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Regulated trafficking of AMPA receptors to cell surface and to synapses is an important determinant of neuronal excitability. In the
present study, we have addressed the role of agonist binding and desensitization in the early trafficking of glutamate receptor-D (GluR-D)
AMPA receptors. Analysis of point-mutated GluR-D receptors, via electrophysiology and immunofluorescence, revealed that agonist-
binding activity is essential for efficient delivery to cell surface in transfected cell lines and in neurons. Cotransfection with stargazin could
fully rescue the surface expression of nonbinding mutant receptors in cell lines, indicating that stargazin is able to interact with and
promote exit of AMPA receptors from endoplasmic reticulum (ER) independently of agonist binding. Secretion of separately expressed
ligand-binding domain constructs showed a similar dependency of agonist binding to that observed with full-length GluR-D, supporting
the idea that glutamate-induced closure of the binding site cleft is registered by ER quality control as a necessary priming step for
transport competence. In contrast to agonist binding, the ability of the receptor to undergo desensitization had only a minor influence on
trafficking. Our results are consistent with the hypothesis that AMPA receptors are synthesized as intrinsically unstable molecules, which
require glutamate binding for structural stability and for transport-competence.
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Introduction
Maturation of newly synthesized ionotropic glutamate receptors
(iGluR) in the rough endoplasmic reticulum is subject to exquis-
ite quality control mechanisms to ensure that only properly
folded and assembled receptors are capable of leaving the endo-
plasmic reticulum (ER) in an efficient manner (Vandenberghe
and Bredt, 2004). Consistent with findings on well characterized
model proteins, exit of iGluR from ER is likely to require a stably
folded oligomeric structure and may further depend on blocking
or shielding of specific sequence motifs which hinder export from
ER (for review, see Ellgaard and Helenius, 2003; Sitia and Braak-
man, 2003). Arginine-based ER retention signals (Michelsen et
al., 2005) have been identified in the NMDA receptor subunit
NR1 (Standley et al., 2000; Scott et al., 2001; Xia et al., 2001), in
the kainate receptor subunits KA2 (Ren et al., 2003a; Nasu-
Nishimura et al., 2006), and GluR5 splice variant 2b (Ren et al.,
2003b). For AMPA receptors, which form both GluR-B (GluR2)
subunit-containing heteromeric receptors and GluR-B-lacking
homomeric and heteromeric receptors, no such canonical ER

retention/retrieval motifs have been identified. However, an ar-
ginine residue uniquely present in the channel pore region of the
edited GluR-B subunit has been reported to regulate ER exit by
preventing the transport of homomeric GluR-B receptors (Gre-
ger et al., 2002, 2003). Another mechanism, based on an extracel-
lularly located splice form-specific valine/leucine residue, inhib-
its the ER exit of homomeric flop-type GluR-A and GluR-D
AMPA receptors (Coleman et al., 2006).

Point mutations in the agonist-binding domain of Caeno-
rhabditis elegans GLR-1 (Grunwald and Kaplan, 2003), mamma-
lian kainate (Mah et al., 2005; Valluru et al., 2005; Fleck, 2006;
Priel et al., 2006), and AMPA receptor subunits (Greger et al.,
2006) have been reported to impede the expression of the cognate
receptors on cell surface. The nature of the responsible mecha-
nism(s) and the importance of agonist-binding activity itself, for
the transport of AMPA receptors, are still poorly understood.
Further, AMPA receptors are unique in their association with
stargazin family regulatory proteins [transmembrane AMPA re-
ceptor regulatory proteins (TARPs)] (Chen et al., 2000; Tomita et
al., 2003). We investigated the early trafficking of GluR-D AMPA
receptors carrying mutations in the ligand-binding domain
(LBD) to eliminate agonist binding or desensitization. Our re-
sults indicate that agonist-binding activity is essential for the
transport of GluR-D to plasma membrane both in cell lines and
in neurons, whereas the ability to desensitize may play a less
critical role. Furthermore, we demonstrate that coexpression
with stargazin is able to overcome the transport block of the
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nonbinding AMPA receptor mutants in cell lines. Our results are
consistent with the hypothesis that both glutamate and stargazin
make additive incremental contributions to structural stability of
AMPA receptor ligand-binding domain and thereby promote the
exit of the receptor from the endoplasmic reticulum.

