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The amino-terminal domain (ATD) of AMPA receptors (AMPARs)
accounts for approximately 50% of the protein, yet its functional role,
if any, remains a mystery. We have discovered that the translocation
of surface GluA1, but not GluA2, AMPAR subunits to the synapse
requires the ATD. GluA1A2 heteromers in which the ATD of GluA1 is
absent fail to translocate, establishing a critical role of the ATD of
GluA1. Inserting GFP into the ATD interferes with the constitutive
synaptic trafficking of GluA1, but not GluA2, mimicking the deletion
of the ATD. Remarkably, long-term potentiation (LTP) can override
the masking effect of the GFP tag. GluA1, but not GluA2, lacking the
ATD fails to show LTP. These findings uncover a role for the ATD in
subunit-specific synaptic trafficking of AMPARs, both constitutively
and during plasticity. How LTP, induced postsynaptically, engages
these extracellular trafficking motifs and what specific cleft proteins
participate in the process remain to be elucidated.
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Glutamatergic synapses account for the vast majority of ex-
citatory transmission in the brain. At these synapses gluta-

mate typically activates two subtypes of ionotropic glutamate
receptors referred to as AMPA receptors (AMPARs) and NMDA
receptors (NMDARs). Repetitive activation of these synapses in the
hippocampus causes an NMDAR-dependent long-term potentia-
tion (LTP) that is the most compelling cellular model for cer-
tain forms of learning and memory. It is well accepted that the
strengthening of synapses during LTP is due to the rapid accumu-
lation of AMPARs at synapses (1–3). AMPARs are tetrahetero-
meric ion channels composed of GluA1 through GluA4 subunits.
CA1 hippocampal pyramidal neurons express both GluA1A2 het-
eromers and GluA2A3 heteromers (4, 5). AMPARs containing the
posttranscriptionally edited GluA2 subunit have linear IV re-
lationship and are calcium-impermeable, whereas receptors lacking
the edited GluA2 subunit are strongly inwardly rectifying and
calcium-permeable. The cytoplasmic C-terminal domains (CTDs)
of AMPARs have been proposed to mediate their synaptic traf-
ficking. Specifically, a widely accepted model for the synaptic ac-
cumulation of AMPARs during LTP posits that the mode of
trafficking depends on the subunit composition of the AMPARs (1,
2, 6–8). It is proposed that GluA1-containing receptors are ex-
cluded from the synapse under basal conditions and that activity
drives these receptors to the synapse, whereas GluA2A3 hetero-
mers traffic constitutively to synapses. Importantly, the CTDs of
GluA1 and GluA2 are proposed to be responsible for this subunit
specificity (6, 7). However, recent work has found that both con-
stitutive and activity-dependent trafficking of AMPARs can occur
in the absence of the CTDs (9).
In striking contrast to the attention given to the CTDs, the

extracellular amino-terminal domain (ATD), which accounts for
nearly half of the receptor polypeptide, has received much less
attention. Remarkably, although the ATD is proposed to assist in
the initial subunit associations involved in the assembly of recep-
tors into functional tetramers (10), truncated subunits lacking the
entire ATD can form robust glutamate-activated channels (11).
Recent studies have shown that the ATD can modify the gating of

AMPARs (12, 13). Given its large size and that it projects midway
into the synaptic cleft, one might predict an interaction of the
ATD with proteins within the synaptic cleft. Indeed, it has been
found that N-cadherin interacts with the ATD of GluA2, but not
GluA1, regulating synaptic stability (14), whereas neuronal pen-
traxins interact with the ATD of GluA4 and regulate receptor
trafficking in parvalbumin interneurons (15) as well as in other
neuronal subtypes (16).
In recent work we overexpressed GluA1 subunits and found

that homomeric GluA1 receptors trafficked to synapses in a
constitutive manner (9), in contrast to previous studies (6–8, 17).
In the process of explaining these seemingly contradictory results,
our attention was drawn to the ATD and we discovered that the
presence of a GFP tag on the ATD of GluA1, but not GluA2,
masked a critical role for the ATD of GluA1 in the targeting of
GluA1-containing receptors to the synapse. Both constitutively
active CaMKII and LTP override the GFP masking effect. The
presence of the ATD on GluA1, but not GluA2, provides a per-
missive signal that is essential for synaptic targeting. Thus, we
conclude that the ATD imparts a hitherto unrecognized subunit-
specific synaptic targeting of AMPARs, both during constitutive
and activity-dependent trafficking.

