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Development/Plasticity/Repair

NR2B Signaling Regulates the Development of Synaptic
AMPA Receptor Current
Benjamin J. Hall, Beth Ripley, and Anirvan Ghosh
Neurobiology Section, Division of Biological Sciences, University of California, San Diego, La Jolla, California 92093-0366

The postnatal maturation of glutamatergic synapses involves a change in composition and functional contribution of postsynaptic
receptors. Developing cortical synapses are dominated by NMDA receptors (NMDARs) containing NR2B subunits and are characterized
by a low ratio of AMPA/NMDA receptor-mediated current. Synapse maturation is marked by the incorporation of NR2A-containing
NMDA receptors and an increase in the AMPA/NMDA current ratio. We show here that NMDARs containing the NR2B subunit regulate
glutamatergic transmission at developing synapses by negatively influencing the synaptic incorporation of AMPA receptors (AMPARs).
Genetic removal of NR2B leads to increased surface expression and synaptic localization of AMPA receptor subunits and a corresponding
increase in AMPAR-mediated synaptic current. Enrichment of synaptic AMPARs, in the absence of NR2B signaling, is associated with
increased levels of transmembrane AMPAR regulatory protein (TARP) expression and is blocked by expression of a dominant-negative
TARP construct (␥-2⌬C). These observations suggest that NR2B signaling limits AMPA receptor incorporation at developing synapses by
negatively regulating TARP expression and provide a mechanism to explain the maintenance of low AMPA/NMDA ratio at immature
glutamatergic synapses.
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Introduction
Assembly of neocortical circuitry involves the formation of billions of synapses and requires precise control over the expression
and incorporation of neurotransmitter receptors at these sites.
Developmental maturation of excitatory cortical synapses involves reorganization of the complement of ionotropic glutamate
receptors responsible for information transfer to postsynaptic
neurons. A key feature of this maturation is a change in the relative contribution of AMPA receptors (AMPARs) and NMDA
receptors (NMDARs) to the postsynaptic current. This is observed at many CNS synapses as an increase in the AMPAR/
NMDAR ratio (Crair and Malenka, 1995; Isaac et al., 1997; Hsia
et al., 1998; Lu et al., 2001; Ye et al., 2005). Reorganization, from
predominately NMDAR-mediated to AMPAR-mediated neurotransmission occurs during the first two postnatal weeks in
rodents.
NMDARs are heteromultimeric and are formed through association of NR1 subunits and a complement of NR2 subunits
(2A–D) (Kutsuwada et al., 1992; Meguro et al., 1992; Monyer et
al., 1992; Ishii et al., 1993). The various NR2 subunits confer
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plasmic domains, activate distinct intracellular signaling pathways (Monyer et al., 1994; Vicini et al., 1998; Zhu et al., 2002;
Barria and Malinow, 2005; Kim et al., 2005; Zhu et al., 2005). NR2
subunit expression is developmentally regulated (Monyer et al.,
1994; Sheng et al., 1994), and NMDARs formed exclusively by
NR1 and NR2B dominate during late embryogenesis and early
postnatal development, a time of rapid synaptogenesis in cortex
and a period of low synaptic AMPAR/NMDAR ratio.
We examined the role of NR2B signaling during synaptogenesis. Although proper cortical development and mature function
critically require NMDAR signaling (Katz and Shatz, 1996; Crair,
1999; Mohn et al., 1999; Iwasato et al., 2000; Miyamoto et al.,
2001), studying synaptic maturation in the absence of NR2B has
largely been precluded by the lethality of this mutation in the
genetic knock-out (KO) animal (Kutsuwada et al., 1996). Although effects of NMDAR signaling have been examined using
chronic antagonist and agonist application (Shi et al., 2001; Colonnese et al., 2002; Reiprich et al., 2005; Stefani and Moghaddam,
2005), how NMDARs regulate synapse maturation is not fully
understood. The experiments presented here used mouse genetics and cortical cultures to ask how the NR2B subunit of the
NMDAR contributes to cortical synapse maturation.
Our experiments revealed that NR2B-containing NMDARs
negatively regulate incorporation of AMPARs at developing cortical synapses. We observed a significant enrichment in AMPAR
subunits and AMPAR-mediated synaptic current after genetic
ablation of NR2B. Negative regulation of synaptic AMPARs was
blocked by short interfering RNA (siRNA) knock-down of
NR2B, but not by chronic application of NMDAR antagonists,
and could be rescued by coexpression of wild-type (WT) NR2B
or a mutant construct in which the subunit is targeted to synapses
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but the PDZ domain is mutated. Synaptic enrichment of
AMPARs correlated with increased expression of transmembrane AMPAR regulatory protein (TARP) and was blocked by
transfection of a dominant-negative TARP (␥-2⌬C). Our experiments show that NR2B can act to negatively regulate the amount
of AMPAR subunits and AMPAR-mediated current at synaptic
sites in developing cortical networks.

Materials and Methods
Cell culture. Dissociated cortical neurons from timed-pregnant embryonic day 18 (E18) rats or E16 –E18 mice were cultured on tissue culture
dishes or treated glass coverslips coated with poly-D-lysine and laminin
(BD Biosciences, San Jose, CA). Rat culture media consisted of basal
media Eagle (Invitrogen, Carlsbad, CA) with 1⫻ Glutamax, 1000 U/ml
penicillin G and streptomycin sulfate, 5% FBS (Invitrogen), and 1⫻ N2
supplement. Cultures were maintained at 37°C in 5% ambient CO2.
Media were changed every third day. Mouse cultures were prepared using the same dissection and plating protocols but using the following
growth media: Neurobasal medium with 1⫻ Glutamax, 2% FBS, 1⫻ B27
supplement (Invitrogen), and 25 M ␤-mercaptoethanol. Plating media
for mouse cultures (first 12 h) contained 25 M L-glutamate (SigmaAldrich, St. Louis, MO) and 50 M ␤-mercaptoethanol. All cultures were
plated at a cell density of 1 ⫻ 10 6 cells/3.8 cm 2.