Materials and Methods
DNA constructs. Plasmids for the expression of wild-type and mutated full-
length AMPA receptor subunits in mammalian cells were constructed in
pcDNA3.1 (Stratagene). GluR-D flip (GluR-Di) and flop (GluR-Do) expres-
sion plasmids have been described previously (Pasternack et al., 2002;
Coleman et al., 2006). GluR-Di point mutations R507K, E727D, and E727Q
were made by replacing the wild-type restriction fragment with the corre-
sponding fragment in the respective mutant construct made originally in the
insect cell vector pFastbac1 (Jouppila et al., 2002). The L505Y mutation was
introduced in pFastbac1 by overlap extension PCR with mutagenic primers.
All GluR-Di constructs, except for L505Y (untagged), contained a Flag
epitope inserted between the signal peptide and the first residue of the pre-
dicted mature polypeptide (alanine-22). Wild-type and mutated GluR-D
S1S2 fusion protein cDNAs (Lampinen et al., 1998, 2002) were transferred
from pFastbac1 as NheI-HindIII fragments into pEGFP-C1 (Clontech), re-
placing the green fluorescent protein (GFP) sequence as described previ-
ously (Coleman et al., 2006).

Antibodies. Primary antibodies used in immunofluorescence staining
were monoclonal M1 anti-Flag (Sigma; 5 �g/ml), and Fab7 and Fab22 (both
at 10 �g/ml) (Jespersen et al., 2000). Secondary antibody used was Cy3-
conjugated anti-mouse (7 �g/ml) from Jackson ImmunoResearch Labora-
tories. For immunoblotting, anti-GluR-BDLONG (Coleman et al., 2006) or
anti-stargazin (1:5000) made in-house were used. Commercial antibodies
used were rabbit anti-myc (AbCam; 0.1 �g/ml) and rabbit anti-NMDAR1
(Chemicon; 0.2 �g/ml); secondary antibody used was anti-rabbit conju-
gated to horseradish peroxidase (Amersham Biosciences; 1:5000).

Cell culture and transfection. HEK293 and COS-7 cells were cultured
and transfected as described previously (Coleman et al., 2003). For coex-
pression, cDNAs were transfected at a 1:1 ratio. For drug treatments, 50
�M 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione
(NBQX) (Tocris) in DMSO or 100 �M 1-(4-aminophenyl)-4-methyl-
7,8-methylenedioxy-5H-2,3-benzodiazepine hydrochloride (GYKI-
52466) (Tocris) in ethanol was added immediately after transfection;
control cells received vehicle only. The cells were analyzed as described
below. For patch clamp experiments, the cells were cotransfected with
pEGFP-C1 for visualization of GFP fluorescence. Primary cortical neu-
rons were isolated from embryonic day 18 mouse embryos and trans-
fected after 10 d in vitro (d.i.v.) and analyzed at 14 d.i.v. as previously
described (Cai et al., 2006).

Electrophysiology. Whole-cell patch clamp recordings were made from
GFP-positive HEK293 cells with Axopatch 200B amplifier and Clampex
8.2 software (Molecular Devices) (Möykkynen et al., 2003). Electrodes
were pulled from borosilicate glass capillaries (World Precision Instru-
ments) and had a resistance of 4 – 6 M� when filled with internal solution
containing (in mM): N-methyl-D-glucamine 100; CH3SO3H 100; CsF 40;
MgCl2 10; HEPES 10; EGTA 5, pH 7.4. The cells were continuously
perfused with recording solution containing (in mM): NaCl 150; KCl 2.5;
CaCl2 2.5; MgCl2 1; HEPES 10; glucose 10, pH 7.4. Glutamate was dis-
solved in the recording solution and the pH of the solution was adjusted
to 7.4. Glutamate was applied to the cells using a stepper motor driven
applicator (Warner Instrument). The recordings were digitized using a
Digidata 1322A analog to digital converter (Molecular Devices) with a
sampling rate of 10 kHz and filtering using a lowpass bassel filter at 1 kHz.
Each glutamate application was done twice and traces were averaged.
Prism 4.0 software (GraphPad) was used for the statistical analysis.

Immunofluorescence analysis. Transfected COS-7 cells were fixed and
immunostained 40 h after transfection, as previously described
(Coleman et al., 2006). Neuronal staining was done as described (Cai et
al., 2006). Images were obtained and analyzed as previously described
(Cai et al., 2006; Coleman et al., 2006) with an Olympus Provis AX70
epifluorescence microscope coupled to a Photometrics SenSys air-cooled
CCD camera and Image ProPlus software.

Cell surface biotinylation, protein secretion, and immunoblot quantifica-
tion. Transfected HEK293 cells were biotinylated with EZ-Link Sulfo-
NHS-SS-Biotin (Pierce) as described previously (Coleman et al., 2006).
Triton X-100 extracts were bound to streptavidin-conjugated Sepharose
(Amersham Biosciences), and precipitated proteins were harvested and
analyzed as described earlier (Coleman et al., 2003). For analysis of
GluR-D S1S2 construct secretion, growth media were collected from
transfected HEK293 cells 40 h after transfection, and 1 mM PMSF was
added. Cell debris was pelleted by centrifugation (1500 � g, 5 min, 4°C).
Samples of media and total cell extracts prepared in Triton X-100 were
analyzed by SDS-PAGE and immunoblotting (Coleman et al., 2003).
Immunoblots were scanned via Adobe Photoshop and analyzed using
Image ProPlus software as described (Coleman et al., 2006).

