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Regulation of the abundance of NMDA receptors (NMDARs) at excitatory synapses is critical during changes in synaptic efficacy under-
lying learning and memory as well as during synapse formation throughout neural development. However, the molecular signals that
govern NMDAR delivery, maintenance, and internalization remain unclear. In this study, we identify a conserved family of membrane-
proximal endocytic signals, two within the NMDAR type 1 (NR1) subunit and one within the NR2A and NR2B subunits, necessary and
sufficient to drive the internalization of NMDARs. These endocytic motifs reside in the region of NMDAR subunits immediately after the
fourth membrane segment, a region implicated in use-dependent rundown and NMDA channel inactivation. Although endocytosis
driven by the distal C-terminal domain of NR2B is followed by rapid recycling, internalization mediated by membrane-proximal motifs
selectively targets receptors to late endosomes and accelerates degradation. These results define a novel conserved signature of NMDARs
regulating internalization and postendocytic trafficking.
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Introduction
The regulated insertion and removal of postsynaptic receptors is
essential for altering synaptic transmission during experience-
dependent plasticity (Carroll et al., 2001; Carroll and Zukin,
2002; Kneussel, 2002; Bredt and Nicoll, 2003; Wenthold et al.,
2003). At excitatory glutamatergic synapses, the insertion of
ionotropic glutamate receptors accompanies long-term potenti-
ation (LTP), whereas clathrin-mediated endocytosis of resident
glutamate receptors leads to long-term depression (LTD) (Mali-
now and Malenka, 2002; Bredt and Nicoll, 2003; Wenthold et al.,
2003). Although many studies have focused on the trafficking of
AMPA-type glutamate receptors (AMPARs) during synaptic
plasticity (Malinow and Malenka, 2002; Bredt and Nicoll, 2003),
it has become increasingly apparent that dynamic regulation of
NMDA receptors (NMDARs) contributes to synapse maturation
(Friedman et al., 2000; Washbourne et al., 2002; Bresler et al.,
2004), activity-dependent synaptic plasticity (Rao and Craig,

1997; Turrigiano et al., 1998; Liao et al., 1999; Quinlan et al.,
1999; Watt et al., 2000; Snyder et al., 2001; Barria and Malinow,
2002; Carroll and Zukin, 2002; Grosshans et al., 2002; Montgom-
ery and Madison, 2002), and use-dependent downregulation,
which refers to the decline of NMDAR responses after repeated or
sustained agonist application (Rosenmund and Westbrook,
1993a,b; Wang et al., 1993; Vissel et al., 2001; Li et al., 2002; Nong
et al., 2003). However, the signals used by NMDARs during syn-
aptic insertion and internalization and the cellular mechanisms
that underlie the stabilization and trafficking of NMDARs at syn-
aptic sites are poorly understood.

Endocytosis and removal of NMDARs from the plasma mem-
brane occurs during synapse maturation (Roche et al., 2001; Bar-
ria and Malinow, 2002), during paradigms of LTD (Snyder et al.,
2001), and in response to ligand binding (Vissel et al., 2001; Bar-
ria and Malinow, 2002; Li et al., 2002; Nong et al., 2003). Control
over NMDAR endocytosis (and NMDAR synaptic targeting gen-
erally) has been thought to reside within distal intracellular do-
mains of NMDAR type 2 (NR2) subunits. For example, the distal
C terminus of NR2B contains an endocytic motif regulated by
the binding of the postsynaptic PDZ [postsynaptic density-95
(PSD-95)/Discs large/zona occludens-1] scaffold protein PSD-95
(Roche et al., 2001). In contrast, agonist binding triggers
NMDAR endocytosis (Li et al., 2002; Nong et al., 2003) and use-
dependent rundown or synaptic replacement independent of ion
flux (Vissel et al., 2001; Barria and Malinow, 2002), suggesting
conformation-dependent internalization signals coupled to li-
gand binding or channel gating. Notably, NR1 subunits are oblig-
atory for channel function and contain membrane-proximal cy-
toplasmic domains linked to channel gating (Ehlers et al., 1996;
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Figure 1. The NMDAR subunit NR1 mediates endocytosis
in the absence of NR2 C-terminal domains. A, YFP was fused
to the N terminus of NR1–1a or NR1– 4a and coexpressed
with myc-tagged wild-type (NR2B) or mutant NR2B subunits
(NR2B-�C) lacking the intracellular domain following fourth
membrane domain. The asterisk denotes the position of a
known distal endocytic motif, YEKL, within NR2B subunits. B,
COS7 cells coexpressing YFP-NR1–1a and either wild-type
NR2B (top) or NR2B-�C subunits (bottom) were incubated
live for 30 min with an anti-GFP antibody either at 4°C (left) or
37°C (right). Small vesicular puncta of NMDARs (arrows) were
observed only when cells were incubated at 37°C to allow
endocytosis. Scale bars, 10 �m. C, COS7 cells coexpressing
YFP-NR1– 4a (YFP-NR1) and either wild-type NR2B (top) or
mutant NR2B-�C subunits (bottom) were incubated live
with an anti-GFP antibody for 30 min at 37°C to allow endo-
cytosis, fixed, permeabilized, and stained with an anti-myc
antibody to visualize NR2B subunits. Note that live-labeled
NR1 subunits (red) always colocalized (arrows) with either
full-length or C-terminal truncated myc-NR2B (green) in en-
docytic vesicles. Scale bars, 10 �m; inset, 1 �m. D, Hip-
pocampal neurons (10 –14 DIV) coexpressing YFP-NR1– 4a
(YFP-NR1) and wild-type NR2B (left, middle) or NR2B-�C
(right) were incubated live for 15 min with an anti-GFP anti-
body either at 4°C (left) or 37°C (middle, right), fixed, perme-
abilized, and stained with an anti-EEA1 antibody to visualize
early endosomes. Arrows indicate EEA1-positive endosomes
that contain live-labeled NMDARs. Arrowheads indicate
EEA1-positive endosomes that do not contain live-labeled
NMDARs. Scale bars, 5 �m. E, Quantification of the percent-
age of EEA1-positive endosomes that contain internalized
NMDARs in hippocampal neurons from D. Data represent
means�SEM; *p �0.05 relative to 4°C; t test. C, C terminus;
N, N terminus.
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Zhang et al., 1998; Krupp et al., 1999).
However, the role of NR1 subunits in
NMDAR endocytosis and membrane re-
moval remains unknown. Moreover, little
is known about the fate of internalized
NMDARs after endocytosis.

In this study, we investigated the con-
tribution of NR1 subunits to NMDAR in-
ternalization. We demonstrate that the
membrane-proximal C0 domain of NR1
contains two independent endocytic sig-
nals necessary and sufficient to drive the
internalization of NMDARs. Similar endo-
cytic motifs are found within corresponding
regions of NR2 subunits, establishing a con-
served membrane-proximal endocytic ring
near the channel pore. C-terminal domains
of NR1 and NR2 contribute in an additive
manner to endocytosis but exert distinct ef-
fects on postendocytic trafficking. Whereas
distal C-terminal regions of NR2B mediate
rapid recycling, membrane-proximal signals
direct internalized receptors to late endo-
somes for accelerated degradation. These
findings define a novel set of motifs mediat-
ing NMDAR internalization, strongly impli-
cate the NR1 subunit in NMDAR endocyto-
sis, and demonstrate that the postendocytic
trafficking of NMDARs for degradation or
recycling is coordinated by distinct proximal
and distal domains of NMDAR subunits. In
addition, these results suggest that mecha-
nisms for NMDAR channel regulation
and membrane trafficking converge on
membrane-proximal segments of NMDAR
subunits.

