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Internalization of postsynaptic AMPA receptors depresses excitatory transmission, but the
underlying dynamics and mechanisms of this process are unclear. Using immunofluorescence and
surface biotinylation, we characterized and quantified basal and regulated AMPA receptor
endocytosis in cultured hippocampal neurons, in response to synaptic activity, AMPA and insulin.
AMPA-induced AMPA receptor internalization is mediated in part by secondary activation of voltage-
dependent calcium channels, and in part by ligand binding independent of receptor activation.
Although both require dynamin, insulin- and AMPA-induced AMPA receptor internalization are
differentially dependent on protein phosphatases and sequence determinants within the
cytoplasmic tails of GIuR1 and GIuR2 subunits. AMPA receptors internalized in response to AMPA
stimulation enter a recycling endosome system, whereas those internalized in response to insulin
diverge into a distinct compartment. Thus, the molecular mechanisms and intracellular sorting of
AMPA receptors are diverse, and depend on the internalizing stimulus.

The AMPA class of ionotropic glutamate receptors mediates most
of the fast excitatory synaptic transmission in mammalian brain.,
Changing the responsiveness of postsynaptic AMPA receptors
offers a powerful way to regulate excitatory synaptic transmis-
sion. Among the mechanisms proposed for modification of
AMPA receptor activity, one of the simplest is a change in the
number of AMPA receptors in the postsynaptic membrane. Stud-
ies suggest that AMPA receptors can move in and out of the post-
synaptic membrane on a rapid time scale (for review, see ref. 2).
Moreover, changes in postsynaptic membrane trafficking or in
synaptic targeting of AMPA receptors have been correlated with
alterations in synaptic efficacy?°.

In developing neurons in culture, synaptic expression of
AMPA receptors is modulated over a period of days by relative
levels of AMPA and NMDA receptor activityl®-12, Mature neu-
rons in culture also exhibit slow changes in synaptic AMPA recep-
tor expression in response to chronic changes in endogenous
activity?13.14 On a faster time scale, induction of long-term
depression (LTD) or acute application of AMPA or insulin can
induce a loss of AMPA receptors from the cell surface of cultured
hippocampal neurons within minutes®69.15_ Conversely, induc-
tion of long-term potentiation (LTP) and activation of CaMKI|I
are correlated with a rapid recruitment of AMPA receptors to the
postsynaptic membrane>8. Thus, the synaptic content of AMPA
receptors can change bidirectionally on a fast time scale and result
in altered synaptic transmission.

Little is known about the cell biological pathways or molec-
ular mechanisms of postsynaptic AMPA receptor trafficking. To
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date, studies of AMPA receptor trafficking have focused on the
presence or absence of AMPA receptors at synaptic sites, or on
internal versus surface expression3-1015-18 However, the multi-
ple subunits of AMPA receptors interact differentially with diverse
cytoplasmic proteins including GRIP/ABP, PICK1, NSF and
SAP97, all of which have been implicated in synaptic targeting
of AMPA receptors3517.19-27_ The diversity of AMPA receptor
protein interactions, and their regulation by phosphorylation?8,
suggest that AMPA receptor trafficking is likely to be regulated
by varied mechanisms.

Here we report that multiple distinct pathways exist for AMPA
receptor endocytosis in cultured hippocampal neurons. \We have
quantified a basal rate of AMPA receptor internalization, which
can be enhanced by a variety of stimuli including synaptic activ-
ity, ligand binding to AMPA receptors, insulin and calcium influx.
Different internalizing stimuli use distinct intracellular signal-
ing mechanisms, different endosomal sorting pathways and dis-
tinct sequence determinants within AMPA receptor subunits to
effect AMPA receptor endocytosis.

REsuLTS

Ligand-dependent endocytosis of AMPA receptors
Translocation of AMPA receptors from cell surface to intracellular
compartments was visualized and quantified by an ‘antibody feed-
ing’ immunofluorescence internalization assay in hippocampal neu-
rons cultured at medium density (15-18 days in vitro; see Methods)S.
In control conditions, a small but significant degree of basal AMPA
receptor internalization was detectable by 10 minutes (Fig. 1a). Treat-
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Fig. 1. Rapid ligand-depen-
dent endocytosis of AMPA
receptors in cultured hip-
pocampal neurons. Endo-
cytosis of AMPA receptors
(GluR1, unless otherwise
stated) was visualized and
quantified by the immuno-
fluorescence internalization
assay after 10-min exposure
to various drugs, as indi-
cated. Pre-labeled AMPA
receptors remaining on the
surface are in green, inter-
nalized receptors in red (see
Methods). (a) Basal AMPA
receptor internalization at
10 min. (b, ¢) Stimulation of
AMPA receptor internaliza-
tion by AMPA (100 pM) in
neuronal cell bodies (b) and
in distal dendrites (c and
inset of b). (d) GIuR2 inter-
nalization stimulated by
AMPA (100 pM). (e) AMPA
+ CNQX (30 uM). (f, 9)
CNQX (30 pM). (h) GYKI
52466 (30 uM). (i) AMPA +
GYKI 52466. (j) CNQX and
GYKI 52466. (k) Picrotoxin
(100 pM). () Picrotoxin +