Endoglycosidase H treatment. Triton X-100 extracts from transfected
cells were incubated with Endoglycosidase H (New England Biolabs)
according to manufacturer’s instructions and as previously described
(Coleman et al., 2006).

Statistical analysis. Statistical analyses of the electrophysiological and
ligand-binding data were performed by using GraphPad Prism 4.02
(GraphPad Software). Numerical data are expressed as arithmetic
mean � SEM, or as the mean with its 95% confidence interval in paren-
theses, as indicated.

Results
Ligand-binding domain mutations for transport studies
To study the role of agonist binding in cellular transport of
AMPA receptors, we engineered mutations in the flip isoform of
GluR-D (GluR-Di), which is efficiently expressed on the plasma
membrane in transfected COS-7, HeLa, and HEK293 cells,
whereas the flop isoform is retained in the ER (Coleman et al.,
2006). We focused on two key residues directly involved in ago-
nist binding, arginine-507 (R507) and glutamate-727 (E727)
(Fig. 1). R507 is homologous to GluR-B (GluR2) R506, which
interacts with the �-carboxylate of glutamate and other agonists,
whereas E727 (corresponding to GluR-B E726) has hydrogen
bond and coulombic interaction with the �-amino group of the
agonist (Fig. 1B). Previous studies have demonstrated that even
the relatively conservative R507K and E727Q mutations lead to a
complete or near-complete loss of agonist-binding activity as de-
termined by radioligand ([ 3H]AMPA) binding assay or by fluo-
rescence titration, whereas E727D mutation preserves binding,
although with somewhat lowered affinity for glutamate (Lampi-
nen et al., 1998; Abele et al., 2000; Jouppila et al., 2002). To
analyze the role of desensitization, we used a leucine-to-tyrosine
mutation (L505Y), which in other AMPA receptor subunits leads
to loss of desensitization (Stern-Bach et al., 1998; Robert et al.,
2001; Sun et al., 2002). This residue does not make any direct
contacts with the agonist. Rather, it contributes to a subunit in-
terface which is presumably characteristic of the short-lived ac-
tive (non-desensitized) conformation and is stabilized by the ty-
rosine mutation (Sun et al., 2002). Consistent with this structural
information, the L505Y mutation, introduced either in the full-
length GluR-D or in the S1S2 ligand-binding domain construct,
did not significantly affect the agonist-binding properties in ra-
dioligand binding assay (supplemental Table 1, available at
www.jneurosci.org as supplemental material).

To verify the functional status of the mutant receptors, whole-
cell patch clamp recordings were made from transfected HEK293
cells (Fig. 2). L-Glutamate (10 mM) elicited rapidly desensitizing
currents in both wild-type (wt) and E727D receptor channels
(Fig. 2A), whereas no responses could be recorded for R507K and
E727Q mutants in agreement with their inactivity in agonist
binding (Jouppila et al., 2002). Glutamate responses showed sim-
ilar rates of desensitization for wild-type and E727D channels;
time constant for dissociation, �des, was 5.1 � 0.30 ms (n � 16)
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for wt GluR-Di and 5.8 � 0.36 ms (n � 9) for E727D. A substan-
tial non-desensitizing steady state current was observed with the
E727D mutant but not with wt GluR-D (Fig. 2A). Glutamate
triggered a robust non-desensitizing current in GluR-D L505Y
channels (Fig. 2A), in agreement with earlier findings in other
AMPA receptor subunits (Stern-Bach et al., 1998; Robert et al.,
2001, Sun et al., 2002; Mitchell and Fleck, 2007). Responses to
AMPA (100 �M) were qualitatively similar to those obtained with
glutamate, except that L505Y channels showed an initial desen-
sitizing component in addition to the sustained non-
desensitizing current (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Dose–response analysis
revealed that L505Y and E727D mutations exert strong but op-
posite effects on glutamate potency: the former produced a 40-
fold increase, whereas the E727D channels showed a 32-fold de-
crease in potency (Fig. 2B). The corresponding EC50 values were

49 (47–52) �M, 2.0 (1.6 –2.5) mM, and 64 (41–98) mM for L505Y,
wild-type, and E727D GluR-Di channels, respectively. The left-
ward shift in the glutamate dose–response curve of L505Y is con-
sistent with reported effects of analogous mutations in other sub-
units (Stern-Bach et al., 1998; Robert et al., 2001; Mitchell and
Fleck, 2007). In contrast to glutamate, AMPA potencies were not
strongly affected by the mutations: EC50 values were 86 (81–91)
�M for wt GluR-Di, 100 (95–105) �M for E727D, and 30 (24 –38)
�M for L505Y mutant (Fig. 2B).