Biotinylation of surface receptors and Western blotting. Cultures of specified ages were transferred immediately from a tissue culture incubator to
4°C. All subsequent manipulations took place at 4°C. Neurons were
rinsed once with PBS (containing 2 mM CaCl2 and 2 mM MgSO4) and
then incubated for 20 min in PBS (plus 2 mM CaCl2 and 2 mM MgSO4)
and sulfo-LHC-SS-biotin (15 mg/10 ml; Pierce Biochemicals, Rockford,
IL). Cultures were rinsed twice (20 min each) with PBS (plus 2 mM CaCl2,
2 mM MgSO4, 0.1% BSA, and 100 mM glycine) and then rinsed with PBS
(plus 2 mM CaCl2 and 2 mM MgSO4). Cells were lysed (40 min) using a
precipitation (ppt) buffer containing 10 mM NaH2PO4, 5 mM EDTA, 5
mM EGTA, 100 mM NaCl, 1 mM Na3VO4, 10 mM Na-pyrophosphate, 50
mM NaF and freshly added protease inhibitor mixture (Roche Biochemical, Indianapolis, IN), 15 mM lysine, and 1% Triton-X. Lysates were
collected and centrifuged for 20 min at 13,000 rpm. Samples of the supernatant were collected to serve as total protein controls. Ultralink immobilized NeutrAvidin protein (Pierce Biochemicals) was used to pull
down the biotinylated surface receptor pool. Briefly, the NeutrAvidin gel
was preequilibrated with ppt buffer (containing 15 mM lysine and 1%
Triton-X) for 10 min, and after spinning down and removing the buffer,
the protein lysate was added to the slurry and rotated for 2 h. The linked
protein mix was rinsed twice (5 and 10 min) with ppt buffer (plus 1%
Triton-X), once (15 min) with ppt buffer (plus 1% Triton-X and 600 mM
NaCl), and then once with ppt buffer and eluted with Western sample
buffer. Western blots were performed as per standard procedures.
Electrophysiology. Spontaneous synaptic activity was recorded from
cell cultures perfused at room temperature in a bicarbonate buffered
recording solution containing the following (in mM): 124 NaCl, 5 KCl, 26
NaHCO3, 1.23 NaH2PO4, 1.5 MgCl2, 2 CaCl2, and 10 glucose and bubbled constantly with 95% O2/5% CO2. Voltage-clamp recordings were
made using glass microelectrodes (filamented borosilicate glass, 1.5 mm
outer diameter and 0.86 mm inner diameter; Harvard Apparatus, Holliston, MA) pulled on a micropipette puller (Flaming-Brown P-80/PC;
Sutter Instruments, Novato, CA) and filled with a cesium substituted
intracellular solution containing (in mM) 10 CsCl, 105 CsMeSO3, 0.5
ATP, 0.3 GTP, 10 HEPES, 5 glucose, 2 MgCl2, and 1 EGTA, pH 7.3.
Pipette resistances ranged from 3 to 6 M⍀. Series resistance ranged from
⬃7 to 20 M⍀ and was monitored for consistency during recording. Cells
in culture with leak current ⬎100 pA were excluded from our analysis.
Signals were recorded using patch-clamp amplifiers (PC505B; Warner
Instruments, Hamden, CT) and digitized with a PCI-based board (PCI1200; National Instruments, Austin, TX) on a Macintosh G3 computer
using custom-written software in Igor Pro (WaveMetrics, Lake Oswego,
OR). Signals were amplified, sampled at 10 kHz, filtered to 2 or 5 kHz,
and analyzed using custom routines in Igor Pro. Series resistance was
monitored for consistency during the course of spontaneous recordings.
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Miniature EPSC (mEPSC) recordings (in TTX and gabazine) were
performed in the presence of cyclothiazide to increase the frequency of
detectable events. Cyclothiazide prevents AMPA receptor desensitization
by blocking desensitization of both GluR1 and GluR2 subunits (SternBach et al., 1998; Sun et al., 2002), without affecting kainate receptormediated current (Partin et al., 1993). Cyclothiazide also decreases the
deactivation rate of the receptor channel (Partin et al., 1996), and increases the apparent agonist affinity of the receptor complex (Dzubay
and Jahr, 1999). In our cultures, application of 50 M cyclothiazide increased both the amplitude and the frequency of AMPA-mediated
mEPSCs over the first 15 min of application. mEPSC amplitude was
affected to a similar degree in both genotypes during wash-in, showing a
1.60-fold increase for WT and 1.56-fold increase for KO. Furthermore,
all recordings used for analysis therefore were taken from time points
after mEPSC frequency and amplitude had reached steady state (i.e., ⬎15
min after addition of cyclothiazide and TTX). Gabazine (SR 95531 hydrobromide), cyclothiazide, DL-APV, and DNQX were acquired from
Tocris Chemicals (Ellisville, MO) and mixed according to the manufacturer’s specifications. TTX was purchased from Sigma-Aldrich.
Transfection experiments and mEPSC analysis. Constructs for the
siRNA and rescue experiments included eGFP in a pBos expression plasmid (used in all experiments as a transfection reporter), WT rat NR2B in
GW1, two mutant NR2B constructs, S1480A (⌬PDZ), and the double
mutant S1480A/Y1472A (⌬PDZ/⌬AP2) in pCISflag vector. RNAinterfering constructs were generated using the pSilencer 1.0 vector (Ambion, Austin, TX). The siRNA target sequence against NR2B was GGATGAGTCCTCCATGTTCTT. The scrambled siRNA incorporated eight
base pair changes while maintaining GC%: GCATGTCTGCTGCTAGTACTT. Cultures were transfected using Lipofectamine 2000 (Invitrogen). Miniature EPSCs were analyzed using the Mini Analysis Program
(Synaptosoft, Decatur, GA) or by custom routines in Igor Pro, which
aligned and offset events to a prerise baseline and then measured peak
amplitude on individually selected mEPSCs.
Statistics. Statistical significance of the data was confirmed by t test
comparison of the mean values obtained from individual neurons and
then pooled by genotype (or condition). For the cumulative histograms,
the events from all cells of the same genotype (or condition) were pooled.
In each case in which the t test showed significance between individual
cell averages, the Kolmogorov–Smirnov test on the cumulative distributions also showed significance. All data are presented as mean ⫾ SEM
both in the text and in the figures. p values are presented only for data in
which the comparison was significant. For transfection experiments, all
recording and analysis was done blind to transfection condition.
Genetic mouse lines and genotyping. NR2B targeted knock-out mice
were kindly provided by G. Westbrook (Vollum Institute, Oregon Health
and Science University, Portland, OR) under permission of M. Mishina
(University of Tokyo, Tokyo, Japan). NR2B null (⫺/⫺), heterozygous
(⫺/⫹), and wild-type (⫹/⫹) mouse cultures were generated from E16 –
E18 mouse embryos derived from heterozygous NR2B matings (⫺/⫹ ⫻
⫺/⫹). This mouse line carried a targeted mutation consisting of a Pgkneomycin resistance cassette disrupting the ATG translation start site of
the first coding exon of the NR2B genomic locus. Genotyping primers
recognized the endogenous allele and the inserted neo cassette using the
following primers: E2P1, ATG AAG CCC AGC GCA GAG TG; E2P3,
AGG ACT CAT CCT TAT CTG CCA TTA TCA TAG; and NeoP2, GGC
TAC CTG CCC ATT CGA CCA CCA AGC GAA AC. For NR2B genotyping results, see Figure 2 E.