Results
The initial goal of the present study was to understand the basis for
the seeming contradiction between our recent work, in which we
found that homomeric GluA1 receptors trafficked to synapses in a
constitutive manner (9, 18), and previous results primarily from
the Malinow laboratory (6–8, 17), in which GluA1 homomers are
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excluded from the synapse under basal conditions. First, we con-
sidered the fact that we used the flip splice variant [GluA1(i)] of
GluA1 rather than the flop variant [GluA1(o)], which was used in
the previous studies. Even though the flop variant seems to be
expressed at higher levels than the flip variant in CA1 pyramidal
neurons (19), we used the flip isoform because the desensitization
of AMPAR currents in outside-out patches is blocked by cyclo-
thiazide (5), implying the functional dominance of flip isoforms. In
this series of experiments we used organotypic hippocampal slice
cultures and overexpressed GluA1, which forms homomeric, in-
wardly rectifying receptors (6) for 2 d (Fig. 1A). We confirmed that
the expression of GluA1(i) caused an inward rectification of syn-
aptic AMPARs [Fig. 1A, GluA1(i)], indicating that GluA1 traffics
to the synapse (9). We repeated this experiment but used GluA1
(o) [Fig. 1A, GluA1(o)] and found that it caused the same degree
of inward rectification, suggesting that the splice variant is not a
factor in the synaptic targeting of AMPARs. Another possibility is
that the activity in our slice cultures is higher than in previous
studies and is responsible for driving the GluA1 receptor into the
synapse. We therefore carried out the experiment incubating our
slices in the presence of high Mg2+ (10 mM), which has previously
been used to block constitutive activity (20), but we still observed
the same degree of rectification [Fig. 1A, GluA1(i) + Mg2+]. Fi-
nally, we repeated these experiments but used TTX to fully

block any spontaneous activity. Again, the rectification we ob-
served was the same as found in the absence of TTX (Fig. 1A,
GluA1(i) + TTX], ruling out constitutive activity as the cause for
the trafficking of GluA1 to the synapse.
We next considered the possible effect of the GFP tag on

AMPAR trafficking. In our previous study (9) we expressed the
untagged construct in all of our experiments, whereas in prior
studies from other groups the amino terminus of GluA1 was
tagged with GFP between the third and fourth amino acids after
the predicted signal peptide cleavage site, thus presumably in the
very distal end of the ATD (21). Expression of the GFP-tagged
GluA1 for 2 d did not alter the rectification of the AMPAR
excitatory postsynaptic current (EPSC) [Fig. 1B, GFP GluA1(i)
and GFP GluA1(o) 2 d], in agreement with previous results
(6, 7). However, we did find that expression of this construct for
4–6 d caused a rectification similar to that seen for the untagged
construct [Fig. 1B, GFP GluA1(i) 4 and 6 d].
Why does GFP-tagged GluA1 display impaired synaptic traf-

ficking? There are two major steps in the delivery of AMPARs to
synapses. The first step is the assembly of the receptors and their
delivery to the cell surface and the second step is the targeting of
the surface receptors to the synapse. To determine whether the
GFP-tagged GluA1 protein is delivered to the surface, we ap-
plied voltage ramps to somatic outside-out patches to measure
rectification in response to glutamate application. These currents
rectify to the same degree as those seen with the untagged
GluA1 construct (Fig. 1C), indicating that the GFP-tagged re-
ceptor is delivered in normal amounts to the surface. Thus, it
seems that the presence of GFP on the ATD of GluA1 interferes
with the translocation of the receptor from the extrasynaptic
compartment to the synapse.
Previous studies showed that GFP-tagged GluA2(Q) did traffic

constitutively to the synapse (7). We also showed that untagged
GluA2(Q) could rescue synaptic current in neurons lacking en-
dogenous AMPARs (9). Overexpression of GFP GluA2(Q) re-
ceptors, in agreement with previous results (7), caused rectification
of the AMPAR EPSC [Fig. 1D, GFP GluA2(Q)]. Thus, the GFP
tag had no effect on the synaptic trafficking of GluA2(Q).
What accounts for the specific effect of GFP on GluA1 traf-

ficking, but not GluA2? A likely explanation is that there is a
functional difference in the ATD between GluA1 and GluA2
and the presence of GFP unmasks this difference. There is
precedence for such a proposal, because the ATD of GluA2, but
not GluA1, has been reported to promote spinogenesis (14). To
test whether the GluA1 and GluA2 ATDs are functionally dis-
tinct we placed the GFP-tagged ATD of GluA1 onto GluA2
[GFP A1 (ATD)-A2Q (CTD)] (Fig. 1D). The presence of the
GFP-tagged ATD of GluA1 on the GluA2 receptor prevented
the trafficking of this receptor to the synapse, whereas the
presence of the GFP-tagged ATD of GluA2 on the GluA1 re-
ceptor [GFP A2 (ATD)-A1 (CTD)] resulted in constitutive
synaptic targeting (Fig. 1D).
There are two possibilities as to how GFP might be interfering

with synaptic targeting of GluA1. First, the addition of the GFP
might physically interfere with its entry into the synapse. This seems
unlikely given that GFP GluA2 has no difficulty accessing the
synapse. Second, the presence of the GFP might be interfering with
the ability of the GluA1 ATD to interact with synaptic cleft pro-
teins. To address these possibilities we deleted the ATD of GluA1,
referred to as ΔATD GluA1. We first compared the function of
this construct to the WT GluA1 in HEK cells (Fig. S1). Consistent
with previous results (11), ΔATD GluA1 generated currents at
least as large as those observed with the WT receptor. Similar re-
sults have been reported for the ATD-lacking GluA2 subunit, re-
ferred to as ΔATD GluA2 (22, 23). We also expressed ΔATD
GluA1 in pyramidal cells and recorded glutamate-evoked cur-
rents in outside-out patches (Fig. 2A). We observed pronounced