Elimination of agonist binding prevents trafficking of GluR-
D to cell surface
We analyzed the cellular localization of GluR-Di mutants in
transfected COS-7 cells by immunofluorescence microscopy.
Comparison of anti-Flag immunostaining in permeabilized and
nonpermeabilized cells indicated that while all constructs had

Figure 1. Location of the mutated residues. A, Sequence alignment indicating the positions of the residues corresponding to GluR-D L505Y (yellow), R507 (blue), T677 (green), and E727 (red) in
AMPA receptor subunit GluR-B, kainate receptor subunits GluR6 and KA-2, NMDA receptor subunit NR2A, and Caenorhabditis elegans GLR-1. Sequence numbering starts from first methionine, thus
including the signal peptide. B, Model of GluR-B S1S2 in complex with glutamate (1FTJ) (Armstrong and Gouaux, 2000) showing the residues equivalent to GluR-D residues L505, R507, T677, and
E727. Color codes are as before. Bound glutamate is shown as van der Waals spheres. The figure was prepared by using iMol (courtesy of P. Rotkiewicz, Burnham Institute for Medical Research, La
Jolla, CA).
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closely similar overall expression levels,
the nonbinding R507K and E727Q mutant
receptors were largely absent from cell sur-
face, whereas wt GluR-Di and the E727D
mutant showed intense surface staining
(Fig. 3A). Because the Flag epitope was not
present in the GluR-Di L505Y construct,
we used the monoclonal antibody Fab7
(Jespersen et al., 2000) for staining. This
antibody is specific for a common
N-terminal epitope in GluR-B and -D sub-
units. L505Y receptors were expressed in
COS-7 cells as indicated by robust staining
in permeabilized cells, but in contrast to
bright Fab7 surface labeling of wt GluR-Di,
only minimal L505Y staining was detected
on the plasma membrane (supplemental
Fig. 2, available at www.jneurosci.org as
supplemental material) (Fig. 3A). We no-
ticed that cultures transfected for expres-
sion of L505Y channels frequently con-
tained floating/dead cells, prompting us to
consider the possibility that moderate ex-
pression of the non-desensitizing GluR-Di

L505Y channels may be toxic for the cells.
The previously described electrophysiol-
ogy results could result from low levels of
channel expression, as detected by a more
sensitive technique. Therefore, a similar
immunostaining was performed for cells
transfected and maintained in the contin-
uous presence of NBQX, a competitive antagonist. Consistent
with the predicted toxicity of L505Y expression, inclusion of
NBQX (50 �M) in the culture medium led to a dramatic increase
in the surface expression of L505Y, albeit not to wt GluR-Di levels
(Fig. 3C). In contrast, NBQX did not improve plasma membrane
expression of the nonbinding R507K or E727Q mutants, nor did
it have any effect on wt GluR-Di or GluR-Do, or E727D (Fig. 3B)
(supplemental Figs. 3, 4, available at www.jneurosci.org as sup-
plemental material). Furthermore, GYKI-52466 (100 �M), a
noncompetitive AMPA receptor antagonist, increased the sur-
face expression of L505Y but not of the R507K mutant, similarly
to what was observed with NBQX (supplemental Fig. 4, available
at www.jneurosci.org as supplemental material).

To quantify the relative levels of cell surface expression of
mutated GluR-D receptors, we used membrane impermeant bi-
otinylation of transfected HEK293 cells (in the absence of
NBQX). GluR-Di and the point-mutated receptors were ex-
pressed at similar levels as indicated by immunoblots probed
with anti-BDLONG, which recognizes the cytoplasmic C terminus
of GluR-D (Coleman et al., 2006) (Fig. 4A,C). In good agreement
with fluorescence microscopy, only wt GluR-Di and the E727D
mutant were labeled with biotin (Fig. 4A,B). Plasma membrane
levels of the GluR-Di mutants R507K, L505Y, and E727Q were
low and in the same range as those of the wild-type flop isoform,
retained in the ER in transfected cell lines (Fig. 4A,B) (Coleman
et al., 2006). Next, we determined the sensitivity of GluR-Di mu-
tants to endoglycosidase H (EndoH) to identify the step in the
secretory pathway affected by ligand-binding domain mutations.
Of the four mutant receptors, only E727D showed resistance to
EndoH as indicated by the separation of the broad receptor band
into a doublet in SDS-PAGE (Fig. 4D). The extent of EndoH-
resistance of GluR-Di E727D (�50%) was similar to that previ-

ously observed for wt GluR-Di (Coleman et al., 2006). In con-
trast, E727Q, R507K, and L505Y mutants were fully sensitive to
EndoH treatment suggesting that the receptor mutants unable to
reach the cell surface are primarily retained in the ER.