picro'+ APV
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APV (100 puM). Upper part of each panel (except c and g), typical pattern of internalized AMPA receptors in the cell body and proximal dendrites. Lower
inset, staining pattern of internalized receptors in more distal dendrites. (m) AMPA-treated cells stained according to the immunofluorescence inter-
nalization assay, but omitting the methanol permeabilization step. (n) Quantitation of AMPA receptor internalization, measured as the ratio of internal-
ized (red) / total (red + green) fluorescence, normalized to 10 min control. Histograms show mean + s.e.m. Conditions quantified include those
illustrated in (a-l) as well as 100 pM APV, 100 uM APV + 100 pM AMPA, 100 uM APV + 30 uM CNQX. Control, vehicle-treated culture. * p < 0.001
compared with control; ** p < 0.001 compared with GYKI and p < 0.001 compared with control; *** p < 0.001 compared with APV and p < 0.001 com-
pared with control; # p < 0.01 compared with AMPA; ## p < 0.001 compared with CNQX;/ p < 0.05 compared with control;/ /p < 0.01 compared
with control, p < 0.01 compared with APV, and p < 0.01 compared with picrotoxin. Scale bar, 20 um for large panels, 6.6 um for insets.

ment with AMPA (100 uM) greatly enhanced internalization of
AMPA receptor subunit GIuR1 (Fig. 1b, ¢ and n), consistent with
previous resultst®. The internalized AMPA receptors accumulated
in bright red puncta of variable size and shape, in both the cell body
and dendrite shafts of neurons (Figs. 1b, inset, and c¢). Similar results
were obtained using an antibody against the extracellular region of
GIuR2 (Fig. 1d). An antibody directed against an intracellular epitope
of GluR2/3 produced no staining in this protocol (data not shown),
excluding the possibilities that AMPA might induce a non-specific
uptake of antibodies, or that the plasma membrane of live neurons
is permeable to antibodies. Furthermore, elimination of the per-
meabilization step during staining abolished red labeling (Fig. 1m),
indicating that the neuronal plasma membrane remained intact after
fixation, and verifying that the Cy3 signal represented internalized
AMPA receptors.

AMPA receptor internalization stimulated by AMPA was only
partially inhibited ((B5%) by the competitive antagonist CNQX
(30 pM, Fig. 1e and n). Remarkably, 10 minutes of treatment
with CNQX alone induced internalization of AMPA receptors in
both neuronal soma and dendrites (Fig. 1f, g and n). This finding
suggested that a ligand-induced conformational change in the
receptor was enough to stimulate AMPA receptor endocytosis,
independent of receptor activation. GYKI 52466 (30 uM), a non-
competitive antagonist of AMPA receptors, did not stimulate
endocytosis of AMPA receptors (Fig. 1h and n). Moreover,

nature neuroscience ¢ volume 3 no 12 ¢ december 2000

GYKI 52466 had only a minor inhibitory effect on AMPA-
induced internalization of AMPA receptors, and no effect on
CNQX-induced endocytosis (Fig. 1i, j and n). APV (100 uM), a
blocker of NMDA receptors, did not inhibit either AMPA- or
CNQX-induced endocytosis of AMPA receptors (Fig. 1n). On
the contrary, APV significantly potentiated the AMPA and CNQX
effects (Fig. 1n).

The partial inhibition of AMPA-stimulated AMPA receptor
internalization by CNQX (Fig. 1n) suggested that some of the
AMPA-induced endocytosis was due to AMPA receptor activation.
Consistent with this, AMPA-induced endocytosis of AMPA recep-
tors was also reduced ([50%) by nimodipine (5 pM; Fig. 5m), an
L-type voltage-gated calcium channel blocker, and by extracellu-
lar EGTA (10 mM, data not shown), both of which would prevent
depolarization-mediated calcium influx in response to AMPA stim-
ulation. Importantly, CNQX-induced AMPA receptor internal-
ization was unaffected by nimodipine (Fig. 5m). Taken together,
these data indicate that AMPA stimulation of receptor internal-
ization consists of at least two components: one that is due purely
to occupancy of the glutamate binding site, and one that is medi-
ated by AMPA receptor activation and subsequent depolarization
and calcium influx through voltage-dependent calcium channels.

Picrotoxin, an antagonist of GABA, receptors, increased AMPA
receptor internalization [2.2-fold over control (p < 0.05; Fig. 1k
and n). This picrotoxin effect was not prevented by APV; in fact,
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Fig 2. Time course of basal, AMPA-, and
insulin-induced internalization of AMPA
receptors. (a) Time course of AMPA recep-
tor (GIuR1) internalization measured by "
quantitative immunofluorescence (as in
Fig. 1) in the presence of vehicle alone (con-
trol), 100 yM AMPA or 10 puM insulin.
(b) Time course of basal and AMPA-induced
internalization of GluR1 (top) and of trans-
ferrin receptor (TfR) and NR1 (bottom),
quantified by surface biotinylation assays i ) ] ]
(white symbols). The time course of GIuR1 n 5 w =
internalization was also quantified by the

surface biotinylation assay after pre-labeling C > contral
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treated cultures. In (a) and (b), plotted lines
represent the best fit to a single exponential
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method. Solid line, basal internalization; dot-
ted line, AMPA-induced internalization; gray
line, insulin-induced internalization.
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APV plus picrotoxin actually enhanced AMPA receptor endocyto-
sis above that caused by picrotoxin alone ((%.3 fold; Fig. 11 and n).
These results indicate that endogenous synaptic activity can stim-
ulate AMPA receptor internalization through an NMDA receptor-
independent mechanism.