Fig. 1. ATD-tagged GluA1 has normal surface trafficking but impaired
synaptic trafficking, unlike ATD-tagged GluA2. (A) Representative traces
of synaptic rectification experiments in control (black) and WT GluA1-
expressing cells (green), scaled and superimposed for comparison in the
right-hand panels. Synaptic trafficking of GluA1 is independent of splice
variants or basal activity. (B) Representative traces of synaptic rectification
experiments in control (black) and GFP-tagged GluA1-expressing cells
(green). ATD-tagged GFP GluA1(i) and GFP GluA1(o) constructs showed no
inward rectification after 2 d of transfection. After 4–6 d, rectification of
synaptic currents was observed. (C) Both GluA1 and GFP GluA1 showed
surface inward rectification. Sample current traces from control (black) and
transfected (green) outside-out patches are shown. (D) ATD-tagged AMPAR
subunits showed different trafficking abilities: GFP GluA1 showed no inward
rectification but GFP GluA2 did. Also, GFP A1 (ATD)-A2(Q) (CTD) chimeric
receptor showed no inward rectification but GFP A2 (ATD)-A1 (CTD) did. n =
5–23 cells per condition. (Scale bars: 50 pA, 20 ms.) Error bars represent
mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.
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rectification with this construct, indicating that it is delivered to the
surface as well as or better than GluA1 or GFP GluA1 (Fig. 1C).
If the GFP were exerting its effect by physically interfering with

GluA1 entering the synapse, we would expect that deleting the
ATD would allow the receptor to enter the synapse. However, if
the GFP is preventing a necessary interaction between the ATD
and synaptic cleft proteins, ΔATD GluA1 might be excluded from
the synapse. We found that ΔATD GluA1 is excluded from syn-
apses (Fig. 2B). Thus, the ATD is required for the translocation of
extrasynaptic GluA1 homomers to the synapse. We repeated these
experiments with ΔATD GluA2. In striking contrast to ΔATD
GluA1, ΔATD GluA2 was able to constitutively traffic to the
synapse (Fig. 2B). These results have uncovered an unexpected
role of the ATD in the subunit-specific trafficking of AMPARs.
Remarkably, although the GFP GluA1 is excluded from the

synapse it is reported that a constitutively active form of CaMKII
(CA CaMKII) can overcome this exclusion (6). We therefore re-
peated our experiments but, in addition to expressing GFP GluA1,
we also expressed CA CaMKII (T286D/T305A/T306A) (24). It is
well established that CA CaMKII mimics and occludes NMDA-
dependent LTP (6, 25, 26). As a control in these experiments we
repeated the key experiments shown in Fig. 1 but coexpressed an
empty vector (GFP) and then compared these results to those in
which CA CaMKII is expressed (Fig. S2 A1 and A2). As expected,
expression of CA CaMKII enhanced AMPAR currents and there
was no change in rectification (Fig. S2 A1, A2, and B). However, in
agreement with previous results (6), when GFP GluA1 is coex-
pressed with CA CaMKII the currents are now rectifying (Fig. S2
A1, A2, and C), indicating that CA CaMKII overrides the masking
effects of GFP. We then assessed whether CA CaMKII is capable
of driving ΔATD GluA1 to the synapse. As shown in Fig. S2 A1,
A2, andD, this is not the case. We examined whether CA CaMKII-
driven GFP GluA1 synaptic delivery relies on an increase in the
surface pool of AMPARs by briefly applying glutamate to cells
expressing CA CaMKII alone (Fig. S2E), GFP GluA1 (Fig. S2F),
and GFP GluA1+CA CaMKII (Fig. S2G) and examining the
surface AMPAR currents. In none of these conditions were the
surface currents changed, indicating that the effects on synaptic
currents primarily involve a redistribution of surface AMPARs to
the synapse.

All of the results presented thus far have relied on the over-
expression of GluA subunits on a WT background in organotypic
slice cultures. To study the role of the ATD in GluA trafficking we
took advantage of Gria1-3 triple-floxed mice (5), which allow for
the complete removal of endogenous AMPARs. We expressed
various GluA constructs on this null background. A limitation to
this system is that it takes ∼20 d for Cre recombinase transfected
cells to lose all their AMPARs and yet the exclusion of GFP
GluA1 from the synapse only lasts for a few days. We thus in-
corporated an inducible Tet-ON system to temporally control the
expression of the GluA subunits (Fig. 3 A1 and A2) in slice culture.
In the absence of doxycycline (DOX), cells expressing Cre and
GluA1 generated virtually no synaptic currents (Fig. 3 B and F),
indicating the absence of GluA1 expression in the absence of
DOX. However, in the presence of DOX (4 d) there was a partial
rescue of synaptic currents (Fig. 3 C and F). The rescue was less
than that in a previous study (9). This is most likely due to the fact
that, in the present study, GluA1 was expressed for 4 d after an
internal ribosomal entry site (IRES) with an inducible promoter
(Fig. 3A1), whereas the previous study expressed GluA1 after a
strong, constitutive promoter for ∼3 wk. In contrast to the ex-
pression of WT GluA1, neurons expressing the GFP-tagged
GluA1 showed minimal rescue of synaptic currents (Fig. 3 D

Fig. 2. ATD-lacking GluA1 has normal surface trafficking but, unlike ATD-
lacking GluA2, impaired synaptic trafficking. (A) Surface rectification experi-
ments in CA1 pyramidal neurons overexpressing ΔATD GluA1 in organotypic
slices. Sample current traces in control (black) and ΔATD GluA1-overexpressing
(green) outside-out patches are shown. (B) Removal of the entire ATD of
GluA1 (ΔATD GluA1) impaired synaptic trafficking, whereas removal of the
ATD of GluA2(Q) (ΔATD GluA2(Q)) did not affect trafficking. n = 7–12 cells/
condition. Error bars represent mean ± SEM; **P < 0.01 and ***P < 0.001.