LBD mutations block transport independently of the
transmembrane and cytoplasmic domains of GluR-D
To find out whether the transport effects exerted by LBD muta-
tions were entirely dependent on the native-like tetrameric struc-
ture or whether they could also manifest independently, by the
LBD itself, we analyzed the secretion of S1S2 LBD constructs. In
addition to the mutations tested in the full-length receptor, we
included two further mutants, E727A and T677A; neither had
activity in [ 3H]AMPA binding assay (Lampinen et al., 1998,
2002). In GluR-B, the equivalent threonine residue to T677 forms
essential interactions with the �-carboxylate of glutamate (Arm-
strong and Gouaux, 2000). Immunoblot analysis of media and
cell extracts of transfected HEK293 cells revealed that wt GluR-Di

S1S2 and the E727D mutant were efficiently secreted into the
culture medium, and the L505Y mutant showed an intermediate
level of secretion, whereas all nonbinding mutant proteins were
retained in the cells (Fig. 5A,B). These findings correlate well
with those obtained with the full-length receptor constructs, in-
cluding the contrasting behaviors of the flip and flop isoforms
(Fig. 5) (Coleman et al., 2006), and strongly suggest that binding
of an endogenous agonist (glutamate) to the LBD is obligatory for
trafficking of GluR-Di forward from the ER. In addition, the
results indicate that the integrity of the LBD can be monitored by
cellular quality control independently of the assembled multi-
meric structure.

Figure 2. Electrophysiological characterization of point-mutated GluR-D channels expressed in HEK293 cells. A, Representa-
tive current responses to L-glutamate (10 mM; horizontal bar) for wild-type GluR-Di and mutant channels. Note the different scales
for wild type versus mutants. E727Q and R507K mutant channels showed no response to 10 mM glutamate application. B,
Dose–response curves for L-glutamate and AMPA obtained for wt GluR-Di and for the E727D and L505Y mutants.
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Transport defect of GluR-D LBD mutants is rescued by
stargazin coexpression
In neurons and in cell lines, transport of AMPA receptors from
ER to cell surface is strongly promoted by stargazin and other
TARPs (Chen et al., 2000; Vandenberghe et al., 2005a). Stargazin
increases the surface expression of a non-desensitizing GluR-A mu-
tant (L497Y) in oocytes but does not effect the surface expression
level of the constitutively active Lurcher-like mutant (Tomita et al.,
2007), indicating that the underlying molecular interactions are de-
pendent on specific receptor conformations. Because the effects of

binding site mutations have not previously been analyzed, it was of
interest to examine whether the trafficking of GluR-Di mutants
would be influenced by the presence of stargazin. Unexpectedly, all
GluR-Di mutant receptors, including the nonbinding R507K and
E727Q receptors, became readily detectable by cell surface biotiny-
lation when coexpressed with stargazin (Fig. 6A, top panel). Densi-
tometric analysis of the blots indicated similar overall expression
levels and steady-state surface levels for all constructs (Fig. 6B,C),
although the surface expression of L505Y and E727D mutants
showed more variation than others, and, respectively, appeared

Figure 3. Immunofluoresence staining of point-mutated GluR-D receptors expressed in transfected COS-7 cells. The labeling was performed under nonpermeabilized conditions to reveal the
surface staining, whereas the permeabilized staining indicates the total expression. Anti-Flag was used for all constructs except for L505Y, which lacks the Flag epitope, and was stained with
monoclonal antibody Fab7 [see supplemental Fig. 2 (available at www.jneurosci.org as supplemental material) for additional controls]. A, No surface expression is observed in cells expressing
nonbinding GluR-Di mutants R507K and E727Q or for the non-desensitizing mutant L505Y. B, C, Inclusion of NBQX, a high-affinity competitive antagonist, has no effect on GluR-Di R507K (B) but
rescues the surface expression of GluR-Di L505Y (C). Graphs show quantification of antibody surface labeling of cells expressing indicated constructs in the presence and absence of NBQX from the
time of transfection.

Coleman et al. • Ligand Binding and AMPAR Trafficking J. Neurosci., January 14, 2009 • 29(2):303–312 • 307



somewhat lower and higher than the wild-
type level (Fig. 6B). The differences had no
statistical significance, however. These re-
sults demonstrate that stargazin is able to in-
teract with and promote the trafficking of
AMPA receptor mutants incapable of ago-
nist binding.