Time course of AMPA receptor internalization

We measured the time course of AMPA receptor endocytosis under
basal and stimulated conditions (Fig. 2). In untreated cultures,
basal endocytosis of AMPA receptors occurred to a modest extent,
as quantified by the immunofluorescence internalization assay,

Fig 3. Continued AMPA receptor internalization during the plateau phase of internalized AMPA receptor signal. (a—d) AMPA receptor internalization
was measured by the immunofluorescence internalization assay in response to AMPA (a, b) or insulin (c, d). In (a) and (c), surface AMPA receptors were
pre-labeled (pre) by applying extracellular GluR1 antibody immediately before AMPA or insulin treatment, as in the standard immunofluorescence inter-
nalization assay protocol, and GluR1 internalization was visualized after 10 min of exposure to AMPA or insulin. In (b) and (d), surface AMPA receptors
were post-labeled (post) by applying extracellular GluR1 antibody 20 min after the onset of AMPA or insulin treatment. After post-labeling, endocytosis
was allowed to proceed for an additional 10 min. (e) Quantitation of the immunofluorescence internalization data shown representatively in (a—d).
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Histograms show mean + s.e.m. (f) AMPA receptor (GluR1) internalization
was measured by the surface biotinylation assay using either the standard
pre-labeling protocol (pre), in which surface biotinylation was done imme-
diately before treatment with AMPA or insulin, or by the post-labeling pro-
tocol, in which surface biotinylation was performed 20 min after the onset
of AMPA or insulin treatment. In both cases, the amount of internalization
occurring over 10 min was measured. ‘Total’ lanes, signal from biotinylated
cultures that were not surface de-biotinylated with glutathione.
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Fig. 4. AMPA- and insulin-induced AMPA receptor internalization
through a clathrin-mediated, dynamin-dependent mechanism.
Cultured hippocampal neurons were transfected with HA-tagged wild-
type dynamin (a, c) or K44E dynamin dominant negative (DN) mutant
(b, d), and visualized by HA-immunoreactivity and FITC-secondary
antibodies. AMPA receptor internalization was stimulated with AMPA
(a, b) orinsulin (c, d), and internalized surface-pre-labeled GluR1 was
stained with Cy3 antibodies. Each pair of panels (a—d) shows double
labeling of the same neuron for dynamin and internalized GIuR1.
(e, f) AMPA receptor (GIuR1) endocytosis induced by AMPA (e) was
eliminated by 0.45 M sucrose (f). Scale bar, 20 pm.
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reaching a plateau after 10-15 minutes (Fig. 2a). The rate of inter-
nalization, however, was rapid (t = 7.1 minutes). AMPA enhanced
the rate (t = 3.1 minutes) and degree of AMPA receptor endocy-
tosis, which also reached a plateau by 10-15 minutes (Fig. 2a). In
contrast, insulin-induced AMPA receptor endocytosis increased
over 30 minutes without reaching a plateau (Fig. 2a). Because of
the different kinetics of the internalization response, insulin had
little effect on the time constant of AMPA receptor internalization
(t = 7.6 minutes), compared with control.

We also used surface biotinylation assays to measure AMPA
receptor endocytosis (see Methods). Quantified by this indepen-
dent method, basal internalization of AMPA receptors followed
a time course similar to the time course measured by the quan-
titative immunofluorescence assay (t = 9.2 minutes, Fig. 2b). Sim-
ilarly, a plateau was reached by (115 minutes, at which time [25%
of the surface biotinylated AMPA receptors had been internal-
ized. AMPA treatment increased both the rate (T = 5.2 minutes)
and extent of AMPA receptor internalization ((b0-60% inter-
nalized when plateau was reached at (L5 minutes; Fig. 2b). The
results from the surface biotinylation method were consistent
with the conclusions from the immunofluorescence internal-
ization assays. Moreover, surface biotinylation revealed the
specificity of the AMPA effect, because AMPA treatment did
not change the rate or extent of internalization of NMDA recep-
tors (NR1 subunit), transferrin receptors (TfR), or N-cadherin
(Fig. 2b, bottom, and c). Internalization of NR1 and N-cad-
herin was barely detectable in this assay over 30 minutes, in
either control or AMPA-stimulated cultures. On the other hand,
TfR endocytosis was rapid and robust: [60% of surface-biotiny-
lated TfR was internalized by 10 minutes in basal conditions,
with no change upon AMPA stimulation.