Materials and Methods
Molecular biology and DNA transfection. Yellow
fluorescent protein (YFP)-NR1–1 was kindly
provided by Dr. Stefano Vicini (Georgetown
University, Washington, DC). YFP-NR1– 4 was
made as described previously (Mu et al., 2003).
Wild-type Myc-NR2B (NR2B) and mutant
Myc-NR2B (NR2B-�C) were kindly provided
by Dr. Richard Huganir (Johns Hopkins Uni-
versity, Baltimore, MD). Green fluorescent
protein (GFP)-Rab5 and GFP-Rab7 were
kindly provided by Dr. Marino Zerial (Max
Planck Institute, Dresden, Germany). Wild-
type and mutant GFP-dynamin-1 was kindly
provided by Dr. Pietro De Camilli (Yale Uni-
versity, New Haven, CT). Tac pCDM8 expres-
sion vector was kindly provided by Dr. Pierre
Cosson (Centre Medical Universitaire, Geneva,
Switzerland). Tac-NR2A was kindly provided
by Dr. Isabel Perez-Otano (Duke University,
Durham, NC). Tac-vesicular monoamine
transporter (VMAT) was kindly provided by
Dr. Robert Edwards (University of California
San Francisco, San Francisco, CA). Tac-NR1
chimeric receptors were generated as reported
previously (Scott et al., 2001). Tac-C0 and Tac-
NR2A point mutants were generated using the
Quick Change site-directed mutagenesis kit

Figure 2. The C0 domain of NR1 is sufficient to drive endocytosis. A, Schematic representation of NR1 splice variant C-terminal
domains and Tac chimeras. B, The C0 domain of NR1 contains an endocytic signal. COS7 cells expressing Tac, Tac-C0, Tac-C2,
Tac-C2�, or Tac-VMAT were incubated live for 30 min at 37°C or at 4°C with an anti-Tac antibody. Only Tac-C0 and Tac-VMAT
redistribute into small intracellular vesicles (arrows) when incubated at 37°C. Scale bars, 10 �m. C, Internalization driven by the
C0 domain of NR1 is dynamin dependent. Internalization assays using an anti-Tac antibody were performed for 30 min on COS7
cells expressing Tac-C0 (top panel) and a GFP-dynamin dominant-negative mutant (K44A) (bottom panel). In cells that express
GFP-dynamin-K44A, Tac-C0 is expressed diffusely on the plasma membrane (arrow). Arrowheads indicate internalized receptors
in a Tac-C0-expressing cell that lacks GFP-dynamin-K44A expression. Scale bar, 10 �m. D, The C0 domain drives the internaliza-
tion of chimeric receptors in neurons. Hippocampal neurons (10 DIV) expressing either Tac (left) or Tac-CO (right) were incubated
live for 30 min with an anti-Tac antibody. C0-containing receptors internalize into vesicular puncta (arrows), whereas Tac remains
diffusely expressed over the plasma membrane. Bottom panels correspond to the region in the (Figure legend continues.)
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(Invitrogen, Carlsbad, CA) following the instructions of the manufac-
turer. NR1�C0 was constructed using the splice by overlap PCR method
to delete amino acids 838 – 863 of NR1. NR1�C0 and NR2AStop850 were
subcloned into XhoI-XbaI sites of the high expression vector pGEMsh for
expression in Xenopus oocytes. cRNAs were transcribed using an in vitro
transcription kit with the T7 promoter (Ambion, Austin, TX). All constructs
were verified by sequencing. COS7 cells, and cultured hippocampal neurons
were cultured and transfected as described previously (Scott et al., 2001).

Immunofluorescence and internalization–recycling assays. Monoclonal
anti-Tac antibody (1:500; Covance, Princeton, NJ), chicken anti-GFP
(1:1000; Chemicon, Temecula, CA), monoclonal anti-Myc (1:100; Co-
vance), monoclonal anti-synapsin (1:1000), and monoclonal anti-early
endosome antigen 1 (EEA1) (1:100; BD Bioscience, San Diego, CA) were
used for surface expression and internalization assays. All secondary an-
tibodies were used at 1:200 (Jackson ImmunoResearch, West Grove, PA,
or Molecular Probes, Eugene, OR).

Internalization assays were accomplished as follows. Transfected cells
or 7–14 d in vitro (DIV) cultured hippocampal neurons were incubated
live with anti-Tac, anti-GFP, or transferrin Alexa 546 (Molecular Probes)
plus anti-Tac antibodies at 4°C for up to 1 hr before cells were incubated
at 37°C for 15 min to 1 hr to allow internalization. Cells were then fixed (4%
paraformaldehyde and 4% sucrose), washed, and permeabilized (0.2% Tri-
ton X-100 or 0.4% saponin for EEA1 colocalization in neurons and colocal-
ization of Tac receptors with GFP-Rabs). Next, cells were incubated with
secondary antibodies, washed, and mounted on slides.

Surface expression of Tac receptors and NMDAR subunits was accom-
plished as described above, except that cells were kept at 4°C until fixa-
tion and permeabilization. For colocalization of internalized YFP-NR1/
NR2 subunits in COS7 cells, internalization assays were performed, and
after fixation and permeabilization, cells were incubated with an anti-
myc antibody for 2 hr at room temperature.

Recycling assays of NMDARs in neurons were accomplished as fol-
lows. Ten to 14 DIV hippocampal neurons expressing tagged NMDAR
subunits were incubated with an anti-GFP antibody at 4°C for 30 min
and then incubated at 37°C for 30 min to allow for internalization of
receptors. Surface-bound primary antibody was then acid stripped (0.5 M

NaCl and 0.2 M acetic acid) for 2 min at 4°C, and neurons were incubated
with excess unconjugated secondary antibody to block all surface recep-
tors. Neurons were then incubated at 37°C for 1 hr in the presence of
fluorophore-conjugated secondary antibody to visualize internalized re-
ceptors that had recycled back to the plasma membrane. Cells were then
fixed, permeabilized (0.1% Triton X-100), and incubated with a second
fluorescent secondary antibody to visualize internalized receptors that
had failed to recycle back to the plasma membrane. The average fluores-
cence of recycled receptors and internalized receptors was then deter-
mined and plotted as a ratio (recycling index). To determine the colocal-
ization of recycled receptors and synapsin, neurons were treated as
described above, except that an anti-synapsin antibody was added after
permeabilization of neurons. Recycled receptors were designated as co-
localized with synapsin puncta if both were either closely juxtaposed
(�0.5 �m) or overlapped in any way.

Simultaneous staining of surface and internalized receptors used to
quantify internalization of NMDARs in neurons was accomplished as
described above, except that cells were incubated for 15 min at 37°C to
drive internalization of receptors and then quickly fixed before incuba-
tion at room temperature for 1 hr with secondary antibody under non-
permeant conditions to visualize surface receptors. Neurons were then
permeabilized (0.1% Triton) and incubated with a second secondary

antibody to visualize internalized receptors. The average intensity of in-
ternalized and surface receptors was then determined and plotted as a
ratio (internalized/surface) before being normalized to the NR1/NR2
internalized/surface ratio

Surface and intracellular expression was visualized on an inverted mi-
croscope (Nikon, Melville, NY). Images were acquired through a
Yokogawa spinning-disk confocal microscope (Solamere Technology
Group, Salt Lake City, UT), using 40�, 60�, or 100� Plan Apochromat
objectives and a 12-bit cooled CCD camera (Hamamatsu, Bridgewater,
NJ) and then analyzed using MetaMorph (Universal Imaging, Downing-
town, PA). Images presented are maximal projections of confocal sec-
tions taken through the entire cell or neuron.