Interestingly, stargazin changed the
electrophoretic banding pattern of the
mutant receptors. In the absence of starga-
zin, both wild-type and mutated receptors
migrated as a single major band (Fig. 4A,
bottom panel), whereas in the presence of
stargazin, all GluR-D constructs except for
wt GluR-Di resolved as clear doublets (Fig.
6A, middle panel). This is suggestive of a
less stringent coupling between glycan
processing and passage through the secre-
tory pathway for GluR-Di in the presence
of stargazin. To ascertain whether starga-
zin expression could cause a general relax-
ation of ER quality control, we examined
the transport to cell surface of GluR-
Di�22–162, a deletion mutant not trans-
ported to the cell surface, most probably
caused by incomplete folding in the ab-
sence of a substantial N-terminal polypep-
tide fragment (Pasternack et al., 2002). As
an additional control, we used the NR1a
subunit of the NMDA receptor, which is
poorly expressed on the cell surface when
expressed without NR2A or 2B subunits
(McIlhinney et al.,1998; Okabe et al.,
1999). As determined by biotinylation as-
say, GluR-Di�22–162 and NR1a showed a
minimal presence on the plasma mem-
brane in transfected HEK293 cells both in
the absence and in the presence of starga-
zin (supplemental Fig. 5A,B, available at
www.jneurosci.org as supplemental mate-
rial). Thus, stargazin does not induce a
general, nonspecific relaxation in quality
control of the secretory pathway. Further-
more, the ineffectiveness of stargazin with
GluR-Di�22–162, a mutant receptor likely to have a gross folding
defect, is consistent with the notion that stargazin interacts only
with nearly or completely folded/assembled AMPA receptors
(Vandenberghe et al., 2005b).

LBD mutations prevent transport of GluR-D to cell surface in
cultured cortical neurons
The heterologous expression studies discussed above were per-
formed in cell lines (COS-7, HEK293) that are well characterized
model systems suitable for the analysis of general features and
mechanisms of protein folding and transport; however, they do
not natively express GluR-D or other AMPA receptor subunits.
Therefore, it was important to complement the investigation
with studies in neuronal cells that do endogenously express
GluR-D on cell surface. For this purpose, we used cultured mouse
cortical neurons. Immunofluorescence labeling with GluR-D N
terminus-specific monoclonal antibody Fab22 (Jespersen et al.,
2000) showed a punctate pattern of surface staining which be-
came gradually more pronounced as the cultures approached

maturity (supplemental Fig. 6, available at www.jneurosci.org as
supplemental material).

To examine the role of agonist-binding activity in neuronal
receptor transport, the cortical neurons were cotransfected with
GFP and GluR-D cDNAs at 10 d.i.v. and visualized for GFP ex-
pression and anti-Flag surface staining at 14 d.i.v., a time when
the endogenous GluR-D is well expressed. Clear and intense sur-
face labeling was seen for recombinant GluR-Di and GluR-Do

receptors, demonstrating that the block in the ER exit observed
for GluR-Do in cell lines is not present in cortical neurons. In
contrast, the nonbinding GluR-Di mutants R507K and E727Q,
which also displayed a transport block in cell lines (in the absence
of stargazin), did not show any surface expression in transfected
neurons (Fig. 7). Because cortical neurons express stargazin and
related TARPs (Tomita et al., 2003), the specific trafficking defect
observed for the nonbinding GluR-D mutants implies differences
in the quality control mechanisms and trafficking checkpoints
between neurons and heterologous cells.

Figure 4. Consistent differences in cellular localization of mutated GluR-D receptors in HEK293 cells. A, Immunoblot of biotin-
ylated surface-expressed receptors in transfected HEK293 cells. Blots were probed with anti-BDLONG serum. B, C, Quantification of
surface (B) and total (C) levels of GluR-D protein expression relative to wt GluR-Di. Error bars indicate mean � SD, n � 4. D, EndoH
sensitivity indicates an ER exit block for the mutated GluR-Di receptors. Extracts of transfected HEK293 cells were immunoprecipi-
tated with Fab7 antibody, treated with endoglycosidase H as indicated to cleave immature high-mannose glycans, and analyzed
by anti-BDLONG immunoblotting.
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Discussion
Our findings demonstrate that agonist-
binding ability is indispensable for
GluR-D AMPA receptor maturation and
further suggest that glutamate-induced
closure of the binding site cleft is registered
by ER quality control as a necessary prim-
ing step for transport competence. In dis-
cussion of the underlying mechanisms, we
will initially focus on agonist binding, as
the sole crucial step, followed by consider-
ation of the role of agonist-induced con-
formational shifts.

In its nascent state, the receptor is likely
to have a relatively unstable structure with
local unfolding favoring retention in the
ER through recurrent interactions with lu-
minal and transmembrane chaperones. It
is conceivable that binding of endogenous
glutamate and subsequent closure of the
binding site cleft would provide structural
stabilization, which may in itself push the
receptor on to the forward pathway. Such
a mechanism has been proposed for the
effects of “pharmacological chaperones”
on G-protein-coupled receptor trafficking
(Morello et al., 2000; Petäjä-Repo et al.,
2002). Calorimetric and spectroscopic
studies actually indicate that glutamate
binding confers substantial stability to
GluR-D ligand-binding domain: Thermal
denaturation point (Tm) of GluR-D S1S2
protein is �35�38°C in the absence and
� 49°C in the presence of a saturating con-
centration of glutamate (Madden et al.,
2000; Pasternack et al., 2003). Although
corresponding data for the full-length
GluR-D or other AMPA receptor subunits
are not available, it is intriguing that these
Tm values suggest that under physiological
conditions, association with glutamate
would confer substantial stability to the
otherwise metastable AMPA receptors. In-
dependent support comes from the find-
ings that nonbinding AMPA receptor mu-
tants are fully transport competent when
expressed in insect cells, which are cul-
tured at �27�28°C, well below the Tm of
S1S2: GluR-D S1S2 mutants R507K and
E727Q are efficiently secreted to culture
medium (Lampinen et al., 1998), and full-
length GluR-A(R481K) mutant, corre-
sponding to R507K, is expressed on the cell
surface at wild-type level (Kawamoto et al.,
1997).

