
Neuron, Vol. 35, 345–353, July 18, 2002, Copyright 2002 by Cell Press

Subunit-Specific NMDA Receptor
Trafficking to Synapses

tion (Stocca and Vicini, 1998; Tovar and Westbrook,
1999) with age. The different NR2 subunits confer differ-
ent kinetic properties to the NMDA-R (Monyer et al.,
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Cold Spring Harbor, New York 11724 1994), and it has been hypothesized that the change

from NR2B to NR2A may be responsible for the de-
creased plasticity observed in older animals (Carmig-
noto and Vicini, 1992; Crair and Malenka, 1995). TheSummary
mechanisms controlling the switch in the composition
of synaptic NMDA-Rs from NR2B- to NR2A-containingTo elucidate mechanisms controlling the number and

subunit composition of synaptic NMDA-Rs in hippo- receptors are not well understood.
The cytoplasmic carboxyl termini of synaptic recep-campal slice neurons, the NR1, NR2A, and NR2B sub-

units were optically and electrophysiologically tagged. tors have been shown to play critical roles in directing
the trafficking to and stabilization at synaptic sitesThe NR2 subunit directs delivery of receptors to syn-

apses with different rules controlling NR2A and NR2B. (Calver et al., 2001; Mori et al., 1998; Osten et al., 2000;
Pagano et al., 2001; Passafaro et al., 2001; Shi et al.,Synaptic incorporation of NR2B-containing receptors

is not limited by synaptic transmission nor enhanced 2001; Sprengel et al., 1998; Steigerwald et al., 2000).
NR2A and NR2B both contain very long cytoplasmicby increased subunit expression. NR2A-containing re-

ceptors whose expression normally increases with termini (627 and 644 amino acids, respectively), includ-
ing a PDZ binding motif at the very terminus, therebyage replace synaptic NR2B-containing receptors. Re-

placement is enhanced by increased NR2A expression enabling a potential for many protein-protein interac-
tions. The NR1 cytoplasmic tail is more modest in lengthand requires synaptic activity. Surprisingly, spontane-

ously released transmitter acting on synaptic NMDA- (105 amino acids or smaller), and the splice variant pre-
dominantly expressed in hippocampus (NR1-1a) has noRs is sufficient for replacement and reduces NMDA-R

responses. Thus, as with AMPA-Rs, synaptic traffick- PDZ binding motif (Laurie and Seeburg, 1994; Nakanishi
et al., 1992). Given the proposed role of PDZ-domaining of NMDA-Rs is tightly regulated and has subunit-

specific rules with functionally important consequences. proteins in targeting signaling molecules (Garner et al.,
2000; Sheng and Pak, 2000) and the length of their cyto-
plasmic termini, the NR2 subunits are good candidatesIntroduction
to participate in controlling the number and composition
of NMDA-Rs at synapses.Synaptic NMDA-type glutamate receptors (NMDA-Rs)

play critical roles during brain development, plasticity,
and pathology (Constantine-Paton and Cline, 1998; Din- Results
gledine et al., 1999; Zoghbi et al., 2000). A number of
studies indicate that different levels of synaptic NMDA-R Imaging of GFP-Tagged NMDA-Rs
activation with corresponding degrees of calcium influx To examine receptor trafficking in neurons, NMDA-R
can lead to multiple effects. Low levels of NMDA-R acti- subunits were tagged with GFP at their amino terminus
vation produce synaptic depression, while higher levels and expressed in organotypic hippocampal slices (see
of activation produce synaptic potentiation (Cummings Experimental Procedures). NR1-GFP (splice variant
et al., 1996; Zucker, 1999). Even higher levels of activa- NR1-1a) was distributed throughout dendrites but was
tion can lead to cell death (Choi, 1995). Thus, the number restricted from dendritic spines, the sites of excitatory
and properties of NMDA-Rs at a synapse must be under contacts (Figure 1A). Coexpression of T1-Red and NR1-
careful control in order to allow the appropriate amount GFP revealed the presence of dendritic spines and con-
of calcium entry. The nature of this regulation and, spe- firmed the retention of this subunit in the dendritic shaft
cifically, the roles played by NMDA-R expression levels (Figure 1A). The subcellular distribution of NR1-GFP is
and synaptic activity in controlling the number and prop- consistent with the existence of an intracellular pool that
erties of synaptic NMDA-Rs is poorly understood. is not assembled with NR2 subunits (Huh and Wenthold,