Immunofluorescence for glutamate receptors. Cultures were live labeled
with rabbit anti-GluR1 (1:10; EMD Biosciences, San Diego, CA) and
mouse anti-GluR2 (1:100; Millipore, Billerica, CA) antibodies in OptiMem (Invitrogen) and 0.1% sodium azide (Sigma-Aldrich) (to prevent
antibody internalization) for 15 min, washed twice in Opti-Mem, and
fixed in 4% PFA, 4% sucrose, and 0.1% Triton-X in PBS for 15 min.
Cultures were then blocked for 30 min in 3% BSA and 0.1% Triton-X in
PBS before staining. Guinea pig anti-vesicular glutamate transporter 1
(VGlut1) and VGlut2 (1:1000 and 1:5000, respectively; Millipore) and
chicken anti-microtubule-associated protein 2 (MAP2; 1:5000; Abcam,
Cambridge, MA) antibodies were added in blocking solution for 2 h,
cultures were rinsed three times for 5 min in block, and the appropriate
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secondary antibodies were then applied for 45
min (donkey anti-mouse 488, donkey antirabbit 555, donkey anti-guinea pig 647, and
donkey anti-chicken 350, all at 1:1000; Jackson
ImmunoResearch, West Grove, PA). Neurons
were then rinsed four times for 5 min and
coverslipped.
Image analysis. Images were acquired using a
Leica (Bannockburn, IL) SP2 confocal microscope. All images from a given culture were acquired on the same day with identical acquisition settings. Images were then filtered with a
median filter in Photoshop and analyzed using
OpenLab software (Improvision, Coventry,
UK). The number of GluR1 and GluR2 puncta
per length of dendrite was counted using an
automation in OpenLab by setting a lower
threshold limit for pixel intensity for each channel (fivefold higher than background) and then
counting the number of objects meeting the
threshold criteria per field of view. The intensity
of GluR1 and GluR2 staining within synapses
was additionally measured on unprocessed data
images using ImageJ software. Images used for
presentation in Figures 1 and 4 were contrast
enhanced for viewing. Regions of interest
(ROIs) were defined as distinct puncta positive
for both VGlut1 and VGlut2 and either GluR1
or GluR2. The integrated pixel density of GluR1
or GluR2 staining within the ROI was obtained
for 50 ROIs in seven fields of view (350 ROIs
total) for each animal. Background intensity
values for the same ROI area were obtained for
each field of view and were subtracted from the
GluR intensity values. Pixel intensity values
ranged from 0 to 255. All image analysis was
done blind to genotype.

Results
To investigate the mechanisms by which
NMDAR signaling acts to regulate Figure 1. Development of spontaneous synaptic activity in rat cortical cultures correlates with surface and synaptic trafficking
AMPARs during synapse development, we of AMPA receptor subunits GluR1 and GluR2. A, Representative traces of spontaneous synaptic activity in sister cultures of rat E18
examined the generation of synaptic activ- cortical neurons at subsequent DIV, measured by whole-cell voltage clamp at a holding potential of ⫺65 mV. Network-driven
ity in E18 rat cortical cultures, using spontaneous synaptic activity develops slowly in culture, increasing dramatically after the first week in vitro, with a rapid increase
whole-cell voltage-clamp recordings at in- in unitary event amplitude and frequency between 10 and 14 DIV. B, Live labeling the surface pool of GluR1 and GluR2 subunits in
creasing intervals, after plating (Fig. 1 A). these cultures revealed a strong increase in the surface expression of AMPAR subunits between 6 and 14 DIV. Data shown are
Spontaneously generated synaptic activity example fields of view for cultures live labeled with anti-GluR1 (top images) and anti-GluR2 (middle images) antibodies and
recorded at ⫺65 mV was largely absent merged images with the dendritic marker MAP2 (bottom images) at 6,10, and 14 DIV. C, Surface biotinylation and Western blot
during the first week in vitro. Between 8 analysis of receptors in culture at increasing days in vitro confirms the surface immunofluorescence data showing the increase in
GluR1 and GluR2 surface expression over this time period. D, Cumulative data from multiple cultures are presented showing the
and 10 d in vitro (DIV), spontaneous synincrease in synaptic localization of these GluR puncta measured by costaining with an excitatory synaptic marker (VGlut1 and
aptic activity could be reliably detected, VGlut2) (mean ⫾ SEM).
and between 10 and 14 DIV these
neurotransmitter-driven events increased
strongly with an increase in both the surface expression and syndramatically, both in terms of their frequency and amplitude.
aptic targeting of the AMPAR subunits GluR1 and GluR2. We
Spontaneous activity in cultures between 8 and 21 DIV consisted
observed an increase in surface-labeled AMPAR subunits (GluR1
of individual spontaneous EPSCs (sEPSCs) as well as synchroand GluR2), per length of dendrite, along MAP2-stained neurons
nized synaptic bursts. These bursts dominated cultures by 3
in cultures between 6 and 14 DIV (Fig. 1 B). This increase was
weeks in vitro, as demonstrated by simultaneous recordings (data
confirmed by Western blot analysis of the surface receptor pool,
not shown).
isolated by a cell-surface biotinylation protocol (Fig. 1C) (see
Spontaneously generated calcium transients and voltageMaterials and Methods). Using a presynaptic antibody (VGlut1
gated sodium channel current could be recorded from neurons in
and VGlut2) to identify anatomical excitatory synapses, we also
these cultures as early as 3 DIV, well before synaptic currents were
recorded an ⬃10-fold increase, between 6 and 14 DIV, in the
detected (data not shown), indicating that absence of synaptic
number of surface-localized AMPAR subunits that were concenactivity before 7 DIV was not likely caused by an absence of
trated at putative synaptic sites (Fig. 1 D).
voltage-gated ion channels (excitability). Rather, the appearance
To further characterize the developmental expression and
of spontaneous synaptic activity in our cultures correlated
surface localization of ionotropic glutamate receptor subunits
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synaptic currents, we examined synaptic
responses in cortical cultures from wildtype and NR2B null mice. Cultures were
plated from 16- to 18-d-old mouse embryos, generated from matings of NR2B
heterozygous animals. Using Western blot
analysis, we were able to confirm the loss
of NR2B protein and show that its removal
did not significantly alter the relative contribution of the other NMDAR subunits
(NR1, NR2A, and NR2C) (Fig. 2 A, B). As
in the rat cultures, spontaneous synaptic
activity could be detected in mouse cortical cultures by 1 week in vitro (Fig. 2C) and
consisted of both unitary sEPSCs and synchronized bursts. Surprisingly, in cultures
lacking NR2B, we observed a strong and
significant increase in synaptic current
compared with controls (Fig. 2C–E). This
could be measured as an increase in the
mean integrated current (per 20 s of activity) in sister cultures between 8 and 10
DIV (21.6 ⫾ 7.9 vs 82.4 ⫾ 23.5 pA 䡠 s; n ⫽
8; p ⫽ 0.028) as well as an increase in the
mean amplitude of sEPSCs (15.61 ⫾ 1.7 vs
22.53 ⫾ 2.24 pA; n ⫽ 8; p ⫽ 0.03) (Fig.
