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ABSTRACT
Synaptic plasticity at excitatory synapses in the brain is largely
achieved by rapid changes in the number of synaptic �-amino-
3-hydroxyl-5-methyl-4-isoxazolepropionate (AMPA) receptors.
Stargazin, a membrane protein that interacts with AMPA recep-
tors, is believed to play a pivotal role in trafficking AMPA
receptors to the plasma membrane and targeting them to the
synapse. However, it is unclear whether the trafficking of kai-

nate receptors, which are structurally very similar to AMPA
receptors, is also dependent on stargazin. Here we show that in
both cerebellar granule cells and in Xenopus laevis oocytes
expression system, surface delivery of kainate receptor is in-
dependent of stargazin. These results suggest that stargazin
action is highly selective for AMPA receptors.

Glutamate, the transmitter released from excitatory syn-
apses in the brain, acts on three subtypes of ionotropic re-
ceptors: AMPA, NMDA, and kainate receptors. Synaptic
AMPA receptors, in contrast to NMDA receptors, are highly
mobile (Song et al., 1998; Luscher et al., 1999; Luthi et al.,
1999; Noel et al., 1999; Ziff, 1999; Sheng, 2001; Malinow and
Malenka, 2002), and changes in the number of synaptic
AMPA receptors play an essential role in synaptic plasticity
(Luscher et al., 1999; Daw et al., 2000; Malinow et al., 2000;
Lu et al., 2001). We showed previously (Chen et al., 2000)
that the delivery of AMPA receptors to the surface of cere-
bellar granule cells requires stargazin, the four-pass trans-
membrane protein defective in the ataxic stargazer mouse.
On the other hand, the trafficking of NMDA receptors in
these cells is independent of stargazin, highlighting the fun-
damental difference in the mechanisms involved in the de-
livery of these two subtypes of glutamate receptors to the
membrane surface. In contrast to the abundant literature on
the trafficking of AMPA and NMDA receptors, little is known

about kainate receptor trafficking. In particular, a role for
stargazin in this process has not been addressed. Because
kainate receptors are structurally very similar to AMPA
receptors, such information will provide important insight
into the selectivity of the action of stargazin. To address this
issue, we used the Xenopus laevis oocyte expression system,
which allowed us to measure quantitatively the influence of
stargazin on the surface expression of glutamate receptors.
This system also allowed us to test whether stargazin effects
on AMPA receptor trafficking can occur without other neu-
ron-specific components.

Materials and Methods
Constructs. Stargazin, �-1, and glutamate receptor subunits

were subcloned into pGEM-HE vector (a gift from Lily Jan, Univer-
sity of California San Francisco). In vitro transcription of cRNAs was
done using AmpliScribe T7 transcription kit (Epicentre Technolo-
gies, Madison, WI).

Granule Cell Culture and Electrophysiology. Stargazer cer-
ebellar granule cell cultures were prepared from 5- to 7-day-old
mouse pups as described previously (Chen et al., 2000). Cells were
kept in minimum essential medium (5.3 K�) (Invitrogen, Carlsbad,
CA) supplemented with glucose (0.5%), transferrin (0.1 mg/ml), in-
sulin (0.025 mg/ml), glutamine (2 mM), cytosine arabinoside (4 �M),
and 10% heat-inactivated fetal calf serum (Invitrogen). Tail samples
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from individual pups were used for genotyping with described prim-
ers (Letts et al., 1998).

Whole-cell patch-clamp recordings were made at room tempera-
ture using 3 to 7 M� patch pipettes filled with an internal solution
containing 140 mM CsCl, 2 mM MgCl2, 5 mM EGTA, 10 mM HEPES,
0.3 mM Na3-GTP, and 4 mM Na2-ATP, pH 7.35. Cultures were
continuously superfused with external solution containing 119 mM
NaCl, 26 mM NaHCO3, 2.5 mM KCl, 10 mM glucose, 2.5 mM CaCl2,
1.3 mM MgCl2, 1 mM NaH2PO4, 0.1 mM picrotoxin, and 1 mM
tetrodotoxin. Cells were incubated in concanavalin A (ConA) (0.25
mg/ml) for 15 to 20 min before being transferred to the recording
chamber. Fast agonist (100 �M KA) application was achieved by
gravity feeding as described previously (Lester and Jahr, 1992).

Oocyte Electrophysiology. Defolliculated X. laevis oocytes were
injected with 0.1 to 1 ng of cRNA as described previously (Caterina
et al., 1997). Two-electrode voltage-clamp analysis (Eh � �60 mV)
was carried out 1 to 5 days after injection at room temperature. Frog
Ringer’s solution contained 90 mM NaCl, 1.0 mM KCl, 1.5 mM
BaCl2, 1.0 mM MgCl2, and 10 mM HEPES, pH 7.6. Agonist gluta-
mate (100 �M) was bath-applied together with cyclothiazide (100
�M) to block the desensitization of AMPA receptors.