In the hippocampus, NMDA-Rs are heteromultimeric 1999) and recent reports indicating retention of this NR1
complexes composed of the NR1 subunit and one or splice form in endoplasmic reticulum (ER) (Scott et al.,
more of the two NR2 subunits, NR2A and NR2B (Sheng 2001; Standley et al., 2000; Xia et al., 2001). To determine
et al., 1994). Both NR1 and NR2 subunits are required if NR2 can drive NR1 into spines, we coexpressed NR1-
to form a functional ionotropic receptor (Dingledine et GFP along with untagged NR2. Indeed, now NR1-GFP
al., 1999; Meguro et al., 1992; Monyer et al., 1992). The showed clear delivery to spines (Figures 1B and 1C),
NR2B subunit is expressed prenatally and is required indicating that NR2 can drive NR1 to spines. The delivery
for normal neuronal pattern formation and viability of of receptor into spines was quantified by measuring the
the animal (Kutsuwada et al., 1996), while the NR2A fluorescence intensity at a spine and underlying den-
subunit progressively increases its expression (Monyer dritic shaft and computing the ratio (spine/dendrite, see
et al., 1994; Sheng et al., 1994) and synaptic incorpora- Experimental Procedures). As shown in Figure 1D, NR1-

GFP expressed alone is not detected at spines but coex-
pression of NR1-GFP with either NR2 subunit allows1Correspondence: malinow@cshl.org
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Figure 1. NR2 Subunits Can Deliver NR1-GFP Subunits into Spines

Two-photon scanning laser images of hippocampal slice CA1 neurons expressing GFP-tagged NMDA-R subunits.
(A) NR1-GFP does not reach dendritic spines. Apical dendritic region of a neuron cotransfected with (left) NR1-GFP and (middle) T1-Red to
show cellular morphology. Right, overlap of green and red channels. Note clusters of NR1-GFP in the dendritic shaft with no delivery to spines.
(B) Overlap image of apical dendritic region of neuron cotransfected with NR1-GFP, NR2A, and T1-Red; note delivery of heteromers into
dendritic spines.
(C) Overlap image of apical dendritic region of a neuron cotransfected with NR1-GFP, NR2B, and T1-Red; heteromers are delivered into
dendritic spines.
(D) Quantification of GFP-tagged receptor present in dendritic spines. Ratio of spine/dendrite (see Experimental Procedures) for cells cotrans-
fected with NR1-GFP and T1-Red (two cells, 159 spines); NR1-GFP, NR2A, and T1-Red (four cells, 164 spines); and NR1-GFP, NR2B, and T1-
Red (two cells, 146 spines).
(E) NR1-GFP does not heteromerize with endogenous NR2 subunits. Slices expressing NR1-GFP were homogenized and immunoprecipitated
with antibodies against GFP (left lane) or NR2-A/B (right lane) and probed with antibody against NR1 (top). Antibody against NR2-A/B
immunoprecipitates �70% of NR2 (bottom) and coimmunoprecipitates endogenous NR1, but not NR1-GFP (top).
Bar � 2 �M.

delivery of the heterocomplex into spines. These results recombinant NMDA-R as it was not present in nontrans-
fected cells, was not affected by the AMPA-R blockerindicate that the NR2 subunit contains information that
NBQX, and was abolished by the NMDA-R antagonistcan relieve the apparent ER retention allowing delivery
APV (Figure 2B). These results indicate that we can mea-of NMDA-R complexes to dendritic spines.
sure functional delivery of a recombinant NMDA-R to
synapses. Notably, expression of NR1N598R-GFP alone

Functional Insertion of Recombinant produced no such late component (Figures 2C and 2D),
NMDA-R into Synapses supporting our observation that NR1-GFP alone does
To monitor functional insertion of recombinant recep- not go into spines. The electrophysiological and imaging
tors into synaptic sites, we introduced an electrophysio- results with NR1-GFP suggest that recombinant NR1-
logical tag in NR1-GFP. Asparagine 598 was mutated GFP does not heteromerize with endogenous NR2 sub-
to arginine, eliminating the Mg2� blockade and Ca2�

units. This is also confirmed by coimmunoprecipitation
permeability (Burnashev et al., 1992; Mori et al., 1992; experiments. Endogenous NR1, but not NR1-GFP, was
Single et al., 2000). Thus, heteromers containing coimmunoprecipitated with NR2 antibody from slices
NR1N598R-GFP exhibit a linear current-voltage relation expressing NR1-GFP (Figure 1E, top) when over 70% of
when expressed in HEK-293 cells (Figure 2A). NR1N598R- NR2 subunit is immunoprecipitated (Figure 1E, bottom).
GFP and NR2A or NR2B were coexpressed in hippocam- To begin to examine the structural motifs of receptors
pal slice neurons to study the trafficking of NMDA-R that may play a part in their delivery to synapses, we
complexes into synapses. Excitatory postsynaptic cur- removed the PDZ binding regions of NR2 subunits, com-
rents (EPSCs) recorded from transfected neurons dis- prised of the last six amino acids of the cytoplasmic
played a slow component at a holding potential of �60 carboxyl-tail (Kornau et al., 1995; Sheng and Sala, 2001),

to generate NR2A�PDZ and NR2B�PDZ. Neurons express-mV. This late component was mediated by activation of
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Figure 2. Electrophysiological Tag of NMDA-R
Allows Monitoring of Functional Insertion of
Recombinant Receptor into Synapses

(A) Point mutation on NR1 subunit eliminates
Mg2� blockade on NMDA-Rs (Burnashev et
al., 1992; Mori et al., 1992; Single et al., 2000).
I/V relationship of NMDA-activated currents
in HEK-293 cells transfected with NR2A-GFP
subunit and NR1wt-GFP (open circles) or
NR1N598R-GFP (closed circles) in physiological
solution with 4 mM Mg2�. Currents were nor-
malized by values obtained at �40 mV. A sim-
ilar I/V curve was obtained with NR2B-GFP-
containing receptors (data not shown).
(B) Delivery of recombinant NMDA-Rs to syn-
apses is detected as a late component in the
EPSC at a holding potential of �60 mV. Aver-
age responses from cell transfected with
NR1N598R-GFP/NR2A-GFP at a holding poten-
tial of �60 mV. The late component was not
blocked by NBQX (2 �M) but is blocked by
APV (100 �M). Dashed lines indicate windows
used to measure AMPA and NMDA re-
sponses.
(C) Only heteromers of NR1N598R-GFP and
NR2-GFP subunits are detected at synapses.

Graph plotting the amount of recombinant NMDA-R detected electrophysiologically at synapses after expression of different NMDA-R subunits,
as indicated. Synaptic delivery is calculated as the ratio of NMDA to AMPA synaptic currents recorded at �60 mV. No apparent synaptic
delivery of NR1N598R-GFP alone (NR1[R]; n � 21, not significantly different from nontransfected cells n � 22, p � 0.05). Coexpression of NR1N598R-
GFP and NR2A-GFP or NR2B-GFP show clear delivery of the receptor to synapses (n � 43, p � 0.01; n � 26, p � 0.01, respectively). Deletion
of PDZ binding domain reduces, but does not block, delivery of recombinant NMDA-R. The average ratio of late to early synaptic component
was diminished in cells expressing receptors containing NR2A�PDZ (NR2A[�]; n � 29, p � 0.002) and NR2B�PDZ (NR2B[�]; n � 26, p � 0.03).
(D) Examples of peak-normalized average responses recorded at �60 mV.

ing NR1N598R-GFP and NR2A�PDZ or NR2B�PDZ showed re- aptic insertion of NR2B-containing receptors (Figure
3B). Together, these results indicate that insertion ofduced delivery of recombinant receptors to synapses

(Figure 2C). This suggests a role for the PDZ binding NR2A-containing receptors into synapses requires acti-
vation of synaptic NMDA-Rs. However, spontaneouslyregions of the NR2 subunits in the incorporation or stabi-

lization of the receptor at synapses. Since NR1-GFP released glutamate, as it occurs in the presence of TTX,
appears to be sufficient to effect synaptic insertion ofdoes not heteromerize with endogenous NR2 subunits

(see above), it is unlikely that wild-type NR2 subunits NR2A-containing receptors. To test if spontaneous re-
lease of glutamate produces electrophysiologically de-get incorporated in the heterocomplex containing re-

combinant NR1N598R-GFP and NR2A�PDZ or NR2B�PDZ. This tectable NMDA-R-mediated responses, we examined
the effects of APV on spontaneously recorded re-suggests that domains other than the PDZ binding re-

gions are sufficient to deliver NMDA-Rs to synapses, sponses. As shown in Figure 4, spontaneous synaptic
responses recorded in the presence of TTX plus NBQXalbeit with lower efficacy.
or high Mg2� were not affected by APV (Figures 4B,
4D, and 4F). This suggests that little, if any, NMDA-R-Role of Synaptic Activity in the Trafficking

of NMDA-Rs mediated currents are produced in the presence of TTX,
NBQX, or high Mg2�. Thus, it is likely that only ligandTo study the effect of neural activity on NMDA-R traffick-

ing, we incubated slices from the time of transfection binding to synaptic NMDA-Rs is sufficient to bring
NR2A-containing receptors to synapses. This conclu-to the time of recording in either tetrodotoxin (TTX)