2 D). The presence of synaptic activity in
NR2B null cultures is evidence that recruitment of AMPA receptors to the
membrane and to synaptic sites does not
Figure 2. Increase in AMPA receptor-mediated current in the absence of NR2B protein. A, Lysates from WT (⫹) and NR2B null require NR2B function; rather, the in(⫺) mouse cortical cultures (12 DIV) blotted and probed for NR2A protein (top) and reprobed for NR2B (bottom) show that NR2A creased current recorded at ⫺65 mV in
protein expression is unchanged in the absence of NR2B. B, Pooled data showing the similarity in levels of the main NMDAR NR2B null neurons suggests that NR2B
subunits in NR2B knock-out cultures (mean ⫾ SEM). C, Recordings from mouse cortical cultures revealed that the generation of signaling negatively regulates the recruitspontaneous synaptic currents was similar to that seen in rat culture, arising ⬃1 week in vitro (wild type; top traces). Example ment of AMPA receptors at developing
traces from knock-out cultures (20 s in duration at ⫺65 mV) show this developmental pattern and the enhancement of synaptic synapses.
current in NR2B⫺/⫺ cultures as early as 8/9 DIV. D, Cumulative data (mean ⫾ SEM) showing the increase in mean sEPSC
To look directly at the AMPARamplitude in NR2B⫺/⫺ cultures compared with controls. This increase in amplitude was significant between genotypes. E, mediated response and determine
Control (wild-type or heterozygous) cultures were generated from heterozygous matings and compared with sister cultures from
whether loss of NR2B leads to an increase
homozygous knock-out embryos. An example PCR genotyping from one of these crosses is shown. The knock-out allele results
from a PGK-neo cassette insertion that removes the first ATG in the initial coding exon of the NR2B gene. The wild-type reaction in current at individual synapses (quantal
size), we measured spontaneous AMPARprimes a 422 bp segment of this same exon.
mediated mEPSCs in wild-type and NR2B
null neurons in the presence of 1 M TTX,
during synaptogenesis, we performed Western blot analysis of
20 M gabazine, and 50 M cyclothiazide. Cyclothiazide was used
NMDAR subunits in conjunction with our surface bioto increase the frequency of detectable events in our cultures (see
tinylation assay between 4 and 17 DIV. Total protein levels of all
Materials and Methods). To minimize variation in mEPSC amthe receptor subunits (NR1, NR2A, and NR2B) increased to plaplitudes attributable to potential fluctuations in culture conditeau levels between 7 and 14 DIV. Surface expression of both NR1
tions, we compared mEPSC amplitudes in NR2B null and control
and the NR2B subunit preceded the appearance of surfaceneurons in sister cultures at equal days in vitro (11, 12, 13, 15, and
localized NR2A in our cultures (supplemental Fig. 1, available at
23 DIV). As shown in Figure 3, there was an increase in the mean
www.
mEPSC amplitude in individual cells in NR2B null cultures comjneurosci.org as supplemental material). NMDARs containing
pared with controls (38 ⫾ 6.4 vs 27 ⫾ 5.1 pA; n ⫽ 10 cells for each
the NR2B subunit are selectively antagonized by the drug ifengenotype; p ⫽ 0.037) (Fig. 3A–C). When the population of events
prodil, and sensitivity of NMDAR current to this compound dein all cells was compared by cumulative histogram, we also obcreases over time, both in vivo and in vitro (Williams et al., 1993;
served a significant increase in the event amplitude between geKew et al., 1998; Barth and Malenka, 2001; Thomas et al., 2006).
notypes (Fig. 3D) ( p ⫽ 0.0001). Scaling of the ensemble mEPSC
The high levels of surface NR2B that we observed before 12 DIV
responses proved the consistency of response kinetics despite the
and the gradual increase in surface NR2A are consistent with
amplitude increase (Fig. 3E). Furthermore, all spontaneous
many previous reports and suggest that signaling via NR1/NR2B
events were abolished by DNQX (20 M; data not shown). Tocomplexes dominates during early synaptogenesis. We wanted to
gether these data indicate that loss of NR2B function leads to an
know how NR2B signaling influences the recruitment of AMPA
increase in mEPSC amplitude as the result of an enhancement of
receptors at developing synaptic sites.
AMPAR activity at single synapses.
To evaluate the role of NR2B signaling in the development of
To confirm that loss of NR2B caused enrichment of AMPA
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Figure 3. Increase in AMPAR-mediated current at individual synapses in the absence of
NR2B. A, B, Example whole-cell voltage-clamp traces from NR2B sister cultures (WT and
NR2B⫺/⫺) recorded in the presence of gabazine, TTX, and cyclothiazide to isolate mEPSCs
demonstrate the increase in “miniature” AMPAR-mediated EPSC amplitudes in the absence of
NR2B protein. C, Cumulative data showing the range and mean amplitude ⫾ SEM of mEPSCs in
the two conditions; recordings from sister cultures are delineated by the connecting lines. D, The
same dataset plotted by cumulative histogram for all the recorded events from each genotype
showing the right shift, toward higher amplitude, in the knock-out neurons. E, Ensemble average mEPSCs from single neurons of each genotype (at 11 DIV) demonstrate this increased
amplitude in the absence of any change in current kinetics.

receptor subunits at synaptic sites, we used surface immunofluorescence to visualize the distribution of GluR1 and GluR2 subunits in WT and NR2B null cultures. Cells in culture were live
labeled for GluR1 or GluR2 and costained after fixation with a
presynaptic marker (VGlut1 and VGlut2) and a dendritic marker
(MAP2) to assess both the surface component of these AMPAR
subunits and their synaptic localization (Fig. 4). We found an
increase in the surface expression of GluR1 but not GluR2, per
length (10 m) of dendrite in NR2B null neurons (WT GluR1
2.99 ⫾ 0.26 vs KO GluR1 5.07 ⫾ 0.350 puncta; p ⫽ 1.8 ⫻ 10 ⫺5;
WT GluR2 3.91 ⫾ 0.56 vs KO GluR2 4.92 ⫾ 0.36 puncta; p ⫽
0.128; N ⫽ 2 and n ⫽ 16 fields of view for WT; N ⫽ 3 and n ⫽ 24
fields of view for KO) (Fig. 4A–C). Furthermore, analysis of intensity of GluR1 and GluR2 staining at synapses confirmed an
increased level of both subunits at VGlut1- and VGlut2-positive
synapses (WT GluR1 3.3 ⫾ 0.24 arbitrary units, KO GluR1 4.6 ⫾
0.2; p ⫽ 0.013; WT GluR2 3.7 ⫾ 0.24, KO GluR2 4.5 ⫾ 0.2; p ⫽
0.009; N ⫽ 2 WT and N ⫽ 3 KO; n ⫽ 50 regions of interest in
seven fields of view for each genotype) (Fig. 4B,D). These observations indicate that there is an increase in the number of GluR1containing AMPARs on the surface and an increase in the number of GluR1- and GluR2-containing receptors per synapse in
NR2B nulls. These results complement and confirm the electrophysiology data showing that NR2B signaling acts, during development, to restrict synaptic AMPA currents by limiting trafficking of AMPA receptor subunits both to the cell surface and to
synapses.