Quantification of internalization. Quantification of YFP-NR1 and
EEA1 colocalization was performed as follows. After internalization as-
says in 7–14 DIV hippocampal neurons, images were thresholded (gen-
erally at a level within fourfold to sixfold over background levels), and re-
gions around EEA1 puncta were drawn and overlayed onto the channel
showing internalized receptors. If the average intensity of an internalized
NMDAR puncta residing within an EEA1-positive region was greater than
the threshold value previously determined for a positive NMDAR puncta,
the EEA1 region was considered positive for colocalization with NMDARs.

For quantification of internalization of Tac chimeras and mutants,
cells were: (1) incubated at 4°C for 15 min and then acid stripped for 5
min at 4°C (background), (2) incubated at 37°C for 15 min and acid
stripped for 5 min at 4°C (internalized receptors), or (3) incubated at 4°C
for 15 min and then incubated in PBS for 5 min at 4°C (total surface
expression) before fixation, permeabilization, and incubation with a sec-
ondary antibody. Total fluorescence of 20 –30 cells per condition was
then determined on maximum confocal projections and averaged. The
percentage internalized was determined by subtracting the average back-
ground intensity from the average intensity of internalized receptors and
then dividing by the average surface intensity.

Quantitative immunoblot analysis. Cell lysates from COS7 cells ex-
pressing Tac or Tac-C0 were performed as described previously (Scott et
al., 2003), except that before harvesting the cells, 20 �g/ml of the protein
synthesis inhibitor cycloheximide (Sigma) was added for the times indi-
cated. Total protein (25 �g) was then separated by SDS-PAGE, probed
with anti-Tac antibody (1:1000), and band intensities were visualized
and quantified using a PhosphorImager (Molecular Dynamics, Sunny-
vale, CA). Band intensities from each time point were then normalized to
the t � 0 signal, and the average ratio was plotted.

Electrophysiology. Xenopus laevis (African clawed frog) oocytes of stage
V and VI were surgically removed from ovaries and digested with colla-
genase using standard methods. Oocytes were kept in OR2 (supplied
with Ca 2�) containing (in mM): 82.5 NaCl, 2 KCl, 1 MgCl2, 5 HEPES,
pH 7.5, and 1.8 CaCl2 for 1–3 d. For electrophysiological record-
ings, cRNAs were introduced in oocytes by microinjection (50 nl per
oocyte) with a 1:1 subunit ratio. Recordings were performed 1–2 d after
injection using a Dagan (Minneapolis, MN) two-electrode voltage-clamp
amplifier, and currents were obtained with a square pulse proto-
col. Bath solution (Ringer’s) contained the following (in mM): 115 NaCl, 2.5
KCl, 1.8 BaCl2, and 10 HEPES, pH 7.2. Rapid solution exchange
was achieved with a gravity flow perfusion system converging
on a 6 �l oocyte chamber engineered in our laboratory from inert materials.

After the establishment of a baseline, NMDA (100 �M) and glycine (10
�M) were added, and NMDAR whole-cell currents were measured. For
all cells, baseline currents were obtained for 10 sec before application of
agonist for at least 22–24 sec. Steady-state current measurements con-

sisted of the average of the baseline current sub-
tracted from the average current between 13
and 17 sec after agonist application.

Results
The C-terminal intracellular domain of
NR1 mediates endocytosis

NR2 subunits contain signals that regulate
the insertion and internalization of
NMDARs at synaptic sites (Roche et al.,

4

(Figure legend continued.) white box. Scale bars: top panels, 10 �m; bottom panels, 5 �m. E, Deletion of the C0 domain of NR1
increases whole-cell NMDA-evoked currents. Wild-type NR1 subunits or mutant subunits lacking the C0 domain (amino acids
838 – 863; NR1�C0) were expressed in Xenopus oocytes together with NR2A-stop850, a mutant NR2A subunit containing a stop
codon at residue 850. Whole-cell currents were recorded at �80 mV using two-electrode voltage clamp. Representative traces
from cells expressing NR1/NR2A-stop850 (left) or NR1�C0/NR2A-stop850 (right) are shown. After the establishment of a base-
line, cells were perfused with NMDA (100 �M) and glycine (10 �M) as indicated by the calibration bar. F, Quantification of
whole-cell NMDA-evoked currents from E. Data represents means � SEM; *p � 0.05; t test. C, C terminus; N, N terminus; IL2�,
interleukin-2 receptor � subunit.
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2001; Barria and Malinow, 2002; Carroll
and Zukin, 2002; Wenthold et al., 2003).
To determine whether NR1 subunits con-
tribute to NMDAR internalization, we co-
expressed full-length NR1 containing an
N-terminal YFP tag (YFP-NR1) along
with myc-tagged NR2B (NR2B) or myc-
tagged NR2B lacking its intracellular
C-terminal domain (NR2B-�C) (Fig.
1A). Surface staining at 4°C using an anti-
GFP antibody on COS7 cells coexpressing
either YFP-NR1–1a/NR2B or YFP-NR1–
1a/NR2B-�C revealed that both wild-type
and mutant NMDAR complexes, the lat-
ter lacking the large intracellular tail of
NR2B subunits, were robustly expressed
at the plasma membrane (Fig. 1B, left).
After incubation at 37°C, live-labeled
NR1–1a/NR2B complexes concentrated
in intracellular puncta indicative of inter-
nalized receptors (Fig. 1B, right). Surpris-
ingly, the internalization of live-labeled
receptors was observed regardless of
whether YFP-NR1–1a subunits were co-
expressed with wild-type NR2B or mutant
NR2B-�C lacking all known NMDAR en-
docytic signals (Fig. 1B, right). Impor-
tantly, internalized receptors represent as-
sembled NR1/NR2 heteromers, because
unassembled YFP-NR1–1a by itself is un-
able to reach the plasma membrane (Ok-
abe et al., 1999; Standley et al., 2000; Scott
et al., 2001; Xia et al., 2001). For all re-
maining experiments, we used YFP-
NR1– 4a (YFP-NR1), a splice variant of
NR1 that is more efficiently expressed at
the cell surface (Okabe et al., 1999; Barria
and Malinow, 2002) (data not shown),
which in turn greatly increased our ability
to detect and measure endocytosis by sur-
face labeling. Relative to YFP-NR1–1a,
we observed no qualitative difference
in the internalization of YFP-NR1– 4a-
containing NMDARs (Fig. 1B,C). More-
over, both wild-type and mutant myc-
NR2B subunits always colocalized with
internalized YFP-NR1– 4a (YFP-NR1) re-
ceptors in intracellular vesicles (Fig. 1C),
supporting endocytosis of assembled
NR1/NR2 heteromers.

To determine whether NR1 subunits
drive NMDAR endocytosis in neuronal
dendrites, we expressed YFP-NR1/NR2B
or YFP-NR1/NR2B-�C in hippocampal
neurons and performed endocytosis as-
says. When maintained at 4°C, surface-
labeled YFP-NR1/NR2B remained at the
cell surface and showed minimal internal-
ization or transport to early endosomes as
revealed by double labeling for the early
endosomes marker EEA1 (Fig. 1D,E)
(8.9 � 3.4% early endosomes contained
live-labeled receptors; 728 endosomes

Figure 3. The C0 domain of NR1 contains two independent endocytic motifs. A, Internalization of Tac-C0 point mutants in COS7
cells. After 30 min internalization assays, Tac-C0 receptors containing individual mutations in putative endocytic motifs were still
internalized. The sequence of the C0 domain is shown (top) as well as a schematic representation of Tac-C0 receptors (a’). The two
endocytic motifs identified in later experiments are underlined. Scale bar, 10 �m. B, Truncated (Figure legend continues.)
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from 5 neurons). However, after incubation at 37°C for 15 min,
surface-labeled NR1/NR2B was rapidly internalized and trans-
ported to EEA1-postive early endosomes (Fig. 1D,E) (48 � 11%
early endosomes contained live-labeled receptors; 642 endo-
somes from 5 neurons; p � 0.05 vs YFP-NR1/NR2B incubated at
4°C). As in COS7 cells (Fig. 1B,C), NMDARs lacking NR2
C-terminal domains (YFP-NR1/NR2B-�C) also underwent ro-
bust internalization and transport to early endosomes (Fig.
1D,E) (34 � 6.5% early endosomes contained live-labeled recep-
tors; 786 endosomes from 7 neurons; p � 0.05 vs YFP-NR1/
NR2B incubated at 4°C). Together, these data show that
NMDARs undergo rapid internalization in the absence of intra-
cellular endocytic signals within the large C-terminal domain of
NR2 (Roche et al., 2001), suggesting the presence of alternate
signals within NR1 subunits that mediate endocytosis.