Next, we consider the role of additional
glutamate-driven conformational shifts
typical of AMPA receptor activity cycle
(for review, see Mayer, 2006; Greger et al.,
2007). A pore-loop mutation (Q608R)
that eliminates homomeric channel activ-
ity has no effect on GluR-D surface expres-

Figure 5. Secretion of GluR-D S1S2 ligand-binding domain constructs from transfected HEK293 cells. A, Anti-Myc immuno-
blots of HEK293 growth media (A) and Triton X-100 extracts (B) of cells collected 40 h after transfection. B, Quantification of the
immunoblots. Ratios of secreted and cell-associated immunoreactivities are shown in relation to wt GluR-Di S1S2, given an
arbitrary value of 100%. The values and error bars correspond to a minimum of three independent experiments.

Figure 6. Coexpression with stargazin rescues the surface expression of GluR-Di mutants in HEK293 cells. A, Biotinyla-
tion assay indicating levels of surface-expressed and total GluR-Di mutants and total stargazin levels as detected by
immunoblotting with anti-BDLONG serum (top and middle) and with anti-stargazin serum (bottom). B, C, Quantification of
surface (B) and total (C) GluR-D protein expression in HEK293 cells relative to wt GluR-Di. Error bars indicate mean � SD,
n � 4. For controls in the absence of stargazin, see Figure 4 A–C, representative of an experiment performed in parallel
and under identical conditions.
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sion (Coleman et al., 2006), excluding the
requirement for ion channel activity in
forward trafficking, consistent with obser-
vations on other AMPA receptor subunits
(Fleck, 2006). However, activity-related
conformational transitions, in particular,
desensitization, may still be essential for
ER exit. The non-desensitizing GluR-B
mutant (L504Y) has a poor surface expres-
sion in neurons, whereas a mutation
(N768D) that accelerates desensitization
has the opposite effect (Greger et al., 2006,
2007). Desensitization also seems impor-
tant in kainate receptor trafficking, as mu-
tant GluR6 receptors locked in a non-
desensitizing conformation are poorly
transported to cell surface (Priel et al.,
2006). Consistent with these studies, we
found that the non-desensitizing GluR-Di

mutant L505Y does indeed have impaired
cell surface expression. However, this was
largely corrected by inclusion of an antag-
onist (NBQX or GYKI-54266) in the cul-
tures. Obviously, the non-desensitizing,
Ca 2�-conductive mutant channels are
toxic; much like heterologously expressed
NR1a/NR2A NMDA receptors (Cik et al.,
1993). Changes in membrane properties
and/or loss of dying cells by shedding in
the medium would readily account for the
difficulties in visualizing L505Y transfec-
tants in the absence of antagonist. How-
ever, some findings do suggest that addi-
tional factors, unique to the structural
features of the mutant protein, may ac-
count for a minor part of the transport
defect. First, the antagonist treatments
did not completely rescue the surface ex-
pression of L505Y, suggestive of a re-
maining inherent defect. Second, L505Y
S1S2 protein was secreted to the culture
medium at a lower level than the other
agonist-binding constructs (wt, E727D).
Possibly, the highly stable dimer inter-
face conferred by the leucine-to-tyrosine
mutation, also present in the mutant
S1S2 (Sun et al., 2002), interferes with
the normal folding and maturation pro-
cess. Therefore, consistent with what has
been suggested for other AMPA and kai-
nate receptors (Priel et al., 2006; Greger
et al., 2007), the ability to desensitize
may be involved in the maturation/early
trafficking of GluR-D as well, but for
GluR-D, the role of desensitization is clearly of minor impor-
tance relative to agonist binding itself.

An implicit assumption of the above-discussed scenarios is
that physiological glutamate concentrations in the ER are high
enough to cause a significant occupancy of AMPA receptors.
Unfortunately, the actual glutamate levels are not known, but
glutamate is present in the ER and other compartments of the
secretory pathway in amounts detectable by immunochemical
staining (Meeker et al., 1989). Based on studies with synthetic

model compounds, the ER membrane, unlike most other cel-
lular membranes, is permeable to small molecules (Le Gall et
al., 2004). If this applies to glutamate, with cytosolic concen-
trations in the range of 1–10 mM (Ishikawa et al., 2002), AMPA
receptors would be well saturated by agonist from early on in

their biosynthetic route, even if luminal glutamate concentra-
tions were at somewhat lower levels.