We next investigated whether the increase in AMPAR current
in NR2B null cultures reflects cell-autonomous regulation of
AMPAR-mediated current or a response to alterations in network activity. Because suppression of NMDAR signaling by genetic ablation results in the removal of a depolarizing current and
key calcium source in these developing neurons, the observed
increase in synaptic strength could be a regulatory response, re-

Figure 4. NR2B negatively regulates surface and synaptic localization of the AMPAR subunit
GluR1. A, B, Cultured cortical neurons from NR2B⫺/⫺ embryos (right) and WT littermates
(left) were live labeled with anti-GluR1 antibodies and subsequently fixed and stained for MAP2
at 14 DIV. These data show the dramatic increase in surface localization of this receptor subunit
in the absence of NR2B. Scale bars; A, 5 m; B, 2 m. C, D, Cultures at 14 DIV were live labeled
for GluR1 and then fixed and stained for MAP2 and the synaptic marker VGlut1 and VGlut2. C,
Quantification of the immunostaining data showing the surface expression of GluR1 puncta per
length of dendrite was increased in NR2B⫺/⫺ neurons compared with WT neurons. D, The
integrated pixel density of GluR1 staining in VGlut1- and VGlut2-positive synapses was also
significantly increased in NR2B⫺/⫺ neurons versus control neurons (350 synapses per animal). All histograms show mean ⫾ SEM.

sulting from a non-cell-autonomous change in activity within the
network (Turrigiano and Nelson, 2004). To determine whether
the enrichment of synaptic AMPARs was a cell-autonomous effect (that is, directly related to loss of the NR2B subunit in individual neurons), we controlled for network activity levels by
coculturing WT and NR2B⫺/⫺ neurons (Fig. 5A). Embryos
from transgenic animals expressing GFP protein under the
␤-actin promoter, but wild type at the NR2B locus (WT-GFP),
were seeded at different ratios with embryonic cortices of the
same embryonic age derived from NR2B heterozygous matings
(2BKO, 2Bhet, or 2BWT) (Fig. 5B). This allowed examination of
responses from adjacent WT and NR2B⫺/⫺ cells in single cultures (Fig. 5C,D).
Recording from cells in 50% NR2B WT/50% WT-GFP cocultures revealed that sEPSC amplitudes were similar on average
between wild-type cell populations (11.2 ⫾ 0.42 pA in NR2B WT
cells and 13.0 ⫾ 0.44 pA for WT-GFP cells; n ⫽ 3) (Fig. 5C,E). In
contrast, the mean sEPSC amplitude recorded from NR2B⫺/⫺
neurons in 50% NR2B⫺/50% WT-GFP cocultures was almost
twice that recorded from WT-GFP neurons [22.1 ⫾ 2.6 (n ⫽ 5) vs
11.8 ⫾ 1.8 pA (n ⫽ 4); p ⫽ 0.036] (Fig. 5 D, E). Thus the increased
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neurons in the same network [42.7 ⫾ 6.1
(n ⫽ 11) vs 22.9 ⫾ 1.9 pA (n ⫽ 19 cells);
p ⫽ 0.001) (Fig. 6 E). Analysis of both the
cumulative event histograms (Fig. 6 D)
and the mean amplitudes showed this increase to be significant. In these experiments we also transfected neurons with a
scrambled siRNA construct (see Materials
and Methods) or GFP expression plasmid
alone. No significant difference was observed between the amplitude of events in
nontransfected control neurons and either
of the transfected conditions, thus demonstrating that the effect is specific to a loss of
NR2B protein (combined 18.6 ⫾ 2.9 pA;
n ⫽ 6) (Fig. 6 D, E). These results further
support our conclusion that NR2B signaling, at developing cortical synapses, negatively regulates AMPA currents by a cellautonomous mechanism. This conclusion
relies on data acquired after the removal of
NR2B protein through genetic knock-out
or siRNA-mediated silencing of the gene,
which effects both structure and function
of developing synapses. These results led
us to ask whether or not enrichment of
synaptic AMPARs could be mimicked by
chronic antagonism of NMDAR signaling.
Figure 5. Enhancement of PSC amplitude in NR2B⫺/⫺ neurons is the result of a cell-autonomous mechanism. A, B, NR2B WT To test this, we treated rat cultures with
neurons from GFP-expressing animals (␤-actin GFP; WT-GFP) were cocultured with either WT or NR2B⫺/⫺ cells (50%/50% DL-APV (100 M) or the NR2B-specific
cocultures). This allowed acquisition of simultaneous recordings from WT-GFP neurons and nearby neurons, either NR2B WT or antagonist ifenprodil (3 M) for a similar
NR2B⫺/⫺ in culture (position of recording pipettes is highlighted in A). Simultaneous whole-cell recordings of AMPA-mediated time period in culture (starting at 5 DIV)
sEPSCs (Vhold, ⫺65 mV) are shown for a neuron pair in a WT:WT-GFP coculture (C) and an NR2B⫺/⫺:WT-GFP coculture (D). E, and then recorded AMPAR-mediated
Cumulative data from coculture recordings showed a significant increase in the amplitude of sEPSCs in NR2B⫺/⫺ neurons mEPSCs at 12 and 13 DIV. Neither treatrecorded simultaneously with WT neurons in the same cultures (mean ⫾ SEM). F, Unitary sEPSC event traces with collective
ment was able to mimic the increase in
average traces overlaid show the strong increase in amplitude of NR2B⫺/⫺ responses (black) compared with simultaneously
synaptic current that we recorded in the
recorded WT-GFP responses (green) in the absence of any change in response kinetics (inset).
absence of NR2B protein [24.0 ⫾ 3.4 APV
treated (n ⫽ 8) vs 18.5 ⫾ 2.4 control (n ⫽
PSC amplitude in NR2B null cells seems to be attributable to a
6) and 17.7 ⫾ 3.1 ifenprodil treated (n ⫽ 7) vs 17.2 ⫾ 2.6 pA
cell-autonomous effect of NR2B signaling on synaptic AMPA
control (n ⫽ 7)] (Fig. 6 F, G). From this evidence, we conclude
receptors.
that the increase in synaptic AMPARs that we see in the absence
To explore further the mechanisms responsible for the inof NR2B-containing NMDARs is attributable to a structural concrease in synaptic AMPAR current in the absence of NR2B, we
tribution of the protein and not just its ionic function.