The C0 domain of NR1 is sufficient to drive
receptor internalization
Four different C-terminal NR1 splice variants exist (Zukin and
Bennett, 1995) (Fig. 2A), which contain a unique set of forward
trafficking signals (Standley et al., 2000; Scott et al., 2001; Xia et
al., 2001; Mu et al., 2003), but the role of NR1C-terminal signals
in membrane stabilization or endocytosis has not been examined.
To determine whether NR1 C-terminal domains mediate endo-
cytosis, weperformed internalization assays on COS7 cells ex-
pressing chimeric receptor molecules composed of the human
interleukin-2 receptor � subunit (Tac), to which portions of the
intracellular C terminus of NR1 was appended (Fig. 2A). Live
surface labeling of COS7 cells expressing Tac, Tac-C2, or Tac-C2�
revealed a uniform plasma membrane distribution that was un-
changed by incubation for 30 min at 37°C (conditions that allow
for endocytosis) (Fig. 2B). In contrast, surface labeling of Tac-C0
followed by 37°C incubation for 30 min revealed robust internal-
ization and translocation into punctate endocytic vesicles (Fig.
2B). The vesicular distribution of Tac-C0 was similar to that of
Tac-VMAT, a Tac chimeric receptor containing a well-
characterized endocytic motif of the vesicular monoamine trans-
porter (Tan et al., 1998) (Fig. 2B), and was also similar to the
distribution of full-length NMDARs after internalization assays
in COS7 cells (Fig. 1B,C). Moreover, internalization of Tac-C0
was prevented when cells were kept at 4°C (Fig. 2B) and was
completely blocked in cells expressing a dominant-negative form
of the large GTPase dynamin (dynamin-K44A) (Fig. 2C). In ad-
dition, Tac-C0 present in punctate vesicles after 37°C incubation
was unaffected by acid stripping of remaining surface bound an-

tibodies, whereas Tac, Tac-C2, and Tac-C2� labeling was com-
pletely removed by acid stripping (data not shown), further es-
tablishing the selective endocytosis of Tac-C0. Importantly, the
C0 domain of NR1 was also sufficient to drive internalization of
Tac in neuronal dendrites (Fig. 2D).

To examine the role of endocytic signals within the C0 domain
in the functional expression of full-length NMDARs, we mea-
sured whole-cell NMDA-evoked currents in Xenopus oocytes co-
expressing wild-type or mutant NMDAR complexes that lacked
the C0 domain of NR1 (NR1-�C0). To eliminate any potential
effect of distal NR2 endocytic signals in our measurements, we
coexpressed NR1 or NR1-�C0 with a mutant NR2A subunit con-
taining a stop codon at residue 850 that lacks nearly the entire
C-terminal domain (NR2A-stop 850). For these experiments,
NR2A-stop850 was used instead of C-terminal deletions of NR2B
because of its more robust and consistent expression in Xenopus
oocytes (I. Michailidis and D. Logothetis, unpublished observa-
tions). Deletion of the C0 domain of NR1 caused a marked in-
crease in whole-cell NMDA currents (NR1-�C0/NR2A-stop 850,
2.96 � 0.55 �A; n � 24 oocytes from 2 animals; p � 0.05) com-
pared with NR1/NR2A-stop 850 channels (1.71 � 0.27 �A; n �
22 oocytes from 2 animals) (Fig. 2E,F). Notably, these experi-
ments were performed in the absence of extracellular Ca 2� to
prevent any C0-dependent changes in single-channel properties
(Legendre et al., 1993; Ehlers et al., 1996; Zhang et al., 1998;
Krupp et al., 1999). Thus, the dramatic increase in NMDA-
evoked currents after removal of C0 supports an increase in re-
ceptor surface expression and is consistent with our findings that
the C0 domain mediates endocytosis (Fig. 2B,C). Together, these
results demonstrate that the C0 domain of NR1 contains a
dynamin-dependent endocytic motif that functions in both hip-
pocampal neurons and non-neuronal cells to regulate the func-
tional surface expression of NMDARs.

Two distinct endocytic motifs reside within the C0 domain
of NR1
To identify the specific amino acid sequences within the C0 do-
main that mediate endocytosis, we generated mutations within
C0 and determined the effect of these mutations on the internal-
ization of Tac-C0. Surprisingly, disruption of several residues
throughout the C0 domain, including a conserved tyrosine
(Y838) within a YKRH amino acid sequence motif implicated in
the use-dependent downregulation of NMDARs (Vissel et al.,
2001), did not block the internalization of Tac-C0 (Fig. 3A). In
fact, no single-point mutation or mutation of three to four adja-

cent amino acids affected endocytosis me-
diated by the C0 domain (Fig. 3A) (data
not shown). As such, we hypothesized that
the C0 domain contains multiple signals
sufficient to drive the internalization of
NR1 subunits. To examine this possibility,
internalization assays were performed on
COS7 cells expressing complex Tac-C0
mutants that contained several point mu-
tations and/or early truncations. As shown
in Figure 3B, the first 22 amino acids of the
C0 domain were sufficient to drive the in-
ternalization of chimeric receptors (Fig.
3B, top left panel). In the context of this
shortened Tac-C0, Y838 was absolutely re-
quired for internalization (Fig. 3B, top
panels). Furthermore, addition of the final
eight amino acids of C0 (NVWRKNLQ)

4

(Figure legend continued.) TAC-COreceptorscontainingonlythefirst22aminoacidsoftheC0domainundergorobustendocytosis(top
left panel, arrows), which is abolished by mutations of Y838 (Y838A) (top right panel). Because the Y838A mutation did not block
internalization of Tac-C0 receptors (bottom left panel, arrows), another endocytic signal must be present. This signal resides within VWRK,
because Tac-C0 receptors containing point mutations in both Y838 (Y838A) and VWRK (VWRK-AAAA) were unable to be internalized from
theplasmamembrane(bottomrow,secondpanel).WithintheVWRKsequence,K861wasnecessarytodrivetheinternalizationofmutant
Tac-C0 receptors that lacked the Y838 endocytic signal (bottom row, third panel). However, K861 is not a site of ubiquitination, because
Tac-C0 K861R mutants were still internalized (bottom right panel, arrows). A schematic representation of mutant Tac-C0 receptors is
shown (b’) as well as the sequence of the C0 domain (top). Scale bar, 10 �m. C, Quantification of Tac internalization. Data represent
means�SEM of the percentage of receptors internalized in 15 min (see Materials and Methods). *p�0.05 relative to Tac; t test. D, YKRH
and VWRK endocytic signals are dynamin dependent. Internalization assays were performed on COS7 cells coexpressing Tac-C0 mutants
(Tac-C0-VWRK-AAAA or Tac-C0-YKRH-AAAA) and GFP-tagged dominant-negative dynamin (K44A). In cells expressing dynamin-K44A
(right panels), endocytosis was abolished, and Tac receptors remained at the plasma membrane (left panels; compare with A). Scale bar,
10 �m. E, Both YKRH and VWRK motifs drive the internalization of Tac receptors in neurons. Internalization assays were performed on
hippocampal neurons (10 DIV) expressing either Tac-C0-VWRK-AAAA or Tac-C0-YKRH-AAAA. Arrows designate internalized Tac-C0 re-
ceptors. Boxed regions are magnified in corresponding bottom panels. Scale bars, 20 �m; magnified dendrite regions, 5 �m. C, C
terminus; N, N terminus.
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restored endocytosis of Tac-C0-Y838A, revealing a second endo-
cytic determinant (Fig. 3B, bottom left panel). Endocytosis me-
diated by this second determinant was abolished by mutations of
the VWRK amino acid sequence, and within this motif, K861 was
required for internalization (Fig. 3B, middle two panels in bot-
tom row). Thus, only when both the YKRH (Y838) and VWRK
(K861) signals were mutated was the internalization of Tac-C0
receptors abolished (Fig. 3B). The requirement for a lysine resi-
due, K861, raised the possibility that ubiquitination at this resi-
due was required for NR1 endocytosis (Hicke and Dunn, 2003).
However, mutation of lysine 861 to arginine (K861R) had no effect
on endocytosis mediated by the VWRK signal (Fig. 3B, bottom right
panel), suggesting that positive charge at this site rather than cova-
lent modification by ubiquitin was required for endocytosis. To-
gether, these results indicate that both tyrosine-based (YKRH)
and lysine-based (VWRK) endocytic signals within the C0 do-
main of NR1 independently drive internalization.