Using the surface biotinylation assay, we also tested the effects
of the extracellular GluR1 antibody (applied according to the
protocol of the immunofluorescence internalization assay) on
the internalization of AMPA receptors. Somewhat surprisingly,
we found that the antibody caused an inhibition of surface AMPA
receptor endocytosis, both in basal and in AMPA-stimulated con-
ditions (by [25-30% at all time points examined; Fig. 2b). The
GluR1 extracellular antibody did not significantly change the
time course of basal or AMPA-induced receptor endocytosis or
the relative increase in AMPA receptor internalization induced
by AMPA treatment. We concluded that although the extracel-
lular GIuR1 antibody had a slight inhibitory influence on AMPA
receptor internalization, this effect did not alter the validity of
relative differences measured by the immunofluorescence inter-
nalization assay.

To assess whether AMPA receptor internalization still
occurred during the plateau phase of the AMPA receptor inter-
nalization response (Fig. 2a and b), we labeled surface AMPA
receptors on live neurons, 20 minutes after onset of AMPA treat-
ment (‘post-labeling’ protocol; Fig. 3). After post-labeling, the
amount of AMPA receptor internalization occurring in 10 min-
utes (Fig. 3b) was indistinguishable from that measured when
surface AMPA receptors were ‘pre-labeled’ immediately before
AMPA treatment (Fig. 3a and €). The same results were obtained
with pre- and post-labeling of AMPA receptors using surface
biotinylation
(Fig. 3f). These results implied that in our standard pre-labeling
protocol, the plateau of internalized AMPA receptors after
15 minutes reflected a new steady state in which internalization
was in equilibrium with recycling to the surface.

We also observed continuing internalization of AMPA recep-
tors with the post-labeling protocol 20 minutes after onset of
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treatment with insulin (Fig. 3d). The finding that insulin-induced
AMPA receptor internalization did not plateau over 30 minutes in
the standard immunofluorescence assay is consistent with insulin
eliciting a slower rate than AMPA of recycling of internalized
AMPA receptors to the cell surface.

Different signaling pathways for endocytosis

Both AMPA- and insulin-induced AMPA receptor internalization
depended on the activity of dynamin (Fig. 4). Hypertonic sucrose
(0.45 M), which disrupts formation of clathrin cages, abolished
AMPA-induced AMPA receptor internalization (Fig. 4e and f), as
it does insulin-induced receptor endocytosis®. Transfection of
neurons with dynamin (K44E), a dominant-negative dynamin
mutant, blocked both AMPA- and insulin-induced AMPA recep-
tor internalization (Fig. 4b and d), whereas wild-type dynamin
did not interfere with either form of stimulated AMPA receptor
endocytosis (Fig. 4a and c).

The protein phosphatase calcineurin is implicated in insulin
signaling2?:3% and membrane trafficking3l. Cyclosporin A
(0.5 uM), an inhibitor of calcineurin, blocked AMPA receptor
internalization induced by insulin (Fig. 5j and m) but not by
AMPA (Fig. 5f and m), and had no detectable effect on basal
internalization (Fig. 5b and m). FK506 (1 uM) also inhibited
insulin-induced AMPA receptor internalization, though the
inhibition was less complete than with cyclosporin A (data not
shown). Okadaic acid (1 pM), an inhibitor of protein phos-
phatase-1 (PP1) and protein phosphatase-2A (PP2A), reduced
insulin- but not AMPA-induced internalization of AMPA
receptors (Fig. 5g, k and m). In fact, okadaic acid enhanced
the degree of internalization following AMPA treatment
(Fig. 5m). Pervanadate (100 uM), a general inhibitor of tyro-
sine phosphatases, also reduced insulin-dependent AMPA
receptor internalization, but had no effect on AMPA-induced
internalization (Fig. 5m).

As mentioned previously, AMPA-induced AMPA receptor
endocytosis was partially blocked by nimodipine (Fig. 5h

and m). Nimodipine, however, had no effect on insulin-induced
internalization of AMPA receptors (Fig. 51 and m). CNQX-
induced AMPA receptor endocytosis was unaffected by nimodip-
ine or any inhibitor of insulin-induced internalization (Fig. 5m),
nor was it potentiated by okadaic acid. These data show that mul-
tiple signaling pathways can converge to stimulate AMPA recep-
tor endocytosis.

Differential sorting of internalized AMPA receptors

After endocytosis, internalized proteins can be sorted to various
endosomal compartments. Internalized AMPA receptors, after
five minutes of treatment with either AMPA or insulin, colocal-
ized extensively in a punctate pattern with early endosomal anti-
gen-1 (EEA1), a marker of early endosomes (Fig. 6a and b;
quantified in Fig. 6m). By 15 minutes, however, whereas most of
the AMPA-induced internalized AMPA receptors remained colo-
calized with EEA1 (Fig. 6¢c and m), a large fraction ((070%) of
insulin-induced internalized AMPA receptors had separated into
a membrane compartment that lacked EEA1 (Fig. 6d and m).
Thirty minutes after AMPA stimulation, the majority ((770%) of
internalized AMPA receptors were still associated with EEA1-
positive compartments, whereas 30 minutes after insulin stimu-
lation, only [20% of internalized AMPA receptors remained
colocalized with EEA1 (Fig. 6e, f and m). Similar subcellular
divergence of internalized AMPA receptors was observed when
double-label staining was done with TfR (Fig. 6g and h), which
goes through a recycling endosomal pathway, or with
syntaxin 13 (Fig. 6i and j)32, a SNARE protein localized in
tubulovesicular recycling endosomes33. Neither AMPA- nor
insulin-induced internalized AMPA receptors colocalized with the
lysosomal marker LAMP1 even after 30 minutes (Fig. 6k and ).
In unstimulated cultures, the majority of internalized AMPA recep-
tors colocalized with EEA1 at 30 minutes (data not shown).