transfected cortical cells with an siRNA construct (NR2B-siRNA)
Using siRNA knock-down, we went on to test whether or not
to knock down NR2B protein in individual neurons in wild-type
synaptic localization of NR2B was important for its ability to
cultures. Cortical cultures from E18 rat embryos were transfected
regulate synaptic AMPA currents. Specifically, we asked whether
at 5 or 6 DIV and recorded 7 d later (12 or 13 DIV) (Fig. 6 A).
the effects of NR2B-siRNA could be rescued by NR2B constructs
Local application of NMDA (1 mM) in the presence of D-serine
defective in synaptic localization (Fig. 7A). For these experi(10 M) evoked a strong outward current at a holding potential of
ments, we took advantage of the fact that mutation of the PDZ
⫹50 mV in control (nontransfected) neurons (363.0 ⫾ 68.3 pA;
domain (S1480A; NR2B-⌬PDZ) severely attenuates the affinity
n ⫽ 7) (Fig. 6 B, C). The NMDA-evoked response displayed a
of NR2B for the PDZ domains of MAGUKs (membranecurrent-to-voltage relationship that was characteristic of
associated guanylate kinases) and decreases synaptic localization
NMDARs, because of Mg 2⫹ block of this receptor at hyperpolarof NR2B, without altering surface localization of the receptor
ized potentials (Fig. 6 B, inset). In striking contrast, in cells trans(Lim et al., 2002; Prybylowski et al., 2005). Coexpression of WT
fected with NR2B-siRNA, the NMDA-evoked current at ⫹50 mV
NR2B along with NR2B-siRNA reversed the effect of NR2Bwas strongly reduced when tested between 11 and 13 DIV (21.1 ⫾
siRNA expression on AMPA currents, and there was no signifi7.7 pA; n ⫽ 5; p ⫽ 0.006) (Fig. 6 B, C). These recordings concant difference between mEPSC event amplitudes in cotransfirmed the efficacy of our siRNA construct.
fected cells (expressing both siRNA and WT NR2B) and
Next we compared the amplitude of mEPSCs in experimental
nontransfected controls [24.0 ⫾ 3.1 (n ⫽ 5) vs 26 ⫾ 1.6 pA (n ⫽
cells to nontransfected control cells in the same cultures. As
7)] (Fig. 7 B, C,E). In contrast, expression of NR2B-⌬PDZ was
shown in Figure 6 D, transfection of individual neurons with
unable to reverse the effect of NR2B-siRNA on AMPA currents
NR2B-siRNA caused a strong increase in the amplitude of
[33.5 ⫾ 5.9 (n ⫽ 7) vs 45.6 ⫾ 7.7 pA (n ⫽ 7)], suggesting that
AMPAR-mediated mEPSCs, compared with nontransfected
NR2B needed to be targeted to the synapse to affect AMPA cur-
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rents (Fig. 7 B,D, E). To determine
whether the lack of rescue by NR2B⌬PDZ was indeed caused by the loss of
synaptic localization and not by loss of
some other PDZ-dependent interaction,
we examined the consequence of expressing an NR2B construct containing an additional mutation in the clathrin adaptor
protein (AP-2) binding motif of NR2B
(Y1472A). This mutation restores synaptic localization of NR2B despite the ⌬PDZ
mutation (Prybylowski et al., 2005). This
double mutant construct (NR2B-⌬PDZ/
⌬AP-2) was able to rescue the effect of
NR2B-siRNA expression on mEPSC amplitude [21.9 ⫾ 2.8 (n ⫽ 7) vs 45.6 ⫾ 7.7
pA (n ⫽ 7); p ⫽ 0.01] (Fig. 7 B, D,E) indicating that localization of NR2B at synapses, but not the PDZ domain of the protein per se, was required for the negative
regulation of AMPAR at developing
synapses.
In a final series of experiments, we examined the possibility that NR2B might
influence AMPA receptors by regulating
the expression of stargazin/TARP proteins, which are known to control both
surface localization and incorporation of
AMPARs at synapses (Chen et al., 2000;
Tomita et al., 2003, 2005). The TARPs
(stargazin/␥-2, ␥-3, ␥-4, and ␥-8) are
chaperone proteins, which associate with
AMPA receptors in the Golgi apparatus
and, through distinct mechanisms, regulate both the surface trafficking and synaptic incorporation of AMPARs in neurons.
It has been demonstrated that stargazin/
␥-2 can control AMPAR trafficking in a
bidirectional manner and that NMDAR
signaling can produce a negative effect on
stargazin/␥-2-mediated trafficking of
AMPARs to synapses (Tomita et al., 2005). Figure 6. Suppression of NR2B protein in individual cortical neurons leads to enrichment of synaptic AMPARs. A, Experimental
To determine whether endogenous NR2B design: rat cortical neurons were cultured from E18 embryos and transfected at 5 or 6 DIV with siRNA against NR2B (and GFP as a
signaling pathways regulate TARP expres- transfection marker) or treated with NMDAR antagonists starting at 5 DIV. Recordings were made 7 d later at 12 or 13 DIV. B,
sion, we performed Western blot analysis Efficacy of the NR2B-siRNA construct was shown by stimulating neurons with local, somatic application of NMDA plus D-serine in
of TARP expression in WT and NR2B null the presence of TTX, gabazine, and D-serine. Example traces show average responses from a siRNA-expressing and nontransfected
control neuron. These traces are averages of five trials taken from two neurons within a single field of view in culture, and therefore
cultures using a pan-TARP antibody. As stimulated under identical conditions. The I–V relationship for the NMDAR-evoked current in the nontransfected neuron is shown
shown in Figure 8 A, there was an increase (inset). Calibration: 200 pA, 200 ms. C, The NMDA-evoked response recorded at ⫹50 mV was significantly suppressed in neurons
in TARP expression in WT cultures be- expressing siRNA against NR2B compared with nontransfected neurons in the same cultures (mean ⫾ SEM). D, The cumulative
tween 8 and 16 DIV, which corresponds to distribution of mEPSC events recorded under each experimental condition are shown compared with the nontransfected event
the period of synapse formation in cortical population (thick line). Transfection of neurons with siRNA against NR2B led to an increase in mEPSC amplitude (solid line)
cultures. Comparison of the abundance of compared with nontransfected control cells in the same dish (thick line). Neither GFP alone nor scrambled siRNA (two conditions
TARP protein in WT and NR2B null cul- combined, dotted line) mimicked the effect of NR2B siRNA. This effect was confirmed by analysis of the mean event amplitude in
tures revealed that the intensity of the cells expressing the siRNA (E). The transfection conditions for this experiment are shown in E. F, Cultures were treated from 5 DIV
TARP signal was significantly higher with either 100 M APV or 3 M ifenprodil (dotted lines). AMPA-mediated mEPSCs were recorded between 11 and 13 DIV. Neither
(168.7 ⫾ 31.3%; p ⫽ 0.01) in NR2B null the cumulative histograms (F ) nor comparison of cell means (G) revealed a difference in mEPSC amplitude after chronic antagonist
block. In F, the siRNA event population distribution is shown for comparison.