The finding that coexpression with stargazin completely res-
cued the surface expression of nonbinding GluR-Di mutants in

Figure 7. Expression of GluR-Di , GluR-Do , and GluR-Di mutants R507K and E727Q in mouse cortical neuronal cultures. Trans-
fected neurons were identified by GFP fluorescence. Surface expression was examined by labeling nonpermeabilized cells with
anti-Flag.
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cell lines has implications for understanding stargazin-AMPA
receptor interaction in the ER. The role of agonist binding in
stargazin-AMPA receptor interaction is poorly understood; pro-
longed exposure to glutamate dissociates the stargazin-AMPA
receptor complex (Tomita et al., 2004), although this may de-
pend on the preparation (Vandenberghe et al., 2005b). Studies
with chimeric TARPs imply extensive extracellular, transmem-
brane, and cytoplasmic interactions with AMPA receptors (To-
mita et al., 2004), but the actual AMPA receptor regions con-
tacted by stargazin have not yet been fully defined. The present
findings indicate that stargazin can interact with and promote
AMPA receptor trafficking in the absence of bound agonist. This
suggests that contacts with the closed binding cleft or with the
short-lived subunit interface, typical of the active non-
desensitized conformation, have a more minor role than other
interaction sites. The latter may include the linker regions be-
tween the ligand-binding domain and the transmembrane do-
mains (Milstein and Nicoll, 2008); electron microscopy studies of
AMPA receptors purified from native tissue show a transmem-
brane or juxtamembrane location for the majority of TARP-
assigned electron density (Nakagawa et al., 2005).

It is enlightening to relate our findings to the potential mech-
anisms underlying stargazin’s chaperone-like activity on AMPA
receptors. Stargazin may directly participate in subunit assembly,
mask ER retention signals still present in the tetrameric channels
and/or improve the structural stability of the receptor. Lack of
association of stargazin with monomeric and dimeric subunit
species in cerebellar extracts and the lack of excess, nonassembled
subunits in stargazer mutant mice argue against a major role in
the assembly, and suggest that stargazin associates exclusively
with tetrameric receptors (Vandenberghe et al., 2005b). It is dif-
ficult to distinguish between the two remaining mechanisms
mentioned above, especially as features typical of local unfolding
are likely to serve as ER retention signals. For example, the com-
plete rescue by stargazin of the ER transport block of GluR-Do,
assigned to amino acid 780 (Coleman et al., 2006), is consistent
with both mechanisms, masking a flop-specific retention signal
(Leu780) or alternatively, providing additional stability for ER
exit. However, the well trafficked GluR-Di isoform lacks any ob-
vious retention signals. Therefore, the dramatic increase in the
surface expression of the nonbinding GluR-Di mutants in the
presence of stargazin is best explained by an ability to increase the
structural stability of the receptor, in an agonist-independent
manner. In fact, because of its firm association with AMPA re-
ceptors, stargazin has been termed an auxiliary AMPA receptor
subunit (Fukata et al., 2005; Vandenberghe et al., 2005b), a situ-
ation consistent with a mutually stabilizing relationship between
the molecules. Furthermore, the induction of unfolded protein
response in cerebellar granule cells of stargazer mice suggests that
stargazin suppresses local unfolding of AMPA receptors, in
agreement with a role in stabilizing AMPA receptor structure in
the ER (Vandenberghe et al., 2005a).

In contrast to cell lines cotransfected with stargazin, the inac-
tive binding site mutants R507K and E727Q were not expressed
on the surface of transfected cortical neurons, indicating that
endogenous TARP expression is not sufficient to overcome the
transport block caused by the absence of bound glutamate. This
finding emphasizes the crucial role of agonist binding for the
transport of AMPA receptors to neuronal plasma membrane.
Whether the apparent discrepancy between the neuronal and cell
line transfectants is attributable to differences in concentrations
of ER folding machinery components, insufficient levels of en-

dogenous TARP, or the existence of additional neuron-specific
quality control checkpoints, is unclear.

In conclusion, our findings invoke the hypothesis that AMPA
receptors are synthesized as intrinsically unstable molecules,
which require bound glutamate for structural stability and
transport-competence. Thus, glutamate, binding early in the bio-
genesis, may be regarded either as a small-molecule chaperone or
as a structural part of the intracellular AMPA receptor complex,
to be disposed of by dissociation as the receptor reaches the cell
surface. Additional stability may be provided by stargazin (and
other TARPs) as part of the native complex. Considering the close
structural similarity and related findings with other iGluR
(Grunwald and Kaplan, 2003; Mah et al., 2005; Valluru et al.,
2005), the requirement for agonist binding may be a general
property of iGluR maturation.
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