GIuR determinants for AMPA receptor internalization
We ‘reconstituted’ constitutive and regulated AMPA receptor

Fig. 5. Differential inhibition of AMPA- and insulin-induced AMPA receptor endocytosis by inhibitors of protein phosphatases and L-type cal-
cium channels. (a-1) AMPA receptor (GIuR1) endocytosis was measured by the immunofluorescence internalization assay at 10 min after treat-
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endocytosis in HEK cells expressing N-terminally HA-tagged
GIuR subunits (see Methods). Thirty minutes after surface label-
ing, (5% of surface HA-GIuR2 was internalized in basal condi-
tions (Fig. 7). Insulin (0.5 pM), AMPA (100 uM), DNQX
(30 pM) or CNQX (30 puM) were each able to increase GIuR2
endocytosis such that at 30 minutes, [50% of pre-labeled GluR2
was internalized (Fig. 7).

Insulin-induced AMPA receptor internalization requires the
C-terminal tail of the GIuR2 subunit—insulin has no effect on
endocytosis of GluR1 in HEK cells®. In contrast, AMPA, DNQX
and CNQX stimulated the internalization of both GluR1 and
GIuR2 homomeric receptors (Fig. 7). Deletion of the last four
amino acids of GIuR2 (A880-883), which are important for
interaction with PDZ-containing proteins, did not alter the con-
stitutive internalization of GIuR2 or its response to insulin,
AMPA or DNQX (Fig. 7). However, PDZ-containing binding
partners of GIuR2 such as GRIP and PICK1 are not highly
expressed in HEK cells, and therefore this finding does not nec-
essarily exclude their involvement in GluR2 endocytosis. A
GluR2 mutant lacking the last 15 amino acids (A868-883) was
completely unresponsive to insulin, but its internalization was
still stimulated by AMPA and DNQX (Fig. 7). Conversely, dele-
tion of the membrane-proximal 10 amino acids of the GIuR2
tail (A834-843) reduced GIuR?2 internalization in response to
AMPA or DNQX, but had little effect on insulin-dependent
internalization.

DiscussioN

AMPA receptor endocytosis: basal, regulated, recycling
A rapid constitutive internalization of AMPA receptors has been
inferred from electrophysiological studies’. Here we report the
visualization of a basal endocytosis of AMPA receptors in cul-
tured neurons and its time course measured by immunofluo-
rescence and surface biotinylation assays. Based on surface
biotinylation assays, the kinetics of basal internalization were
rapid (T [8-9 minutes) and the amount of internalized recep-
tor reached a plateau of [25% by 115 minutes. Similarly, the
AMPA-stimulated internalization of AMPA receptors showed
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Fig. 6. Differential sorting of internalized AMPA
receptors after AMPA and insulin stimulation.
(a-1) Confocal images showing double-label
immunofluorescence for internalized AMPA recep-
tors (red) and EEA1, TfR, syntaxin 13 or Lampl
(green), at 5, 15 and 30 min after stimulation with
AMPA or insulin, as indicated. (m) Quantitation of
the percentage of internalized GIuR1 that colocalized
with EEAL1 following AMPA or insulin treatment at 5, 15
and 30 min. * p < 0.001 compared with insulin at 5 min;
**p <0.01 compared with insulin at 15 min; # p < 0.001
compared with AMPA at 15 min; ## p < 0.001com-
pared with AMPA at 30 min. Scale bar, 25 pm.

rapid Kinetics and reached a maximum by 15 minutes. The
attainment of the plateau phase could be explained either by
completed internalization of a subpopulation of surface AMPA
receptors, or by rapid recycling of receptors to the cell surface
after internalization. The continued robust internalization of
AMPA receptors, measured during the plateau phase following
AMPA stimulation (Fig. 3), excludes the former possibility and
strongly implies the latter.

In contrast to AMPA-stimulated internalization, insulin-stim-
ulated AMPA receptor internalization continued to accumulate
over 30 minutes. The simplest explanation for this difference in
kinetics is that AMPA receptors that are internalized in response
to insulin return more slowly to the surface. This hypothesis is
consistent with our finding that AMPA receptors internalized in
response to AMPA, but not in response to insulin, remain large-
ly within a recycling endosome system, as defined by colocaliza-
tion with EEA1, syntaxin 13 and TfR32-40, Unlike AMPA, insulin
caused a divergence of internalized AMPA receptors out of the
pathway delineated by EEA1, syntaxin 13 and TfR into a sepa-
rate intracellular compartment. This later compartment did not
seem to be lysosomal because it did not costain with LAMP1.
However, it is possible that internalized AMPA receptors became
detached from their antibody by the time they reached degrada-
tive organelles.