Fig. 3. GluA1, but not GFP GluA1 nor ΔATD GluA1, rescues synaptic AMPAR
transmission in AMPAR-null cells in slice culture. (A1) Scheme of the inducible
AMPAR replacement strategy. (A2) Timeline of the experiment. (B–E) Scatter-
plots showing amplitudes of AMPAR EPSCs for single pairs (open circles) of
control and GluA1-replaced cells without DOX (B), and +DOX for 4 d (C), GFP
GluA1 +DOX (D), and ΔATD GluA1 +DOX (E). Filled circles represent mean ±
SEM. Insets show sample current traces from control (black) and transfected
(green, −DOX and red, +DOX) neurons. The bar graphs to the right of the
scatterplots are normalized to control comparing mean + SEM AMPAR EPSC
data. (F) Summary of the logarithms of the ratios between transfected and
control cells for every pair analyzed in each experiment. n = 15–18 pairs. (Scale
bars: 50 pA, 20 ms.) *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control
condition. ##P < 0.01 and ###P < 0.001 vs. WT GluA1 condition.
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and F). Finally, there was little rescue of synaptic currents with
the expression of ΔATD GluA1 (Fig. 3 E and F). In none of
these conditions was there a change in the NMDA EPSC (Fig.
S3 A–D). As expected for the rescue of synaptic currents with
GluA1, the synaptic currents were rectifying (Fig. S3E).
We repeated these experiments using GluA2(Q). In the ab-

sence of DOX there was little remaining synaptic current (Fig. S4
A1, A2, and D). However, in the presence of DOX there was a
substantial rescue of synaptic currents (Fig. S4 B and D). A similar
rescue was obtained with ΔATD GluA2(Q) (Fig. S4 C and D). In
all of these experiments we also recorded the synaptic NMDA
current and in none of the experiments did this change (Fig. S5).
Most endogenous AMPARs in CA1 pyramidal cells are hetero-

mers containing GluA1 and GluA2 (4, 5). What effect, if any, does
the ATD of GluA1 have on trafficking of heteromeric receptors? On
a null background we constitutively expressed the edited GluA2(R),
which, in contrast to the unedited GluA2, generates little glu-
tamate activated currents, when expressed on its own, along with
inducible ΔATD GluA1 in slice culture (Fig. S6A1). We then
compared cells in the absence of DOX (Fig. S6A2), which resulted
in minimal synaptic currents, to those in its presence (Fig. S6B).
As addition of DOX did not rescue currents above −DOX levels,
we propose that the absence of the ATD in GluA1 prevents the
trafficking of heteromeric receptors, indicating the dominance of
the ATD of GluA1 in synaptic trafficking. However, this negative
result could result from the failure of ΔATD GluA1 and GluA2(R)
to form heteromeric receptors. To address this issue we pulled so-
matic outside-out patches and measure glutamate active currents
and, most importantly, rectification. We found that surface currents
were of similar magnitude in control and transfected cells (Fig. S6C)
as well as the rectification index (Fig. S6D), indicating that the
surface AMPARs are heteromeric.
What role might the ATD play in LTP? Because we are unable

to reliably induce LTP in slice culture with a pairing protocol, we
turned to in utero electroporation and the Tet-ON system, which
we developed in slice culture (discussed above). Starting at post-
natal day 15 (P15), we injected the in utero-electroporated pups
with DOX, once a day for 6 d, and then made acute slices (Fig.
S7A1). First, we inducibly overexpressed GFP GluA1 by itself in
WT mice. Overexpression of GFP GluA1 had no effect on the
amplitude of evoked AMPA (Fig. S7A2) or NMDA (Fig. S7B)
synaptic currents or on rectification (Fig. S7D). We then com-
pared LTP in GFP GluA1 expressing cells to neighboring control
cells (Fig. S7C). The magnitude of LTP was the same in both
groups of cells. However, whereas LTP had no effect on rectifi-
cation in control cells, GFP GluA1-expressing cells showed clearly
rectifying synaptic responses after LTP (Fig. S7D). Thus, LTP is
able to override the masking action of GFP on the synaptic traf-
ficking of GluA1.
We next examined the effects of in utero overexpression of