Biotinylation of Cell Surface Proteins. Oocytes injected with
GluR1 cRNA or GluR1 plus stargazin cRNAs were incubated with
1.5 mg/ml sulfo NHS-SS-biotin in ND96 (96 mM NaCl, 2 mM KCl, 1.8
mM CaCl2, 1 mM MgCl2, and 5 mM HEPES) on ice for 30 min, then
washed three times with cold ND96 containing 50 mM glycine.
Membranes were prepared, and cell surface-biotinylated proteins
were precipitated with streptavidin-agarose (Pierce Chemical, Rock-
ford, IL) and detected by Western blotting. Rabbit polyclonal anti-
body to GluR1 (Chemicon International, Temecula, CA) was used for
GluR1 protein detection. The total is 3% of the amount that is loaded
in surface.

Results
Oocytes were injected with cRNA for various glutamate

receptor subunits and stargazin, and the currents evoked by
glutamate were measured with two-electrode voltage clamp 1
to 4 days after injection. The desensitization of AMPA recep-
tors was blocked by cyclothiazide. Coexpression of stargazin
with GluR1 resulted in a dramatic enhancement of the glu-
tamate-evoked currents (Fig. 1a). On average, the currents
were enhanced approximately 10-fold (normalized, 11.0 �
0.7-fold). Stargazin (�2) is a member of a family of four
transmembrane domain proteins, termed �1–8. �1, which is
a calcium-channel subunit and shows weak homology with
stargazin, was unable to mimic the actions of stargazin,
indicating a functional heterogeneity in this family of pro-
teins (normalized, 1.1 � 0.1-fold) (Fig. 1b) and demonstrating
the specificity of the stargazin effects on GluR1 currents.
Dose-response curves revealed that the enhancement was
largely caused by an increase in the maximum response,
because there was little change in the affinity of the response
(Fig. 1c). This finding is consistent with an increase in the
number of receptors on the surface. We carried out biotiny-
lation assays to verify that stargazin enhances the number of
surface receptors. As shown in Fig. 1d, stargazin had no
obvious effect on the total amount of GluR1, but it caused a
substantial increase in the amount of surface GluR1 (surface-
to-total ratio is increased by 7.5 � 2.4-fold in stargazin group,
n � 3). Stargazin also enhanced the currents evoked by
homomeric GluR2 and GluR4 receptors (data not shown).
AMPA receptors (GluR1–GluR4) are normally expressed in
neurons as heteromers. We therefore examined the ability of
stargazin to influence the delivery of GluR1 plus GluR2 and

GluR2 plus GluR4 to the membrane surface. It was shown
before that when two AMPA receptor subunits are coex-
pressed in oocytes, they preferentially form heteromeric re-
ceptor complexes, indicated by their current-voltage relation-
ship (Ayalon and Stern-Bach, 2001). Therefore, we coinjected
an equal amount of GluR1 plus GluR2 or GluR4 plus GluR2
cRNAs to examine stargazin’s effect on heteromeric AMPA
receptor complexes. Stargazin retained its ability to enhance
glutamate-evoked currents (GluR1 plus GluR2: 5.9 � 1.0-
fold; GluR2 plus GluR4: 5.0 � 0.5-fold) (Fig. 2).

To examine whether stargazin controls kainate receptor
delivery to the membrane surface, we measured kainate-
evoked responses in cultured cerebellar granule cells, which
also express this class of receptor (Savidge et al., 1999).
Although there are multiple kainate receptor subunits ex-
pressed in the cerebellum (Porter et al., 1997), the cerebellar
granule cells express GluR6 and KA2 at high levels (Egebjerg
et al., 1991; Herb et al., 1992). We confirmed that in wild-type
or heterozygous granule cells, kainate evoked responses with
pharmacological properties that were consistent with kai-
nate receptors (Fig. 3, a and b). Thus, in the presence of the
AMPA receptor antagonist GYKI 53655, kainate only evoked
currents in cells preincubated in ConA, which selectively
blocks the desensitization of kainate receptors. In addition,
the response was blocked by the non-NMDA receptor antag-
onist CNQX. We found no difference in the size of the kainate
receptor-mediated responses in heterozygous neurons or in
neurons lacking stargazin (�/stg, 29.0 � 3.2 pA; stg/stg,
25.7 � 1.7 pA; no ConA, 3.3 � 1.1 pA; CNQX, 4.0 � 2.7 pA)

