform and cell type dependence for surface traf-
ficking of AMPA receptors.

We recently observed that recombinant expression of GluA
subunits with both y-8 and CNIH-2 closely recapitulates prop-
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tophysin served as internal controls for surface expression.

erties of hippocampal CA1 AMPA receptors, but the mechanism
for functional interaction of y-8 and CNIH-2 was unclear (Kato
et al.,, 2010). Data here show that CNIH-2 acts on TARP-
containing receptors to modulate TARP/AMPA receptor stoichi-
ometry, and this alteration in TARP stoichiometry accounts for
many of the observed native neuronal phenotypes. Reducing the
stoichiometry of y-8 in AMPA receptor complexes, however, did
not produce AMPA receptors that comprehensively mimicked
CA1 hippocampal neuron pharmacology. Specifically compared
with four-TARP vy-8 receptors, Iy /I, in the presence of CTZ was
reduced in two-TARP 7y-8-containing receptors. This two-TARP
Ixa+cr s crz value matched previous findings with recombi-
nant constructs and differs from CA1 hippocampal neurons,
which, in this regard, resemble four-TARP y-8 AMPA receptors
(Shi et al., 2009). Based on these results, others concluded that
CA1 hippocampal neurons contain four y-8 subunits per AMPA
receptor complex (Shi et al., 2009). However, resensitization is a
kinetic signature of four-TARP -8 receptors, and the absence of
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Surface expression of neuronal CNIH-2 requires ~y-8. 4, In wild-type mouse hippocampus, GluA1, GluA2, TARPs, and
CNIH-2 occur on the surface. Knock-out of y-8 (y-8/7-8) reduced total levels of GluA1, GluA2, and CNIH-2 while selectively
depleting CNIH-2 from the surface in hippocampal slices. B, In cerebella from stargazer mice (stg/stg), CNIH-2 resides almost
exclusively within cells, whereas GluA1, GluA2, and -y-7 are present on the surface. The asterisk (*) denotes a nonspecific band in
biotinylated lysates that reacts with the secondary antibody. €, Quantification reveals a reduction in the surface expression of
(NIH-2 in extracts from the -8 knock-out hippocampus, whereas surface GluA isoform expression remains equivalent, relative to
wild-type hippocampus. D, CNIH-2 surface expression in stargazer cerebellum is absent, whereas GluA isoforms and -y-7 are
present at the plasma membrane. For both hippocampal and cerebellar surface biotinylation experiments, 3-tubulin and synap-
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Cerebellum  resensitization would seemingly suggest
that hippocampal AMPA receptor do not
have four -8 subunits. In addition, we
find that AMPA receptors containing four
TARPs show minimal potentiation of kai-
nate evoked currents by CTZ (Tomita et
al., 2007), and this also contrasts with the
pharmacology of hippocampal receptors
(Patneau et al., 1993).

We have shown that y-8 and CNIH-2
associate with a common AMPA receptor
(Kato et al., 2010), and we have demon-
strated that CNIH-2, in a y-8-dependent
manner, expresses on the surface of hip-
pocampal membranes. Indeed, CNIH-2
coexpression with y-8 and GluAl sub-
units reproduced the neuronal Iy, cry/
I +crz ratio. Thus, whereas CNIH-2
does not reach the surface of cerebellar
Purkinje neurons, the properties of hip-
pocampal CA1 AMPA receptors is consis-
tent with some CNIH-2 localized to
surface y-8-containing AMPA receptors.
In fact, knockdown of CNIH-2 in cul-
tured hippocampal neurons reduced CTZ
potentiation of kainate-evoked currents,
as would be predicted for CNIH-2 lacking
receptors (Kato et al., 2010). Future stud-

stg/stg

Surface

‘©
c
—
[}
=
=

CNIH-2

PTG E Y ies of CNIH-2 knock-out mice will help
3 ‘_5 I 23 address the essential roles for this acces-
0 o z n . .

oaz sory protein in adult neurons throughout

the brain.

Synaptophysin

Molecular mechanisms for assembly of
AMPA receptor complexes
How CNIH-2 modulates TARP stoichi-
ometry remains uncertain. The recently
reported crystal structure of full-length
GluA2 suggests some intriguing models
(Sobolevsky et al., 2009). This structure
shows that tetrameric GluA2 exhibits a
fourfold axis of symmetry for its trans-
membrane domain, whereas the extracel-
lular N-terminal and ligand-binding
domains display twofold axes of symme-
try (Sobolevsky et al., 2009). As up to four TARPs can bind to
AMPA receptor complexes (Kim et al., 2010), these auxiliary sub-
units likely interact in part with the fourfold symmetric trans-
membrane region. The number of CNIH-2 that binds to AMPA
receptors also remains uncertain. Because CNIH-2 is a very small
protein comprised in large part of transmembrane domains, it
too likely interacts in part with GluA transmembrane regions.
The twofold symmetric extracellular domain of tetrameric
AMPA receptors exhibits pairs of larger- and smaller-sized
grooves for potential interaction with accessory subunits (Sobo-
levsky et al., 2009). TARP modulation of channel function is
mediated by its large extracellular domain (Tomita et al., 2005),
whereas a small extracellular domain in CNIH-2 mediates its
augmentation of glutamate-evoked currents and occlusion of re-
sensitization (Kato etal., 2010). Thus, one might hypothesize that
CNIH-2 interacts with the smaller extracellular grooves in GluA
and thereby favorably competes with two of the four TARP sub-
units to reduce TARP stoichiometry. Future structural studies of
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AMPA receptors containing TARP and CNIH-2 proteins will
provide decisive insight regarding the molecular details for these
interactions and how they regulate AMPA receptor gating.

Multiple accessory proteins modulating channel glutamate
receptor function appears evolutionarily conserved. Functional
activity for glutamate receptor subunit GLR1 in Caenorhabditis
elegans requires both a TARP and a CUB domain-containing
protein, suppressor of Lurcher-1 (SOL-1) (Wang et al., 2008).
Whether a CNIH homolog also occurs in C. elegans and controls
TARP/SOL-1 stoichiometry also remains unknown. As differen-
tial assembly of AMPA receptors can profoundly modulate syn-
aptic function (Cho et al., 2007; Milstein et al., 2007), it will be
important to understand how this process is regulated and relates
to physiological and disease states.
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