ΔATD GluA1 on basal synaptic transmission in WT mice to see
whether prolonged expression (until P15) of this construct could
gain access to the synapse (Fig. S8A1). ΔATD GluA1 expression
had no effect on the amplitude of synaptic currents, indicating that
it did not act as a dominant negative (Fig. S8A2). Unlike GFP
GluA1, which gains access to the synapse after 2 d, ΔATD
GluA1 remained excluded after 18 d, because there was no change
in rectification (Fig. S8B). We next expressed ΔATD GluA1 to-
gether with Cre in triple-floxed mice (Fig. S8C1) and observed, on
average, a small but significant synaptic current (Fig. S8C2). Fol-
lowing the induction of LTP, cells expressing ΔATD GluA1
showed a transient potentiation that returned to baseline by 30 min
(Fig. S8D). Thus, unlike GFP GluA1, LTP is incapable of driving
ΔATD GluA1 to the synapse.
We then expressed Cre along with the inducible GluA constructs

in triple floxed mice in utero (Fig. 4A1) to more precisely assess
how synaptic trafficking of AMPAR subunits is controlled by LTP.
Expression of Cre, together with WT GluA1 in the absence of

DOX, resulted in the near abolition of synaptic AMPA currents
(Fig. 4A2), confirming that our inducible construct does not express
in the absence of DOX. Applying an LTP pairing protocol resulted
in virtually no LTP (Fig. 4B), as reported previously (9). What
accounts for the small residual currents in the triple-floxed cells?
Much of the remaining current is mediated by NMDARs, which
can exhibit a small and variable degree of LTP (27). However, the
DOX-induced expression of GluA1 partially rescued basal synaptic
currents (Fig. 4C) and fully rescued LTP (cf. ref. 9) (Fig. 4D). By
contrast, expressed GFP GluA1 was largely excluded from the
synapse under basal conditions (Fig. 4E) but fully rescued LTP

Fig. 4. WT and GFP-tagged GluA1 show normal LTP but ΔATD GluA1 does
not. (A1) Timeline of the experiment. (A2, C, E, and G) Scatterplots showing
amplitudes of AMPAR EPSCs for single pairs (open circles) of control and
GluA1-replaced cells by in utero electroporation without DOX (A2) and with
i.p. DOX treatment for 6 d (C), GFP GluA1 +DOX (E), and ΔATD GluA1 +DOX
(G). Filled circles represent mean ± SEM. Insets show sample current traces
from control (black) and transfected (green, −DOX and red, +DOX) neurons.
The bar graphs to the right of the scatterplots are normalized to control
comparing mean + SEM AMPAR EPSC data. (B, D, F, and H) Plots showing
mean ± SEM. AMPAR EPSC amplitude of control (black) and Cre + inducible
GluA1-expressing CA1 pyramidal neurons normalized to the mean AMPAR
EPSC amplitude before LTP induction (arrow). Experimental cells were
transfected with GluA1 −DOX (B, P = 0.04, min 40) or +DOX (D, P = 0.48, min
40), GFP GluA1 +DOX (F, P = 0.70, min 40), or ΔATD GluA1 +DOX (H, P =
0.01, min 40). Sample AMPAR EPSC current traces from control (black) and
electroporated (green, −DOX and red, +DOX) neurons before and after LTP
are shown to the right of each graph. n = 9–14 pairs in baseline experiments
and 6–13 cells per condition in LTP experiments. (Scale bars: 50 pA, 20 ms.)
**P < 0.01 and ***P < 0.001.
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(Fig. 4F). Finally, ΔATD GluA1 was largely excluded from the
synapse under basal conditions (Fig. 4G) and LTP was severely
impaired (Fig. 4H). Together, these results demonstrate the critical
role of the ATD of GluA1 in both the basal and activity-dependent
trafficking of AMPARs. They further show that LTP can override
the masking effect that GFP has on basal trafficking of GluA1 but
is unable to drive ΔATD GluA1 to the synapse.
In a final series of experiments we examined the effects of LTP

on GluA2(Q) trafficking in an AMPAR-null background (Fig.
5A1). As in the case with inducible GluA1, there was virtually no
expression of GluA2(Q) in the absence of DOX (Fig. 5A2). Fur-
thermore, LTP was absent in these cells (Fig. 5B). In the presence
of DOX there was a full rescue of synaptic currents (Fig. 5C) and
LTP (cf. ref. 9) (Fig. 5D). Interestingly, unlike full-length GluA2(Q),
ΔATD GluA2(Q) only partially rescued synaptic currents (Fig. 5E),
suggesting a possible role of the ATD of GluA2 in basal traf-
ficking. Curiously, this defect was not seen with either the over-
expression experiments (Fig. 2B), which may be a less-sensitive
assay, or with inducible expression in slice cultures, in which both

full-length and ΔATD GluA2(Q) only partially rescued synaptic
currents. Despite the partial rescue of basal currents, LTP was fully
rescued (Fig. 5F). Importantly, in all GluA1 and GluA2(Q) ex-
periments the currents were rectifying (Fig. S9), indicating the
responses were mediated by overexpressed AMPARs.