cultures, compared with controls when
standardized to ␤-tubulin levels (Fig.
loss of NR2B on synaptic currents. Because synaptic trafficking of
8 A, B), suggesting that NR2B may normally restrict TARP exAMPARs mediated by ␥-2 requires a PDZ domain interaction
pression and that the increase in AMPAR currents in NR2B null
through its C-terminal domain, the ␥-2⌬C construct interferes
neurons may be caused by increased TARP expression. To test
with synaptic incorporation, but not the surface localization, of
this possibility more directly, we asked whether expression of a
AMPARs (Chen et al., 2000). Indeed, we found that coexpression
dominant-negative TARP (␥-2⌬C) could suppress the effects of
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togenesis in vitro showed that NR2B signaling acts to limit functional AMPAR current
at synaptic sites. We show that this effect is a
result of cell-autonomous loss of NR2B protein and does not require functioning of the
PDZ domain of NR2B, although the synaptic localization of the receptor subunit is critically required. The mechanism by which
NR2B acts is possibly via control of TARP
levels. From our data, we propose a model in
which NR2B signaling negatively regulates
TARP expression and thereby suppresses
AMPAR insertion at synapses. A schematic
representation of our experimental conclusions and hypothesis is presented in Figure 9.
The importance of NMDAR signaling
during early development is underscored by
the fact that genetic deletion of either the
NR1 or NR2B subunit results in perinatal
lethality (Kutsuwada et al., 1992; Forrest et
al., 1994). Experiments in which NR1 protein expression is suppressed, or ablated in a
cortex-restricted manner, show that depression of NMDAR function leads to disruptions in cortical patterning and altered behavior in adult mice (Mohn et al., 1999;
Iwasato et al., 2000; Miyamoto et al., 2001).
Application of NMDAR antagonists, in vivo,
also revealed significant defects in behavioral
assays and alterations in cortical circuit development (Reiprich et al., 2005; Stefani and
Moghaddam, 2005), and point mutation of
the NR2B receptor results in suppression of
fear-conditioned learning in vivo (Nakazawa
et al., 2006). Our studies suggest that these
defects could reflect a failure in the proper
maturation of glutamatergic synapses as a
result of alterations in NR2B-mediated
signaling.
Although NMDA receptors are known
Figure 7. Negative regulation of AMPAR-mediated current by NR2B requires synaptic localization but not PDZ domain func- to recruit AMPARs to synapses in models of
tion. A, The experimental design is identical to Figure 6 except that cells were cotransfected with NR2B siRNA as well as GFP and synaptic plasticity, we find that NMDA reeither wild-type or a mutated NR2B construct. Rescue constructs are shown schematically in A: the wild-type construct with intact ceptor signaling is not required for the initial
C terminus, a PDZ mutant (⌬PDZ) that suppresses the synaptic incorporation of NR2B, and a double mutant construct (⌬PDZ/ synaptic targeting of AMPA receptors dur⌬AP2) that retains synaptic localization (via the Y1472A mutation) but lacks a functional PDZ domain. B, Representative ensem- ing synaptogenesis. This is consistent with
ble mEPSC averages are shown for a nontransfected cell and cells transfected with NR2B siRNA plus the WT receptor, the PDZ previous observations showing that field pomutant, or the double mutant construct. C, Cumulative distribution of mEPSCs are plotted and show that WT NR2B expression tential responses can be successfully evoked
rescued the effect of NR2B-siRNA (dashed line). D, The double mutant construct ⌬PDZ/⌬AP2 was also able to rescue the effect of
in hippocampal slices from NR2B null mice
siRNA (dashed line), although the single ⌬PDZ point mutant was unable to block the effect of siRNA (thin line). E, The significance
(Kutsuwada et al., 1996), fast, NBQXof the effects in C and D are shown comparing average mEPSC amplitude from individual cells under each transfection condition.
sensitive PSCs can be detected in voltageclamp recordings of autaptic synapses in
hippocampal micro-island cultures derived
of ␥-2⌬C prevented the increase in mEPSC amplitudes normally
from the NR2B null embryos (Tovar et al., 2000), and synaptic reseen in NR2B-siRNA-expressing neurons [NR2B-siRNA plus
sponses can be evoked after conditional knock-out of NR1 in hip␥-2⌬C, 14.1 ⫾ 2.0 (n ⫽ 6) vs NR2B-siRNA alone, 42.7 ⫾ 6.1 pA
pocampus (Tsien et al., 1996). We recently found that early deletion
(n ⫽ 11); p ⫽ 0.004] (Fig. 8C,D) but did not decrease mEPSC
of NR1 in the cortex does not prevent the development of AMPARamplitudes below baseline. Thus, the increase in synaptic AMmediated currents in cortical layer 2/3 or layer 4 neurons but rather
PAR currents in cells lacking NR2B appears to be mediated by an
enhances the quantal content of synapses onto these cells (Ultanir et
increase in TARP expression.
al., 2007) (B. J. Hall, unpublished data). All of these observations
Discussion
argue that NMDA receptor signaling is not required for the initial
Our experiments reveal an important role for NR2B-containing
synaptic targeting of AMPA receptors, but rather suggest that
NMDARs in regulating the AMPAR composition of cortical synNMDAR signaling may act at developing synapses to restrict recruitapses during development. Genetic removal of NR2B during synapment and maintain proper levels of AMPARs.
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Figure 8. Changes in cortical TARP levels correlate with altered AMPAR regulation in NR2B
null neurons, and the effect of siRNA is blocked by coexpression of a dominant-negative TARP.
A, B, Relative TARP levels in WT (⫹) and NR2B⫺/⫺ (⫺) cultures at 16 DIV detected by
Western blot analysis using a pan-TARP antibody. C, The increase in mEPSC amplitude seen in
single cultured neurons in response to transfection with NR2B-siRNA is blocked by coexpression
of the TARP dominant-negative construct ␥-2⌬C. D, Analysis of the cumulative data showed a
significant difference in the mean amplitude of AMPA-mediated mEPSCs in neurons expressing
NR2B-siRNA and ␥-2⌬C compared with those expressing NR2B siRNA alone.