Taken together, our data suggest that AMPA receptors inter-
nalized in response to AMPA treatment quickly reappear on the
surface. Insulin, by diverting internalized receptors to a non-recy-
cling pathway, may delay or even prevent the recycling of AMPA
receptors back to the surface. Prolonged intracellular sequestra-
tion (or degradation) of AMPA receptors may account for the
ability of insulin to induce long-lasting depression of synaptic
transmission3. What is the significance of AMPA receptor cycling
in and out of the postsynaptic membrane? A high cycling rate
need not alter the steady-state surface expression of AMPA recep-
tors, but it would amplify the effect of inhibition of either endo-
cytosis or exocytosis. Thus, recycling energy is ‘wasted’ to render
synapses more sensitive to stimuli that govern AMPA receptor
trafficking in the postsynaptic compartment.

1287



#2 © 2000 Nature America Inc. ¢ http://neurosci.nature.com

#2 © 2000 Nature America Inc. ¢ http://neurosci.nature.com

articles

Different modes of AMPA receptor internalization
Several lines of evidence support an activation-independent
mechanism of AMPA receptor internalization that depends pure-
ly on occupancy of the glutamate binding site. First, CNQX, a
competitive antagonist of AMPA/glutamate, by itself induces
AMPA receptor internalization in cultured neurons (and this is
not prevented by APV or nimodipine). Second, neither AMPA-
nor CNQX-induced internalization is blocked by GYKI 52466,
a non-competitive antagonist, and GYKI 52466 alone does not
stimulate receptor internalization. Third, AMPA and
CNQX/DNQX can stimulate internalization of AMPA receptors
heterologously expressed in HEK cells. Antagonist-induced inter-
nalization of G-protein-coupled receptors has been reported??.
Here, however, a competitive antagonist acted as a ligand to
enhance internalization of an ionotropic glutamate receptor. Pre-
sumably, ligand binding induces a conformational change in the
AMPA receptor that is ‘read’ by the cytoplasmic machinery that
mediates clathrin- and dynamin-dependent endocytosis. In some
contexts, CNQX may indirectly enhance synaptic activity by
inhibiting GABAergic neurons*2. It is therefore possible that
CNQX has similar indirect effects on AMPA receptors in hip-
pocampal cultures. However, the reconstitution of AMPA- and
DNQX-dependent internalization of AMPA receptors in HEK
cells is hard to reconcile with circuitous mechanisms of AMPA
receptor endocytosis.

AMPA receptor-mediated mechanisms (whether activation
dependent or independent) may contribute to AMPA receptor
internalization in response to synaptic release of glutamate,
because synaptic activity (induced by picrotoxin) can stimulate
AMPA receptor endocytosis in an NMDA receptor-independent
manner. However, it is unclear to what extent the AMPA receptor
endocytosis triggered by pharmacological treatment with AMPA
is relevant to the physiological stimulation that occurs in synaps-
es. Surprisingly, APV potentiated AMPA receptor internalization
in response to picrotoxin, AMPA and CNQX, suggesting that the
degree of AMPA receptor internalization is kept in check by
synaptic NMDA receptor activity. Bath application of NMDA,

HA-GIuR2 C-terminal EFCYKSRAEAKRMKVAKNPQNINPSSSQNSQNFATYKEGYNVYGIESVKI
HA-GIluR2A880-883  EFCYKSRAEAKRMKVAKNPQNINPSSSQNSQNFATYKEGYNVYGIE

HA-GIluR2A868-883  EFCYKSRAEAKRMKVAKNPQNINPSSSQNSQNFAT

however, accelerates AMPA receptor endocytosis (J.W.L. and
M.S., unpublished observations). The finding that NMDA recep-
tors can affect AMPA receptor internalization in opposing direc-
tions is not surprising given their critical involvement in both
LTD and LTP.

Dephosphorylation of AMPA receptors is correlated with
LTD*3-45, and both PP1 and calcineurin are implicated in LTD
mechanisms*6. LTD and insulin-induced synaptic depression
depend on postsynaptic endocytosis®’ and are mutually occlu-
sive3, implying some shared mechanisms. We find that cal-
cineurin and PP1 are also involved in insulin-stimulated
AMPA receptor endocytosis. Our pharmacological data sug-
gest that PP1 and calcineurin may be components of a com-
mon mechanism for AMPA receptor internalization that is
shared in part by homosynaptic LTD and insulin-mediated
synaptic depression. In apparent contrast to our results, Beat-
tie et al.#” in this issue found that calcineurin was required for
AMPA-induced AMPA receptor internalization. Their exper-
imental protocol may favor measurement of the activation-
dependent mode of AMPA-stimulated internalization
(involving calcium influx and hence calcineurin), whereas ours
favored the ligand-dependent mode (calcium and calcineurin
independent). Differences in culture density and drug treat-
ment protocols could also contribute to other quantitative dif-
ferences between the two studies.