Discussion
The literature on the synaptic trafficking of overexpressed
AMPARs is confusing. In dissociated neuronal cultures most
studies show that epitope-tagged GluA1 receptors (28, 29), in-
cluding GFP-tagged GluA1 (21), colocalize with synaptic markers.
By contrast, imaging experiments (21, 30) and electrophysiological
experiments (6, 7) in slice culture report that the GFP-tagged
GluA1 is excluded from synapses. This discrepancy between dis-
sociated neurons and slice cultures suggests differences in the way
synapses in these two preparations handle expressed AMPARs
and raises caution about interpreting AMPAR synaptic trafficking
in dissociated neuronal cultures. In the present study we examined
a number of possibilities that might account for the apparent
discrepancy between our results in slice cultures, in which
GluA1 is constitutively trafficked to the synapse (9), and previous
results (6–8, 17), where GluA1 synaptic trafficking required ac-
tivity. In the process we discovered an important role for the ATD
in the subunit-specific trafficking of AMPARs to the synapse, both
constitutively and during activity.
The primary differences between our previous experiments and

those of others include splice variants, the presence or absence of
a GFP tag on the ATD of the receptor, and perhaps the level of
basal activity in the slice culture. To our surprise we did find that
the presence of a GFP tag on GluA1 prevented its appearance at
the synapse. However, extending the number of days of expression
from 2 d to 4–6 d did result in the appearance of these receptors at
the synapse. Remarkably, tagging the GluA2 subunit with GFP did
not prevent its trafficking to the synapse. This differential effect of
GFP seems to explain the finding that GluA2, but not GluA1,
traffics to the synapse constitutively (6, 7), although a recent paper
concluded that untagged GluA1 subunits are also excluded from
the synapse (17). We are at a loss to explain this difference. It is
interesting to note that in a previous study (8) a non-GFP-tagged
GluA1 receptor was excluded from the synapse in slice culture.
This receptor contained an HA tag inserted between the 28th and
29th amino acid codons after the signal peptide, which might
mimic the effect of GFP.
Why does the presence of a GFP tag on GluA1 affect traf-

ficking? Because this receptor expresses in normal amounts on the
surface of the neuron, it cannot be due to a problem in the syn-
thesis or delivery of the receptor to the surface of the cell. Rather,
the GFP tag disrupts the translocation of the receptor from the
extrasynaptic to the synaptic location. There seem to be two
possibilities. First, the presence of the large GFP tag may provide
a physical constraint, in which case one might expect that the
GFP-tagged GluA2 receptor would behave similarly to the GFP
GluA1 receptor, which it does not. Second, the GFP tag might
mask an interaction of the ATD of GluA1, but not GluA2, with
proteins in the synaptic cleft. We favor the latter explanation
because deleting the ATD from GluA1, but not GluA2, prevents
its targeting to the synapse.
It is of interest to compare the present results with previ-

ous results on the ATD of GluA2. The ATD of GluA2 binds
N-cadherin and plays an instructive role in spinogenesis, whereas
the ATD of GluA1 was devoid of this activity (14). By contrast, our
results indicate a specific role of the ATD of GluA1 in synaptic
targeting, whereas the ATD of GluA2 lacks this activity. Thus, the
ATDs of GluA1 and GluA2 have specific and separable functions
in the regulation of spine formation and subunit-specific synaptic
trafficking of AMPARs. We argue that, because ΔATDGluA2(Q)
shows normal constitutive synaptic trafficking and LTP, whereas
both ΔATD GluA1 homomers and ΔATD GluA1A2 heteromers

Fig. 5. WT and ΔATD GluA2 show normal LTP. (A1) Timeline of the experi-
ment. (A2, C, and E) Scatterplots showing amplitudes of AMPAR EPSCs for
single pairs (open circles) of control and GluA2(Q)-replaced cells by in utero
electroporation without DOX (A2), and with DOX treatment for 6 d (C) and
ΔATD GluA2(Q) +DOX (E). Filled circles represent mean ± SEM. Insets show
sample current traces from control (black) and transfected (green, −DOX and
red, +DOX) neurons. The bar graphs to the right of the scatterplots are nor-
malized to control comparing mean + SEM AMPAR EPSC data. (B, D, and F)
Plots showing mean ± SEM. AMPAR EPSC amplitude of control (black) and Cre +
inducible GluA2(Q)-expressing CA1 pyramidal neurons normalized to the mean
AMPAR EPSC amplitude before LTP induction (arrow). Experimental cells were
transfectedwith GluA2(Q) −DOX (B, P = 0.02, min 40) or +DOX (D, P = 0.84, min
40) or ΔATD GluA2(Q) +DOX (F, P = 0.72, min 40). Sample AMPAR EPSC
current traces from control (black) and electroporated (green, −DOX and
red, +DOX) neurons before and after LTP are shown to the right of each
graph. n = 6–14 pairs in baseline experiments and 4–11 cells per condition in
LTP experiments. (Scale bars: 50 pA, 20 ms.) **P < 0.01.
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have impaired synaptic targeting, the presence of the ATD of
GluA1 provides the necessary permissive signal required for con-
stitutive and activity-dependent synaptic trafficking of GluA1A2
heteromeric AMPARs, which account for nearly 80% of all
AMPARs at CA1 synapses (4, 5). Remarkably, the masking effect
that GFP has on the constitutive trafficking of GluA1 can
be overridden by the expression of active CaMKII and by LTP.
This, in turn, implies that the intracellular signaling pathway ini-
tiated by CaMKII can control the functional interactions of the
extracellular ATD.
A number of recent studies have drawn attention to the im-