To determine the relative contribution of YKRH and VWRK
motifs to C0-mediated endocytosis, we measured the internaliza-
tion of wild-type and mutant Tac chimeric receptors using quan-
titative immunofluorescence. As illustrated in Figure 3C, the C0
domain increased the internalization of Tac receptors approxi-
mately twofold (37.6 � 7.3% surface-labeled Tac internalized;
n � 5; p � 0.05) when compared with Tac alone (15.9 � 3.5%;
n � 5). This C0-dependent increase in internalization was quan-
titatively similar to the observed internalization of Tac-VMAT
(40.5 � 6.7%; n � 3; p � 0.05 compared with Tac) (Fig. 3C).
Disruption of either YKRH (Tac-C0 YKRH-AAAA) or VWRK
(Tac-C0 VWRK-AAAA) alone did not block or reduce the inter-
nalization of chimeric receptors (Tac-C0 YKRH-AAAA, 46.3 �
8.1%, n � 5, p � 0.05 compared with Tac; Tac-C0 VWRK-AAAA,
44.5 � 8.5%, n � 7, p � 0.05 compared with Tac), indicating that
each endocytic motif is capable of driving internalization of re-
ceptors to a degree similar to that of wild-type Tac-C0 receptors
(Fig. 3C). Only when both YKRH and VWRK motifs were mu-
tated was internalization abolished (Tac-C0 YKRH-AAAA
VWRK-AAAA, 18.7 � 3.1%, n � 4; Tac-C0 YKRH-AAAA Stop,
16.6 � 3.3%, n � 4). This all or none effect of mutations in the
YKRH and VWRK motifs demonstrated that these two endocytic
signals are not additive but rather independently mediate endo-
cytosis to an extent identical to intact C0.

Consistent with dual and perhaps redundant function of the
VWRK and YKRH endocytic motifs, we found that the internal-
ization of both Tac-C0-VWRK-AAAA and Tac-C0-YKRH-
AAAA was dynamin dependent, because it was blocked by over-
expression of dominant-negative dynamin-K44A (Fig. 3D).
Furthermore, the VWRK and YKRH motifs were each sufficient to
drive endocytosis of C0-containing receptors in hippocampal neu-
rons (Fig. 3E). These data further support our conclusion that the
C0 domain of NR1 contains two independent endocytic motifs.

C-terminal domains of NR1 and NR2B contribute
independently to NMDAR endocytosis
Subunit composition controls NMDAR synaptic localization
(Mori et al., 1998; Steigerwald et al., 2000; Prybylowski et al.,
2002) and synaptic stability (Barria and Malinow, 2002). How-
ever, the relative contribution of NR1 and NR2 subunits to re-
ceptor endocytosis remains unknown. To determine the role of
C-terminal domains of NR1 and NR2 in NMDAR internaliza-
tion, we monitored the endocytosis of heteromeric NR1–NR2B
complexes in hippocampal neurons (10 –14 DIV) using live cell
antibody-feeding assays. We chose NR2B because this NR2 sub-
unit has been found previously to contain an endocytic motif

(Roche et al., 2001; Lavezzari et al., 2003). When expressed in
hippocampal neurons, YFP-NR1/NR2B complexes readily
reached the plasma membrane and underwent robust endocyto-
sis (15 min, 37°C) (Fig. 4A,B). Interestingly, NR1/NR2 receptors
in which either the entire NR2B C-terminal domain was deleted
(NR2B-�C) or both endocytic motifs were mutated in the C0
domain of NR1 (YFP-NR1-YK838 –9AA, VWRK858 –
861AAAA; termed NR1-Mut) were likewise endocytosed in hip-
pocampal neurons (Fig. 4A) but to a lesser extent than wild-type
receptors (Fig. 4B). That is, the endocytosis of YFP-NR1/
NR2B-�C and YFP-NR1-Mut/NR2B was significantly reduced
compared with wild-type NR1/NR2B (Fig. 4B) (internalized/sur-
face ratios normalized to YFP-NR1/NR2B: YFP-NR1/NR2B-�C,
0.58 � 0.15, n � 11, p � 0.05; YFP-NR1-Mut/NR2B, 0.62 � 0.06,
n � 15, p � 0.01). In contrast, endocytosis was nearly completely
abolished in NMDARs lacking both the C-terminal tail of NR2B
and the endocytic motifs within the C0 domain of NR1 (internal-
ized/surface ratio normalized to YFP-NR1/NR2B: YFP-NR1-
Mut/NR2B-�C, 0.28 � 0.11, n � 9, p � 0.05 compared with
wild-type YFP-NR1/NR2B and YFP-NR1-Mut/NR2B). The re-
maining signal in the endocytosis assays of YFP-NR1-Mut/
NR2B-�C receptors was at background levels because it was in-
distinguishable from that obtained from wild-type NR1/NR2B
receptors, in which endocytosis assays were performed at 4°C
(0.20 � 0.10 normalized to YFP-NR1/NR2B at 37°C; n � 6) (Fig.
4B), conditions that prevent internalization. Importantly, NR1-
Mut and NR2B-�C were able to coassemble with each other and
corresponding wild-type subunits (data not shown), and under
our experimental conditions of excess NR2B, surface-expressed
NR1 subunits are fully assembled with NR2B subunits (McIlhin-
ney et al., 1998; Okabe et al., 1999; Scott et al., 2001).

To further confirm that the endocytic signals in the
membrane-proximal C0 domain of NR1 contribute to NMDAR
endocytosis, we performed antibody labeling internalization as-
says on hippocampal neurons and monitored the transport of
internalized receptors into early endosomes. Consistent with a
decrease in basal endocytosis, NMDARs lacking C0 endocytic
signals (YFP-NR1-Mut/NR2B) exhibited significantly less trans-
port into early endosomes labeled with the early endosome
marker EEA1 when compared with wild-type NR1/NR2B recep-
tors (Fig. 4C,D) (YFP-NR1-Mut/NR2B, 22 � 3.8% early endo-
somes contained live-labeled receptors after 15 min at 37°C, 872
endosomes from 7 neurons; YFP-NR1/NR2B, 48 � 11%, p �
0.05). Although quantitatively less than wild-type receptors,
NMDARs lacking C0 endocytic motifs were still transported to
early endosomes (Fig. 4C,D), consistent with the observed partial
reduction in basal endocytosis (Fig. 4B). Together, these findings
demonstrate that endocytic motifs in the membrane-proximal
C0 domain of NR1 contribute to internalization of full-length
NMDARs in hippocampal neurons. Moreover, these results in-
dicate that C-terminal domains of NR1 and NR2B contribute in
an additive manner to NMDAR endocytosis. Finally, these data
show that endocytic signals in NR1 and NR2B mediate transport
into early endosomes in the initial phase of postendocytic
trafficking.