Determinants for AMPA receptor internalization

The last 15 amino acids of GIUR2 are required for insulin- but
not AMPA- or DNQX-induced internalization in HEK cells.
Within this region of GIuR2 are three tyrosine residues (Y869,
Y873 and Y876), mutations of which also eliminate insulin-
induced GIuR2 endocytosis (J. G. Mielke et al., Soc. Neurosci.
Abstr., 425.11, 2000). Tyrosine is a critical component of
Y-X-X-® and N-P-X-Y sequence motifs that are implicated in
endocytosis. These motifs require tyrosine to be in the
dephosphosphorylated state to bind to components of the clathrin
coat such as p-adaptin®®. Although Y869, Y873 and Y876 do not

Fig. 7. Differential subunit and sequence
requirements for AMPA- and insulin-
induced AMPA receptor endocytosis.
HA-tagged GIuR1, GIuR2 and cytoplasmic

HA-GIUR2AB34-843  wormmmmeeeoeenee KRMKVAKNPQNINPSSSQNSQNFATYKEGYNVYGIESVKI! domain mutants of GIuR2 (top, diagram)

were expressed in HEK293 cells. The

B control amount of pre-labeled surface receptor

] insulin remaining at the cell surface at 30 min was

107 W AvPA measured by colorimetric cell-ELISA in
the presence of vehicle control, 0.5 uM

[ DNaX insulin, 100 uM AMPA, 30 uM DNQX or

30 pM CNQX, and expressed as a frac-

B eNax

*

Normalized surface level
o
(6,3
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%) HA-GIUR1 HA-GIUR2 A880-883
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tion of total surface receptor at t = 0.
Untransfected cells (fl ) showed negligible
surface staining. Separate controls are
shown for CNQX, as these experiments
were performed separately. Internalization
of HA-GIuR1 in HEK cells is not stimulated
by insulin. * p < 0.005 compared with
HA-GIuR1 control; ** p < 0.001 compared
with HA-GIUR2 control; # p < 0.001 com-
pared with A880-883 control;
## p < 0.001 compared with A868-883
control; + p < 0.001 compared with
A834-843 control; ++ p < 0.01 compared
with A834-843 control.

A868-883  A834-843
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fall within sequences that conform to Y-X-X-® or N-P-X-Y inter-
nalization motifs, it is possible that they interact with the endo-
cytotic machinery in unrecognized ways. It will be interesting to
investigate whether these tyrosine residues can be phosphorylat-
ed and dephosphorylated to affect specific protein interactions
of the GIuR2 tail.

AMPA and CNQX/DNQX stimulate the endocytosis of
GluR1, a subunit that is unresponsive to insulin®. Because both
GIuR1 and GIuR?2 are sensitive to ligand-induced internalization,
the determinants of this effect likely lie within an intracellular
region conserved between these subunits. Indeed, deletion of a
membrane proximal segment of the GluR2 C-terminal tail that is
highly conserved among GluR1-4 (A834-843, EFCYKSRAEA)
inhibited AMPA/DNQX-stimulated GIuR2 internalization. Dele-
tion of this membrane-proximal segment also reduced constitu-
tive internalization of GIuR2 in HEK cells, suggesting that
constitutive and ligand-dependent endocytosis have common
molecular requirements.

Protein interactions involving the C-terminal tails of GIuR
subunits may regulate not only the endocytosis of surface recep-
tors but also the sorting of AMPA receptors following internal-
ization. Disruption of the binding of 32-adrenergic receptor to
its PDZ protein partner EBP50/NHERF results in degradation of
the receptor after endocytosis*®. By analogy, interactions of GIuR2
with PDZ-proteins GRIP or PICK1, perhaps regulated by phos-
phorylation28, could govern AMPA receptor sorting into recycling
or degradative pathways. Thus, an important next step will be to
understand the dynamics of GluR-mediated protein interactions
during AMPA receptor endocytosis and intracellular sorting.

METHODS

Hippocampal cultures. Hippocampal cultures were prepared using a
modified published protocol®®. Coverslips were coated overnight in
250 pg/ml poly-p-lysine and 25 pg/ml laminin. Hippocampi from E19
Sprague-Dawley rats were trypsinized for 15 min. Dissociated neurons
were plated in Neurobasal medium supplemented with B27, 0.5 uM glu-
tamine and 12.5 pM glutamate in 12-well plates at 75000 per well for
medium-density cultures and 600,000 per well for high-density cultures.
At 4 days in vitro and every 7 days thereafter, cultures were fed by replac-
ing half the medium with feeding medium (Neurobasal medium with
B27 and 0.5 uM glutamine).