portance of the interactions between the ATD of ionotropic
glutamate receptors and a variety of cleft proteins in synaptic
trafficking and plasticity. The ATD of the GluD2 receptor, which
is selectively expressed at cerebellar parallel fiber–Purkinje cell
synapses, binds to the soluble glycoprotein Cbln1, which, in
turns, binds to a presynaptic neurexin. This tripartite bridging
complex plays a critical role in synapse formation and mainte-
nance (31, 32). Recent evidence has shown that the ATD of
kainate receptors is critical for their synaptic localization (33–
35). Furthermore, the neuronal pentraxins interact with the
ATD of GluA4 (15) as well as other GluA subunits (16). Finally,
recent reports have found a critical role for synaptic adhesion
molecules in LTP (36–38). These studies highlight the rich in-
terplay between the extracellular domains of ionotropic gluta-
mate receptors and synaptic cleft proteins. Of particular interest
is how LTP, which is induced postsynaptically, engages these

newly discovered extracellular trafficking motifs, and which
specific cleft proteins participate in this process.
While this manuscript was in preparation a paper appeared

that presents findings very similar to ours (39).

Materials and Methods
Mouse Genetics. Animals were housed according to the University of
California, San Francisco (UCSF)’s Institutional Animal Care and Use Committee
(IACUC) guidelines. Gria1–3fl/fl mice were genotyped as previously described
(5). All experimental protocols involving animals were reviewed and approved
by the UCSF’s IACUC.

Electrophysiology. All experiments were performed in accordance with
established protocols approved by the UCSF’s IACUC. Whole-cell recordings
were performed as described previously (5). Simultaneous dual whole-cell
recordings were made between GFP- and/or mCherry-positive experimental
cells as identified by epifluorescence and neighboring nontransfected con-
trol cells. Slice cultures were prepared from P6–P8 rat or Gria1–3fl/fl mouse
pups as described previously (40) and biolistically transfected (SI Materials and
Methods). Acute slices were prepared from E15.5 in utero-electroporated
(SI Materials and Methods) P21–P28 mice.

Experimental procedures are described in SI Materials and Methods.

ACKNOWLEDGMENTS. We thank Salvatore Incontro and Argentina Lario for
their expert advice and help with electrophysiology experiments, Bruce
Herring for the CA CaMKII expression construct, Dan Qin and Manuel Cerpas
for excellent technical assistance, and the members of the R.A.N. laboratory
for helpful feedback and comments on the manuscript. This work was
funded by grants from the National Institutes of Mental Health (to R.A.N.).
All primary data are archived in the Department of Cellular and Molecular
Pharmacology, University of California, San Francisco.

1. Malinow R, Malenka RC (2002) AMPA receptor trafficking and synaptic plasticity.
Annu Rev Neurosci 25:103–126.

2. Huganir RL, Nicoll RA (2013) AMPARs and synaptic plasticity: The last 25 years. Neuron
80:704–717.

3. Collingridge GL, Peineau S, Howland JG, Wang YT (2010) Long-term depression in the
CNS. Nat Rev Neurosci 11:459–473.

4. Wenthold RJ, Petralia RS, Blahos J, II, Niedzielski AS (1996) Evidence for multiple AMPA
receptor complexes in hippocampal CA1/CA2 neurons. J Neurosci 16:1982–1989.

5. Lu W, et al. (2009) Subunit composition of synaptic AMPA receptors revealed by a
single-cell genetic approach. Neuron 62:254–268.

6. Hayashi Y, et al. (2000) Driving AMPA receptors into synapses by LTP and CaMKII:
Requirement for GluR1 and PDZ domain interaction. Science 287:2262–2267.

7. Shi S, Hayashi Y, Esteban JA, Malinow R (2001) Subunit-specific rules governing AMPA
receptor trafficking to synapses in hippocampal pyramidal neurons. Cell 105:331–343.

8. KakegawaW, Tsuzuki K, Yoshida Y, Kameyama K, Ozawa S (2004) Input- and subunit-
specific AMPA receptor trafficking underlying long-term potentiation at hippocampal
CA3 synapses. Eur J Neurosci 20:101–110.

9. Granger AJ, Shi Y, Lu W, Cerpas M, Nicoll RA (2013) LTP requires a reserve pool of
glutamate receptors independent of subunit type. Nature 493:495–500.

10. Ayalon G, Segev E, Elgavish S, Stern-Bach Y (2005) Two regions in the N-terminal
domain of ionotropic glutamate receptor 3 form the subunit oligomerization inter-
faces that control subtype-specific receptor assembly. J Biol Chem 280:15053–15060.

11. Tomita S, Shenoy A, Fukata Y, Nicoll RA, Bredt DS (2007) Stargazin interacts func-
tionally with the AMPA receptor glutamate-binding module. Neuropharmacology 52:
87–91.

12. Möykkynen T, Coleman SK, Semenov A, Keinänen K (2014) The N-terminal domain
modulates α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
desensitization. J Biol Chem 289:13197–13205.

13. Cais O, et al. (2014) Mapping the interaction sites between AMPA receptors and
TARPs reveals a role for the receptor N-terminal domain in channel gating. Cell Rep 9:
728–740.

14. Saglietti L, et al. (2007) Extracellular interactions between GluR2 and N-cadherin in
spine regulation. Neuron 54:461–477.

15. Pelkey KA, et al. (2015) Pentraxins coordinate excitatory synapse maturation and
circuit integration of parvalbumin interneurons. Neuron 85:1257–1272.