The NR2B C-terminal domain promotes recycling of
internalized NMDARs
After endocytosis and transport into early endosomes, internal-
ized membrane proteins are sorted along two major intracellular
pathways: a recycling pathway for reinsertion into the plasma
membrane and a degradative pathway via late endosomes to ly-
sosomes (Mellman, 1996; Mukherjee et al., 1997). For many in-
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tegral membrane proteins, including re-
ceptor tyrosine kinases, G-protein-
coupled receptors, and AMPARs, this
sorting decision is regulated by specific en-
docytic motifs or intracellular signals
(Ehlers, 2000; Wiley and Burke, 2001;
Bonifacino and Traub, 2003; von Zastrow
et al., 2003). In the case of NMDARs, the
fate of internalized receptors has been un-
clear. To address this question, we first
tested whether internalized NMDARs re-
turn to the plasma membrane using
antibody-based receptor recycling assays
(see Materials and Methods for details).
Hippocampal neurons expressing YFP-
NR1/NR2B were labeled live with anti-
GFP antibody and receptor-antibody
complexes allowed to undergo endocyto-
sis by shifting the temperature to 37°C for
30 min. Remaining surface-bound anti-
bodies were removed by acid stripping,
and any residual unstripped antibody was
blocked with an unconjugated secondary
antibody. After a second period of 37°C
incubation to allow recycling (60 min),
surface labeling of NMDARs revealed nu-
merous punctate collections of recycled
NMDARs (YFP-NR1/NR2B) (Fig. 5A).
This recycling was abolished if neurons
were kept at 4°C during the recycling pe-
riod (Fig. 5B) (YFP-NR1/NR2B 37°C,
0.16 � 0.04, recycled/internalized ratio,
n � 8 neurons, p � 0.05; compared with
YFP-NR1/NR2B 4°C, 0.05 � 0.01 recy-
cled/internalized ratio, n � 6 neurons).

In contrast to the robust recycling of
wild-type receptors, NMDARs lacking the
intracellular C-terminal domain of NR2B
were almost completely unable to recycle
back to the plasma membrane (	80% re-
duction relative to YFP-NR1/NR2B; YFP-
NR1/NR2B-�C, 0.07 � 0.01 recycled/in-
ternalized ratio, n � 10 neurons; p � 0.05)
(Fig. 5A,B). This lack of recycling was not
simply attributable to reduced endocyto-
sis, because values measured were normal-
ized to fluorescence intensity values of
internalized NMDARs labeled simulta-
neously. In addition, we noted that recy-
cled YFP-NR1/NR2B receptors appeared
as discrete puncta over the soma and den-
drites (Fig. 5A). Double labeling with an-
tibodies against the presynaptic marker
synapsin revealed that recycled NMDARs
were localized opposite presynaptic termi-
nals (Fig. 5C) (73.3 � 3.3% of recycled
YFP-NR1/NR2B receptors colocalized
with synapsin, n � 155 recycled puncta
from 5 neurons, whereas 81.4 � 3.7% of
live-labeled YFP-NR1/NR2B receptors co-
localized with synapsin when maintained
at 4°C, n � 133 live-labeled puncta from 3

Figure 4. NR1 and NR2B subunits contribute additively to NMDAR endocytosis. A, Both NR1 membrane-proximal endocytic
motifs and NR2B C-terminal domains are required for NMDAR internalization. Hippocampal neurons (10 –14 DIV) coexpressing
YFP-NR1/NR2B, YFP-NR1/NR2B-�C, mutant YFP-NR1-YK838 –9AA, VWRK858 – 61AAAA (YFP-NR1-Mut)/NR2B, or YFP-NR1-
Mut/NR2B-�C were incubated live for 15 min at 37°C with an anti-GFP antibody before fixation and incubation with secondary
antibody under nonpermeant conditions (surface, green). Internalized receptors were then detected by subsequent permeabili-
zation and incubation with secondary antibody conjugated with a different fluorophore (red). Scale bars, 20 �m; insets, 5 �m.
Arrowheads indicate internalized receptors. B, Quantification of wild-type and mutant NMDAR internalization in hippocampal
neurons. Data represent means � SEM of the relative proportion of internalized receptors to surface receptors from A normalized
to values obtained for wild-type YFP-NR1/NR2B. *p � 0.05 relative to wild-type YFP-NR1/NR2B; **p � 0.05 relative to single
mutants; #p � 0.05 relative to all subunit pairs except the double mutant (YFP-NR1-Mut/NR2B-�C). C, Hippocampal neurons
(10 –14 DIV) coexpressing YFP-NR1-Mut/NR2B were incubated live at 37°C for 15 min with anti-GFP antibody, fixed, permeabil-
ized, and stained with an anti-EEA1 antibody to visualize early endosomes (green). Note that a subpopulation of YFP-NR1-Mut/
NR2B puncta colocalized with EEA1 (arrows), although many early endosomes lacked NMDAR labeling (arrowheads). Scale bar, 5
�m. D, Data represent means � SEM of the percentage of EEA1-positive puncta that contain endocytosed NMDARs in hippocam-
pal neurons. Note that NMDARs lacking NR1 endocytic motifs (YFP-NR1-Mut/NR2B) exhibited less colocalization with EEA1 than
corresponding wild-type NMDARs. *p � 0.05 relative to YFP-NR1/NR2B at 4°C; **p � 0.05; t test.
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neurons; p � 0.16). Together with the above results, these find-
ings demonstrate that NR1/NR2B receptors recycle back to the
plasma membrane after endocytosis, and this recycling requires
the C-terminal domain of NR2B. Moreover, these results indicate
that endocytic signals present in NR1 are insufficient to target
NMDARs to the recycling pathway. Finally, these data show that
recycled NMDARs rapidly reaccumulate at synapses.

NR1 membrane-proximal signals target receptors to
late endosomes
The lack of recycling of NR1/NR2B-�C receptors (Fig. 5), despite
ample endocytosis (Fig. 1), suggested that endocytic signals
within NR1 target receptors to nonrecycling pathways. Because
the principal alternative to trafficking along recycling pathways is
transport to late endosomes and lysosomes (Zerial and McBride,
2001; Maxfield and McGraw, 2004), we tested whether the C0
domain of NR1 directs cargo to the late endocytic pathway. Spe-
cifically, we followed the postendocytic trafficking of Tac-C0 in
COS7 cells coexpressing GFP-Rab5 or GFP-Rab7, well-studied
markers of early–sorting endosomes and late endosomes, respec-
tively (Sonnichsen et al., 2000; Zerial and McBride, 2001). Within
15 min, internalized Tac-C0 localized to intracellular endosomes
and vesicles that colocalized with GFP-Rab5 (Fig. 6A, left panels),
indicating initial transport into early endosomes. At later time
points (60 min), however, Tac-C0 failed to localize to transferrin-
positive recycling compartments (Fig. 6A, middle panels) but
rather localized to endosomes positive for GFP-Rab7 (Fig. 6A,
right panels), a marker of late endosomes (Chavrier et al., 1990;
Bucci et al., 2000; Zerial and McBride, 2001), indicating selective
trafficking along the late endocytic pathway.