Activation of NMDARs can modulate synaptic strength bidirectionally, both through covalent modifications of postsynaptic
receptors and by driving the regulated insertion or removal of
AMPARs (Bredt and Nicoll, 2003). NR2B signaling may also play
an important role in determining the window of plasticity during
development. For example, there is a decrease in the efficacy of
long-term potentiation (LTP) induction at thalamocortical synapses after the first postnatal week (Crair and Malenka, 1995;
Isaac et al., 1997; Lu et al., 2001). This decrease in the ability to
evoke LTP may be attributable to alterations in either the stoichiometry or kinetic properties of the NMDAR complex because of
a change in relative contributions of NR2B and NR2A subunits
(Carmignoto and Vicini, 1992; Hestrin, 1992; Gold and Bear,
1994; Crair and Malenka, 1995; Shi et al., 1997; Quinlan et al.,
1999; Colonnese et al., 2002). The contribution of NR2B, rather
than the kinetics of the receptor complex, appears to be more
tightly correlated with this window of heightened plasticity
(Barth and Malenka, 2001). That this developmental period, during which LTP can be easily evoked, coincides with higher expression of NR1/NR2B-containing receptors seems contradictory in
light of their role in limiting AMPAR current. One possible explanation is that basal levels of NR2B activation limit AMPAR
currents but that high levels of NMDAR activation, required for
evoking LTP at cortical synapses, suppress or decouple this basal
mechanism and recruit additional signaling pathways. For instance, high levels of NR2B signaling could lead to effective activation of CaMKII (calcium/calmodulin-dependent protein kinase II), which might override the negative effects of NR2B
signaling on AMPA receptors and instead promote AMPA receptor insertion at activated synapses. A second possibility is that
structural interactions alone, independent of even low-level activation, could act to maintain low levels of AMPAR insertion at
synapses. In either scenario, NR2B signaling would play an important role in both maintaining or limiting synaptic strength
and enhancing synaptic inputs, depending on stimulus condi-
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Figure 9. Model of how NR2B signaling negatively regulates synaptic AMPARs at developing
cortical synapses. NR2B-containing receptors act to limit cortically expressed TARP protein and
thereby limit AMPAR incorporation at synapses, through exclusion of GluR1 and GluR2 subunits,
providing a mechanism that maintains low AMPAR:NMDAR ratio at developing synaptic sites.

tions, and would not be predicted to be exclusively linked to
negative or positive regulation of synaptic AMPARs.
We do not know whether NR2B-containing receptors play a
unique role in negatively regulating synaptic AMPARs. Specifically, it remains to be determined whether low-level signaling by
NR2A-containing receptors could also negatively regulate synaptic AMPARs. In NR2B-siRNA-expressing cells, we observed a
dramatic suppression of the total NMDAR-mediated current
(Fig. 6 B, C). If the total NMDAR complex is knocked down in
these neurons, then NMDAR signaling in general, and not NR2B
signaling specifically, might be responsible for this developmental effect. There are several potential explanations for the lack of
NMDAR-mediated current in these siRNA-expressing neurons.
First, in these cultures, NR2A expression is relatively low at 12/13
DIV and may not contribute significantly to the NMDAR pool
(supplemental Fig. 1, available at www.jneurosci.org as supplemental material; compare with mouse cell lysates in Fig. 2). Second, pure NR2A-containing receptors are highly sensitive to ambient levels of Zn 2⫹ (Choi and Lipton, 1999), which was not
buffered in our experiments and which would lead to strong
NR2A desensitization. Third, the affinity of NR2A-containing
receptors is significantly lower than NR2B for the coagonist
D-serine, which may also add to the difficulty in detecting NR2Amediated current at this age (Priestley et al., 1995). The fact that
NR2A expression and surface localization are not affected in
NR2B null neurons (Fig. 2 A, B) argues against the likelihood that
the NR2B-siRNA effect on AMPARs is attributable to an offtarget effect on NR2A, although this possibility cannot be fully
excluded.
Interestingly, overexpression of NR2B protein in mature hippocampal neurons leads to a decrease in surface-labeled GluR1,
at both synaptic and extrasynaptic sites (Kim et al., 2005). Our
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results are consistent with this observation and support a role for
NR2B signaling in maintaining low levels of AMPAR current at
developing synaptic sites. In terms of the mechanisms that underlie our observations, activation of several intracellular signaling pathways could be involved, and the effect could be at many
levels, from transcription to protein translation and receptor
trafficking. NMDARs containing different NR2 subunits are
known to activate distinct MAP (mitogen-activated protein) kinase pathways; for example, Ras/Erk1/2 is activated downstream
of NR2A and is associated with the positive incorporation of
AMPARs at synapses, whereas activation of Rap1/p38 is tightly
linked to NR2B-containing NMDAR signaling (Zhu et al., 2002,
2005; Kim et al., 2005). The change in AMPAR current after
removal of NR2B could be associated with a change in Ras or
Rap1 activity.
We find that TARPs could provide a mechanistic link between
NR2B signaling and trafficking of AMPA receptors. Trafficking
of AMPARs is positively affected by stargazin. Stargazin (␥-2) is a
member of the TARP family of proteins, which also includes ␥-3,
␥-4, and ␥-8. These proteins regulate both the surface and synaptic localization of AMPAR subunits (Chen et al., 2000; Tomita
et al., 2003). Furthermore, they exhibit a distributed and temporally regulated expression pattern in brain (Tomita et al., 2003).
Whereas ␥-8 is preferentially expressed in the hippocampus and
is involved in mediating LTP (Rouach et al., 2005), stargazin/␥-2
is responsible for surface expression/synaptic localization of
GluRs in the cerebellum. In cortex, ␥-3 and ␥-4 are strongly
expressed, with the latter being evident in early postnatal tissue,
between P1 and P10 (Tomita et al., 2003). Recent studies have
shown that stargazin protein can affect the synaptic localization
of AMPARs in a bidirectional manner (Tomita et al., 2005). We
observed upregulation of TARP levels in NR2B null lysates,
which could explain the increase in both surface expression
and synaptic contribution of AMPAR subunits in the absence
of NR2B. From our data, we infer a mechanism by which basal
levels of signaling via NR2B-containing NMDARs leads to
negative regulation of stargazin/TARP expression and thus a
decrease in AMPAR insertion at synapses. Consistent with this
possibility, NMDAR signaling in 16 DIV cortical cultures leads
to a decrease in the expression of three of the TARP messages
(␥-2, ␥-3, and ␥-4) (Z. Qiu, A. Ghosh, and B. J. Hall, unpublished data). Furthermore, Northern blot analysis in our cortical cultures revealed that the ␥-4 TARP message is upregulated at the same time as the observed increase in surface and
synaptic localization of GluR1 and GluR2 in vitro, suggesting
that NR2B might exert its effects by regulating ␥-4 expression.
It will be interesting to determine whether or not NR2B signaling regulates TARP expression via its effects on Ras or Rap1
activation.
In conclusion, our data support a role for NMDARs, specifically those containing NR2B, in negatively regulating the synaptic
incorporation of AMPARs during a developmental period of synaptogenesis in which they are the dominant NMDAR subunit.
We suggest that NR2B regulates AMPARs at least in part by regulation of TARP expression. Such an effect could account for the
low AMPA:NMDA ratio found at developing synapses. A balance
between this mechanism and NR2A or NeuroD2-mediated increase in AMPA currents (Ince-Dunn et al., 2006) could underlie
the developmental changes in glutamatergic transmission that
accompany the maturation of synaptic circuits.
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