16. Lee SJ, et al. (2017) Presynaptic neuronal pentraxin receptor organizes excitatory and
inhibitory synapses. J Neurosci 37:1062–1080.

17. Nabavi S, Fox R, Alfonso S, Aow J, Malinow R (2013) GluA1 trafficking and metabo-
tropic NMDA: Addressing results from other laboratories inconsistent with ours.
Philos Trans R Soc Lond B Biol Sci 369:20130145.

18. Granger AJ, Gray JA, Lu W, Nicoll RA (2011) Genetic analysis of neuronal ionotropic
glutamate receptor subunits. J Physiol 589:4095–4101.

19. Sommer B, et al. (1990) Flip and flop: A cell-specific functional switch in glutamate-
operated channels of the CNS. Science 249:1580–1585.

20. Zhu JJ, Esteban JA, Hayashi Y, Malinow R (2000) Postnatal synaptic potentiation:
Delivery of GluR4-containing AMPA receptors by spontaneous activity. Nat Neurosci
3:1098–1106.

21. Shi SH, et al. (1999) Rapid spine delivery and redistribution of AMPA receptors after

synaptic NMDA receptor activation. Science 284:1811–1816.
22. Horning MS, Mayer ML (2004) Regulation of AMPA receptor gating by ligand binding

core dimers. Neuron 41:379–388.
23. Pasternack A, et al. (2002) Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

(AMPA) receptor channels lacking the N-terminal domain. J Biol Chem 277:49662–49667.
24. Pi HJ, Otmakhov N, Lemelin D, De Koninck P, Lisman J (2010) Autonomous CaMKII can

promote either long-term potentiation or long-term depression, depending on the

state of T305/T306 phosphorylation. J Neurosci 30:8704–8709.
25. Lledo PM, et al. (1995) Calcium/calmodulin-dependent kinase II and long-term po-

tentiation enhance synaptic transmission by the same mechanism. Proc Natl Acad Sci

USA 92:11175–11179.
26. Pettit DL, Perlman S, Malinow R (1994) Potentiated transmission and prevention of

further LTP by increased CaMKII activity in postsynaptic hippocampal slice neurons.

Science 266:1881–1885.
27. Nicoll RA (2017) A brief history of long-term potentiation. Neuron 93:281–290.
28. Lissin DV, Carroll RC, Nicoll RA, Malenka RC, von Zastrow M (1999) Rapid, activation-

induced redistribution of ionotropic glutamate receptors in cultured hippocampal

neurons. J Neurosci 19:1263–1272.
29. Passafaro M, Piëch V, Sheng M (2001) Subunit-specific temporal and spatial patterns

of AMPA receptor exocytosis in hippocampal neurons. Nat Neurosci 4:917–926.
30. Makino H, Malinow R (2009) AMPA receptor incorporation into synapses during LTP:

The role of lateral movement and exocytosis. Neuron 64:381–390.
31. Matsuda K, et al. (2010) Cbln1 is a ligand for an orphan glutamate receptor delta2, a

bidirectional synapse organizer. Science 328:363–368.
32. Uemura T, et al. (2010) Trans-synaptic interaction of GluRdelta2 and neurexin

through Cbln1 mediates synapse formation in the cerebellum. Cell 141:1068–1079.
33. Sheng N, Shi YS, Nicoll RA (2017) Amino-terminal domains of kainate receptors de-

termine the differential dependence on Neto auxiliary subunits for trafficking. Proc

Natl Acad Sci USA 114:1159–1164.
34. Straub C, et al. (2016) Distinct subunit domains govern synaptic stability and speci-

ficity of the kainate receptor. Cell Rep 16:531–544.
35. Matsuda K, et al. (2016) Transsynaptic modulation of kainate receptor functions by

C1q-like proteins. Neuron 90:752–767.
36. Aoto J, Martinelli DC, Malenka RC, Tabuchi K, Südhof TC (2013) Presynaptic neurexin-3

alternative splicing trans-synaptically controls postsynaptic AMPA receptor trafficking.

Cell 154:75–88.
37. Shipman SL, Nicoll RA (2012) A subtype-specific function for the extracellular domain

of neuroligin 1 in hippocampal LTP. Neuron 76:309–316.
38. Soler-Llavina GJ, et al. (2013) Leucine-rich repeat transmembrane proteins are es-

sential for maintenance of long-term potentiation. Neuron 79:439–446.
39. Watson JF, Ho H, Greger IH (2017) Synaptic transmission and plasticity require AMPA

receptor anchoring via its N-terminal domain. Elife 6:e23024.
40. Stoppini L, Buchs PA, Muller D (1991) A simple method for organotypic cultures of

nervous tissue. J Neurosci Methods 37:173–182.

Díaz-Alonso et al. PNAS | July 3, 2017 | vol. 114 | no. 27 | 7141

N
EU

RO
SC

IE
N
CE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1707472114/-/DCSupplemental/pnas.201707472SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1707472114/-/DCSupplemental/pnas.201707472SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1707472114/-/DCSupplemental/pnas.201707472SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1707472114/-/DCSupplemental/pnas.201707472SI.pdf?targetid=nameddest=STXT