Trafficking of cargo to Rab7-positive late endosomes is often a
precursor to lysosomal degradation (Meresse et al., 1995; Tjelle et
al., 1996; Vitelli et al., 1997). To determine whether the C0 do-
main of NR1 accelerates protein degradation, we measured the
rate of loss of Tac and Tac-C0 in COS7 cells treated with the
protein synthesis inhibitor cycloheximide using quantitative im-
munoblot analysis. Treatment of COS7 cells expressing Tac with
cycloheximide revealed a relatively slow rate of protein turnover
(t1/2, 
3 hr) (Fig. 6B,C). In contrast, Tac receptors containing
the C0 domain (Tac-C0) were much more rapidly degraded (t1/2,

1.6 hr) (Fig. 6B,C). Thus, the C0 domain of NR1 selectively
targets internalized receptors to late endosomes and accelerates

4

Figure 5. The C-terminal domain of NR2B is required for NMDAR recycling. A, Hippocampal
neurons (10 –14 DIV) coexpressing YFP-NR1 and either wild-type NR2B (left) or NR2B lacking its
C-terminal domain (NR2B-�C, right) were incubated live with anti-GFP antibody and receptor-
antibody complexes allowed to undergo endocytosis by shifting the temperature to 37°C for 30
min. Remaining surface-bound antibodies were removed by acid stripping and any residual
unstripped antibody blocked with an unconjugated secondary antibody. Neurons were incu-
bated at 37°C to allow recycling (60 min), fixed, and recycled NMDARs labeled with fluorophore-
conjugated secondary antibody under nonpermeant conditions (recycled, red). Internalized
receptors were visualized by staining with a second fluorophore-conjugated secondary anti-
body after permeabilization (internalized, green). Scale bars, 20 �m; insets, 5 �m. Arrowheads
indicate recycled receptors. B, Quantification of NMDAR recycling in hippocampal neurons. Data
represent means � SEM of the recycled–internalized fluorescence intensity ratios. Four and
37°C designate the temperature neurons were incubated after the initial internalization of
receptors. *p � 0.05 relative to 4°C; **p � 0.05; t test. C, Recycled NMDARs reaccumulate at
synapses. Recycling assays were performed as described in A at 10 –14 DIV hippocampal neu-
rons coexpressing YFP-NR1 and NR2B subunits (green) and costained with an anti-synapsin
antibody (red) to visualize presynaptic terminals. Note that recycled NMDARs frequently local-
ized near synaptic sites (arrows). Scale bars, 5 �m; inset, 1 �m.
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protein degradation, revealing a differential role for NR1 and
NR2B endocytic signals in intracellular sorting.

A conserved family of membrane-proximal endocytic motifs
in NMDARs
The tyrosine-based endocytic motif in NR1 is similar to se-
quences in the corresponding region of NR2 subunits (Fig. 7A).
To determine whether membrane-proximal domains of NR2
subunits are also capable of driving endocytosis, we constructed
Tac-NR2 fusions containing the first 20 amino acids following
the last transmembrane domain of NR2A (Tac-NR2A) or NR2B
(Tac-NR2B) (Fig. 7A). Internalization assays on COS7 cells ex-
pressing Tac-NR2 revealed that the first 20 amino acids of NR2A
and NR2B are sufficient to drive the internalization of chimeric
receptors in both heterologous cells (Fig. 7B) and hippocampal
neurons (Fig. 7C). Similar to C0, endocytosis mediated by
membrane-proximal domains of NR2A and NR2B is dynamin
dependent (Fig. 7D). In addition, as with the C0 domain of NR1
(Fig. 6), we observed that both Tac-NR2A and Tac-NR2B recep-
tors trafficked to Rab5-positive early endosomes within 15 min
(Fig. 7E,F), but after 30 – 60 min diverged from recycling cargo
and appeared in Rab7-positive late endosomes (Fig. 7E,F), dem-
onstrating sorting to the late endocytic pathway. These findings
demonstrate that juxtamembrane domains of both NR1 and NR2
subunits mediate endocytosis and target internalized receptors
along a degradative pathway to late endosomes.

Discussion
In the present study, we demonstrated that the endocytosis and
intracellular sorting of NMDARs are governed by an unexpected
diversity of endocytic signals in NR1 and NR2 subunits.
Membrane-proximal domains of NR1 and NR2 mediate inter-
nalization and transport along a degradative pathway to late en-

dosomes. In contrast, distal C-terminal
domains of NR2B mediate endocytosis
and transport along a recycling pathway
back to the plasma membrane. By alter-
nately directing for degradation or recy-
cling, endocytic motifs in the membrane-
proximal and distal C termini provide a
powerful means to control NMDAR syn-
aptic abundance by coordinating intracel-
lular trafficking (Fig. 8).

NMDAR endocytosis and
synapse modification
Endocytosis of NMDARs provides a cellu-
lar mechanism for regulating the number
of NMDARs at excitatory synapses during
synapse maturation and plasticity and may
determine the propensity of synapses to
undergo potentiation or depression, a pro-
cess termed metaplasticity (Abraham and
Bear, 1996). In response to low-frequency
stimulation or activation of group I
metabotropic glutamate receptors, CA1
hippocampal synapses undergo LTD (Bol-
shakov and Siegelbaum, 1994; Oliet et al.,
1997) associated with the rapid loss of
NMDARs from the postsynaptic mem-
brane both in vitro (Snyder et al., 2001)
and in vivo (Heynen et al., 2000). At CA3–

CA3 synapses, LTD is likewise accompanied by a marked reduc-
tion in NMDAR-mediated synaptic currents (Montgomery and
Madison, 2002), suggesting regulated synaptic removal. Over
somewhat longer periods, visual experience diminishes
NMDAR-mediated transmission in visual cortical neurons, con-
sistent with a reduction in the number of synaptic NMDARs
(Philpot et al., 2001, 2003). Importantly, C-terminal regions of
NR1 and NR2 play critical roles in receptor trafficking (Standley
et al., 2000; Roche et al., 2001; Scott et al., 2001; Xia et al., 2001;
Barria and Malinow, 2002; Carroll and Zukin, 2002; Prybylowski
et al., 2002; Mu et al., 2003; Wenthold et al., 2003) and in the
assembly of signaling complexes that trigger synaptic plasticity
(Sprengel et al., 1998; Westphal et al., 1999; Bayer et al., 2001;
Leonard et al., 2002; Kohr et al., 2003; Krapivinsky et al., 2003).
Here, we have shown that NMDAR endocytosis is governed by
endocytic signals in the membrane-proximal C-terminal do-
mains of NR1 and NR2 subunits and the distal C-terminal region
of NR2B. These spatially segregated endocytic signals act in an
additive manner to drive NMDAR endocytosis and very likely
respond to different intracellular signals. By regulating the speed,
extent, or timing of NMDAR internalization, this diversity of
endocytic motifs can ensure precise tuning of NMDAR surface
levels and thus the magnitude of NMDAR-mediated Ca 2� influx.