Fig. 1. Stargazin enhances GluR1 surface expression in oocytes. a, ex-
amples of glutamate-evoked currents in oocytes expressing GluR1 alone
or GluR1 with stargazin. CTZ, cyclothiazide. b, in oocytes that express
stargazin, GluR1-mediated currents were greatly enhanced (n � 7; ***,
p � 0.001, single-factor ANOVA). Calcium-channel subunit �-1 failed to
enhance GluR1-mediated currents (n � 7; P � 0.5). c, the enhancement of
GluR1-mediated current cannot be explained by changes in agonist af-
finity. Even with a saturating dose of glutamate (1 mM), the GluR1 plus
stargazin group still had a significantly larger current (n � 10; *, P �
0.05; **, P � 0.01; ***, P � 0.001). d, surface biotinylation assay showed
that GluR1 surface expression is greatly enhanced when it is coexpressed
with stargazin (n � 3; P � 0.05).
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(Fig. 3b). To examine in more detail for a possible interaction
between stargazin and kainate receptors, we expressed in
oocytes the kainate receptor subunit GluR6 either alone or
with stargazin (Fig. 3c). Stargazin had no effect on the mag-
nitude of the kainate receptor-evoked currents recorded over
a 3-day expression period.

Discussion
In conclusion, we found that kainate receptor-mediated

responses, in striking contrast to AMPA receptor-mediated
responses, are normal in cerebellar granule cells from star-
gazin-deficient mice. To study this differential regulation
more quantitatively, we used a simple assay system, namely
the X. laevis oocyte. Stargazin was found to cause a 10-fold
enhancement in AMPA receptor-mediated responses,
whereas the kainate receptor-mediated responses were en-
tirely independent of regulation by stargazin. We used the
GluR6 kainate subunit in oocyte experiments because it is
the most abundantly expressed subunit in cerebellar granule
cells (Egebjerg et al., 1991; Herb et al., 1992). The normal
kainate receptor-mediated response in stargazer cerebellar

granule cells indicates that GluR6 and KA2 trafficking are
stargazin-independent. However, we can not formally ex-
clude the possibility that stargazin may interact with other
kainate receptor subunits that are not expressed in cerebel-
lar granule cells. Although similar in their response to glu-
tamate, kainate receptors and AMPA receptors have quite
different subcellular distributions. For example, at hip-
pocampal mossy fiber �CA3 synapses, kainate receptors are
found both pre- and postsynaptically (Kamiya, 2002),
whereas AMPA receptors are localized only at the postsyn-
aptic site. This suggests that different molecular mecha-
nisms are used for kainate receptor trafficking. Given the
close structural similarity of these two groups of receptors, it
will be of interest to determine the specific structural re-
quirement for this differential synaptic trafficking.

Previous studies have identified numerous protein part-
ners for AMPA receptors that apparently regulate receptor
clustering and retention at synapses (Ziff, 1999; Sheng, 2001;
Malinow and Malenka, 2002). However, stargazin differs
from other AMPA receptor-interacting proteins in several
important ways. First, stargazin is the only known trans-
membrane protein to interact with AMPA receptors. Second,
results here show that stargazin, as opposed to other AMPA
receptor-binding proteins (Ziff, 1999; Sheng, 2001; Malinow
and Malenka, 2002), directly regulates multiple GluR sub-
units—those with long cytosolic tails (GluR1 and GluR4), and
those with short tails (GluR2). Finally, we demonstrate that
stargazin enhances surface trafficking of AMPA receptors in
a simplified system that lacks structural components of the
synapse. Such direct regulation has not been reported previ-
ously for other AMPA receptor-binding proteins. These data
may suggest that stargazin plays the primary role in surface
targeting of AMPA receptors and that the additional protein
interactions with AMPA receptors modulate and differen-
tially anchor the AMPA receptor/stargazin complex. Future
studies of these interactions in simplified systems—such as
oocytes—should help clarify how stargazin and numerous
cytosolic AMPA receptor-binding proteins regulate receptor
trafficking and associated synaptic plasticity.Fig. 2. In oocytes in which an equal amount of two AMPA receptor

subunit cRNAs are injected (GluR1 � GluR2 or GluR4 � GluR2), star-
gazin enhances heteromeric AMPA receptor surface expression (GluR1 �
GluR2, n � 4, ***, p � 0.001; GluR2 � GluR4, n � 5, ***, p � 0.001).

Fig. 3. Kainate receptor surface expression is stargazin-independent. a, wild-type cerebellar granule cell responses to kainate (100 �M) in the presence
of GYKI 53655 (50 �M) require incubation of ConA (0.25 mg/ml). Application of kainate (100 �M) to cells incubated in ConA for 15 min evoked an
inward current. This pharmacological profile demonstrates that functional KA receptors are expressed on cerebellar granule cell surface. b, stargazer
mutant granule cells exhibit normal KA receptor-mediated responses to kainate (�/stg, n � 8; stg/stg, n � 9; P � 0.1, single-factor ANOVA), which
can be blocked by CNQX (10 �M) (***, P � 0.001). c, when expressed in oocytes, KA receptor subunit GluR6 formed functional homomeric receptors
and their trafficking to the plasma membrane is not enhanced by coexpression of stargazin (GluR6 alone: n � 7, GluR6 � stargazin: n � 8; group �
day interaction, P � 0.5, ANOVA).
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