Fluorescence internalization assay. Live hippocampal neurons at 15-18
days in vitro were labeled for 10 min at 37°C with an antibody directed
against the extracellular region of either GIuR1 (Oncogene Research Prod-
ucts, Cambridge, Massachusetts) or GIuR2 (Chemicon International,
Temecula, California). After washing in PBS, 1 mM MgCl and 0.1 mM
CaCl (PBS + MC), neurons were incubated at 37°C in conditioned growth
medium containing pharmacological agents. Neurons were fixed for
5 min at room temperature in 4% paraformaldehyde/4% sucrose with-
out permeabilization, and stained with FITC-conjugated secondary anti-
bodies for 1 h at room temperature, to visualize pre-labeled surface
receptors. Neurons were then permeabilized for 1 min in 100% methanol
at —20°C and stained with Cy3-conjugated secondary antibodies for 1 h
at room temperature, to visualize pre-labeled internalized receptors. In
‘post-labeling’ experiments, neurons were first treated for 20 min with
either AMPA or insulin, after which they were labeled with extracellular
GluR1 antibody for 10 min at 37°C and then allowed to undergo endo-
cytosis for an additional 10 min in the continued presence of either AMPA
or insulin. Fluorescence images were acquired using a Photometrics CCD
camera (Princeton Instruments, Trenton, New Jersey) and quantified with
Metamorph software (Universal Imaging Corporation, West Chester,
Pennsylvania). Red fluorescence intensities indicative of internalization
were divided by total (red + green) fluorescence intensities to control for
cell density. Units of internalization were measured as red/total fluores-
cence normalized to untreated controls.
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Surface biotinylation assay. Live hippocampal neurons were labeled for 2
min at 37°C with EZ-link NHS-SS-biotin (300 pg/ml, Pierce, Rockford,
lllinois) to biotinylate surface proteins. After washing in Tris-buffered
saline, neurons were incubated in medium alone or in medium containing
100 uM AMPA for various times. Trafficking was halted by rapid cooling
to 4°C. Biotinylated proteins remaining on the cell surface were stripped of
biotin by the non-permeant reducing agent glutathione (150 mM glu-
tathione, 150 mM NaCl, pH 8.75). Glutathione was subsequently neu-
tralized by 50 mM iodoacetamide in PBS + MC. Cells were lysed in
extraction buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% SDS) by boiling for 5 min. After centrifugation at 16000 g, supernatants
containing equal amounts of total protein were incubated with strepta-
vidin beads to capture biotinylated proteins. After washing in extraction
buffer, biotinylated proteins were eluted from streptavidin beads by boil-
ing in sample buffer, separated by SDS-PAGE and immunoblotted using
antibodies against GIuR1 (1:2000), TfR (1:250, Zymed Laboratories, San
Francisco, California) and NR1 (1 pg/ml, PharMingen, San Diego, Cali-
fornia). In post-labeling experiments, neurons were biotinylated for 2 min
at 37°C, as described above, at 20 min after onset of AMPA or insulin treat-
ment. Following biotinylation, neurons were allowed to undergo endocy-
tosis for an additional 10 min in the continued presence of either AMPA or
insulin. Immunoblots were processed by standard chemiluminescence
protocol. Bands were digitized and quantified using a digital electrophoresis
documentation and analysis system (Kodak, Rochester, New York). All
band intensities were normalized to the band intensity of a biotinylated
but unstripped sample (not treated with glutathione), which represented
total surface protein at the time of biotinylation.

Dominant negative dynamin and AMPA receptor internalization. Wild-
type and dominant negative (K44A) dynamin | cDNAs were used. Hip-
pocampal neurons (15 days in vitro ) were transfected with HA-tagged
wild-type and K44A dynamin in GW1 expression vector using calcium
phosphate. After 48 h, the immunofluorescence internalization assay
was used to detect AMPA receptor internalization, but with the follow-
ing modifications. After formaldehyde fixation, labeled surface recep-
tors were blocked by ‘cold’ secondary antibody. Neurons were then
permeabilized for 1 min in 100% methanol at —20°C and incubated
overnight at 4°C in anti-HA antibody. The following day, neurons were
labeled with FITC-conjugated secondary antibodies against the HA anti-
body and Cy3-conjugated secondary antibodies against internalized
GluR1 antibody.

Colocalization of internalized AMPA receptors with endosomal mark-
ers. The immunofluorescence internalization assay was carried out to
the point of formaldehyde fixation, and labeled surface receptors were
blocked by excess ‘cold’ secondary antibody. Neurons were then perme-
abilized for 1 min in 100% methanol at —20°C and incubated overnight
at 4°C in primary antibodies directed against EEA1 (1:250, Transduc-
tion Laboratories, Lexington, Kentucky), TfR (1:500), syntaxin 13
(1:1000) or Lamp1 (1:250, Stressgen Biotechnologies Corporation, Vic-
toria, British Columbia, Canada). The following day, neurons were
labeled with Cy3-conjugated secondary antibodies directed against inter-
nalized AMPA receptor antibodies and FITC-conjugated secondary anti-
bodies directed against membrane compartment marker antibodies.

Cell ELISA assay. Cell ELISA ‘colorimetric’ assays were done using a pro-
tocol described previously3. HEK293 cells were transfected by the calci-
um phosphate method and replated 24 h later into 12-well plates. Surface
GIuR subunits (HA-tagged) were pre-labeled by incubating live cells at
4°C with 10 pg/ml monoclonal anti-HA antibody for 1 h. Cells were then
returned to 37°C for 30 min in the presence of drug, and then fixed for
5 min in 2% paraformaldehyde without permeabilization. After wash-
ing, cells were sequentially incubated for 1 h at room temperature with
horseradish peroxidase-conjugated secondary antibody (1:800; Amer-
sham Pharmacia Biotech, Piscataway, New Jersey) and for 2 min with
chromagenic substrate (OPD; Sigma, St. Louis, Missouri). Reactions
were stopped with 0.2 volume 3 N HCI, and the optical density of 1 ml of
supernatant was read on a spectrophotometer at 492 nm. Surface expres-
sion was described as a fraction of that measured on cells not subjected
to the 30 minute incubation at 37°C.
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