Role of membrane-proximal domains in
use-dependent downregulation
In response to strong or repeated agonist exposure, NMDARs
undergo a progressive long-lasting decline in peak currents
(Rosenmund and Westbrook, 1993a,b; Wang et al., 1993; Vissel
et al., 2001; Li et al., 2002) that occurs independent of ion flux
(Vissel et al., 2001). Interestingly, this use-dependent downregu-
lation of NMDAR currents requires membrane-proximal do-
mains of NR1 and NR2 subunits (Vissel et al., 2001) and is asso-

Figure 6. The C0 domain of NR1 targets receptors to late endosomes and accelerates degradation. A, COS7 cells coexpressing
Tac-C0 (red) and either GFP-Rab5 (green, left panels) or GFP-Rab7 (green, right panels) were surface labeled with anti-Tac
antibody and incubated for 15 min (left panels) or 30 min (right panels) before fixation, permeabilization, and staining for
internalized Tac. By 15 min, internalized Tac-C0 localized to Rab5-positive early endosomes (arrows, left panels). After 30 – 60
min, internalized Tac-C0 did not colocalize with the recycling endosome marker Alexa-transferrin (arrowheads, middle panels)
but rather appeared in Rab7-postive late endosomes (arrows, right panels). Scale bars, 10 �m; insets, 1 �m. B, The C0 domain
accelerates degradation of Tac. Immunoblots were performed on total protein (25 �g) from COS7 cells expressing Tac (top) or
Tac-C0 (bottom) with anti-Tac antibody after treatment with the protein synthesis inhibitor cycloheximide (20 �g/ml) for the
times indicated. The more rapid loss of Tac-C0 indicates more rapid degradation. C, Quantitative analysis of blots shown in B. Data
represent means � SEM of band intensities normalized to the signal at time 0 (T0 ). *p � 0.05; t test; n � 3.
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ciated with a profound loss of NMDARs
from the neuronal plasma membrane (Li
et al., 2002; Nong et al., 2003). Here, we
have shown that membrane proximal do-
mains of both NR1 and NR2 are primary
signals for NMDAR endocytosis, which
together form an “endocytic ring” near the
intracellular mouth of the NMDA chan-
nel. These same domains direct internal-
ized receptors along a degradative path-
way to late endosomes. By accelerating
receptor degradation, membrane proxi-
mal endocytic motifs are well positioned
to mediate the long-lasting decrease in
NMDAR activity associated with use-
dependent rundown after strong agonist
activation (Rosenmund and Westbrook,
1993a,b). In addition, results provided
here show that both the glycine-binding
NR1 subunit and the glutamate-binding
NR2 subunits each contain membrane
proximal endocytic signals, providing an
attractive explanation for the cooperative
requirement of both coagonists in
agonist-induced internalization (Nong et
al., 2003). Finally, the positioning of
membrane-proximal domains near the
intracellular mouth of the NMDA channel
places these endocytic motifs in a location
amenable to sensing conformational
changes during ligand binding or channel
gating. Indeed, ligand binding increases
the physical association of NMDARs with
AP-2 adaptors (Nong et al., 2003), perhaps
by conformation-dependent exposure of
membrane-proximal endocytic motifs.
Thus, membrane-proximal endocytic
motifs are well suited to link channel con-
formation and gating to endocytosis and
intracellular trafficking.

Membrane-proximal C-terminal
domains as central sites of
NMDAR regulation
Among the entire diversity of NMDAR het-
eromeric combinations, the 30 amino acid
C0 domain of NR1 is the only C-terminal
region present in all NMDARs. Consistent
with this unique conservation, the C0 do-
main plays a critical role in coordinating
Ca2� signaling, cytoskeletal association,
and channel function. Specifically, Ca2�-
dependent inactivation of NMDARs re-
quires binding of Ca2�–calmodulin to the
C0 domain (Ehlers et al., 1996) that dis-
places the actin-binding protein �-actinin2
(Wyszynski et al., 1997; Zhang et al., 1998;
Krupp et al., 1999) and in turn results in a
decrease in mean channel open time and
open probability (Ehlers et al., 1996). In
addition, the C0 domain serves as a dock-
ing site for activated CaMKII (Ca2�–
calmodulin-dependent protein kinase

Figure 7. A conserved family of membrane-proximal endocytic signals in NMDA receptor subunits. A, The first 30 amino acids
after the last transmembrane domain of NR1, NR2A, NR2B, NR2C, and NR2D are shown. Bold designates endocytic motifs identified
in this study (NR1) or potential tyrosine-based endocytic motifs (NR2A–D). Underline designates the first 20 amino acids of NR2A
or NR2B that were fused to Tac (Tac-NR2A, Tac-NR2B) and used in subsequent experiments. B, The membrane-proximal 20 amino
acids of NR2A and NR2B contain an endocytic motif. Internalization assays were performed for 30 min at 37°C with an anti-Tac
antibody on COS7 cells expressing Tac-NR2A or Tac-NR2B. Arrowheads indicate internalized receptors in Tac-NR2-expressing cells.
Scale bars, 10 �m; insets, 1 �m. C, Tac-NR2A and Tac-NR2B are internalized in hippocampal neurons (10 DIV). Arrows indicate
internalized Tac-NR2. Boxed regions are magnified in bottom panels. Scale bars, 10 �m; insets, 5 �m. D, (Figure legend continues.)
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type II) (Bayer et al., 2001; Leonard et al., 2002), indicating a role
in assembling postsynaptic signaling complexes. Here, we have
shown that the C0 domain regulates NMDAR endocytosis and
degradative sorting. This remarkable convergence of regulatory
mechanisms suggests that the membrane proximal C0 domain
may act as an “integrator” of diverse cellular states, the readout of
which is both NMDAR channel function and number. Indeed,

both Ca 2� influx and actin remodeling are required for use-
dependent downregulation of synaptic NMDARs (Li et al., 2002),
which is accompanied by a marked reduction in the number of
NMDARs at the cell surface (Vissel et al., 2001; Li et al., 2002).
Intriguingly, chelation of intracellular Ca 2� abolishes recovery
from use-dependent rundown (Rosenmund and Westbrook,
1993b), perhaps by preventing Ca 2�– calmodulin binding to C0
and thereby preventing the steric masking of degradative sorting
signals. Thus, it will be interesting to determine the role of Ca 2�-
dependent signals on the regulation of NMDAR degradative
sorting.

NMDAR sorting for recycling versus degradation
An essential feature of excitatory synapse formation and matura-
tion is the incorporation and stabilization of postsynaptic
NMDARs (Goda and Davis, 2003). Here, we have shown that
NMDARs possess distinct endocytic signals for trafficking to deg-
radative and recycling pathways. Regulation of NMDAR sorting
could provide a mechanism for maintaining NMDARs at syn-
apses by preferential use of recycling sorting signals and for re-
moving NMDARs from synapses by preferential use of degrada-
tive sorting signals. This sorting decision may in turn depend on
cellular context, ligand binding, or receptor-associated proteins.
For example, the binding of PDZ proteins such as NHERF/EBP50
(Na�–H� exchanger regulatory factor 1/ezrin–radixin–moesin
binding phosphoprotein 50) or membrane-associated guanylate
kinase inverted-2/synaptic scaffolding molecule (MAGI-2/S-
SCAM) to distal C-terminal domains regulates the sorting of
G-protein-coupled receptors along recycling or degradative
pathways (Cao et al., 1999; Xu et al., 2001). Interestingly, MAGI-
2/S-SCAM likewise binds the C terminus of NR2B (Xu et al.,
2001) near a distal C-terminal endocytic motif (Roche et al.,
2001), although its role in NMDAR sorting is not known. In the
case of AMPARs, endocytosis and degradative sorting is triggered
by ligand binding (Beattie et al., 2000; Ehlers, 2000; Lin et al.,
2000), whereas recycling is stimulated by NMDAR-mediated
Ca 2� influx and cAMP-dependent protein kinase (PKA) activity
(Ehlers, 2000). Intriguingly, all AMPAR subunits contain a con-
served membrane proximal tyrosine-based signature (YKSR) in a
position that corresponds precisely with that of the YKRH late
endosomal targeting motif in NR1. The function of the YKSR
sequence in endocytosis or intracellular sorting of AMPARs is not
known, but it is interesting to note that the C-terminal sequences
required for NMDA-induced and ligand-induced endocytosis of
AMPARs are distinct (Lee et al., 2002), with the sequence require-
ments for the latter yet to be determined. One possibility is that
the membrane-proximal YKSR mediates ligand-induced AM-
PAR endocytosis. If so, juxtamembrane tyrosine-based motifs
could provide a general mechanism for transducing ligand bind-
ing into endocytosis and lysosomal degradation that is conserved
across the family of ionotropic glutamate receptors.
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