(1 �M, to block action potentials), high Mg2� (10 mM, sion is supported by results with ketamine, an NMDA-R
antagonist that blocks channel conductance, but notto depress synaptic function; Zhu et al., 2000), or NBQX

(2 �M, to block AMPA receptors). None of these treat- ligand binding (MacDonald et al., 1991). While ketamine
blocked NMDA-R currents (200 �M: 93%, n � 6), slicesments prevented the synaptic insertion of recombinant

receptors containing NR1N598R-GFP, and either NR2A or maintained in the drug showed robust synaptic delivery
of NR1N598R-GFP and NR2A (Figure 3A). Such regulationNR2B to synapses (Figures 3A and 3B). Surprisingly,

treatment of slices with 100 �M APV (an NMDA-R antag- resulting from ligand binding is consistent with recent
results showing use-dependent internalization ofonist that competes at the glutamate binding site) or

100 �M 5,7-dichlorokynurenic acid (an antagonist at the NMDA-R in heterologous systems (Vissel et al., 2001).
In contrast, synaptic insertion of functional NR2B-con-glycine binding site of NMDA-Rs) did prevent the inser-

tion of NR2A-containing receptors into synapses (Figure taining receptors seems not to require activation of glu-
tamate receptors (Figure 3B).3A). Neither APV nor 5,7-dichlorokynurenic acid blocked

synaptic delivery of NR2B-containing receptors (Figure We also examined the different effects of activity on
trafficking of NR2A- and NR2B-containing receptors,3B). Treatment of slices with MCPG (to block metabo-

tropic glutamate receptors) also had no effects on syn- using fluorescent tags. Slices expressing NR1 and NR2A
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Incorporation of NR2A-Containing Receptors
at Synapses
These results, together with the previously described
developmental expression pattern of NR2B and NR2A
(Chavis and Westbrook, 2001; Monyer et al., 1994;
Sheng et al., 1994; Tovar and Westbrook, 1999; Vissel et
al., 2001), suggest a model where synapses first acquire
NR2B-containing receptors in an activity-independent
manner. As NR2A increases in expression and if ligand
binds to NR2B-containing receptors on synapses, these
receptors are internalized and replaced by NR2A-con-
taining receptors. To examine directly if an increase
in NR2A expression can drive replacement of synaptic
NR2B-containing receptors, we compared NMDA-R re-
sponses between nearby nontransfected neurons and
neurons expressing (wild-type) NR1-GFP and NR2A.
NMDA-R responses in transfected cells showed faster
decay (Figure 6A), consistent with synaptic incorpora-
tion of NR2A-containing receptors, which have a faster
decay-time than NR2B-containing receptors (Dingledine
et al., 1999; Flint et al., 1997; Monyer et al., 1994). Inter-
estingly, responses in cells transfected with NR1-GFP
and NR2A became largely insensitive to the NR2B-
blocking drug ifenprodil (Williams, 1993) (Figure 6A,Figure 3. Ligand Binding, But Not Ion Flux, Is Required for Synaptic

Delivery of NR2A-Containing Receptors hatched bars). This indicates effective replacement of
endogenous NR2B-containing synaptic receptors with(A) Graph showing synaptic delivery of recombinant receptor, mea-

sured as the ratio of NMDA to AMPA synaptic current, recorded recombinant NR2A-containing receptors. As expected,
at –60 mV. Slices transfected with NR1N598R-GFP/NR2A-GFP were if slices were maintained in APV during expression of
maintained in normal culture medium (control) or culture medium recombinant NR2A and NR1-GFP, the change in decay
plus TTX (1 �M), high Mg2� (10 mM), NBQX (2 �M), APV (100 �M),

time was not observed (Figure 6B), indicating no incor-5,7 diclorokynurenic acid (100 �M), or ketamine (200 �M). Drugs
poration of recombinant receptor into synapses. Thiswere replenished every day. Recordings from nontransfected (open
suggests that wild-type recombinant receptors behavebars) and transfected (closed bars) cells were obtained in normal

ACSF (number of cells for each group indicated in parentheses). as the pore mutant receptors and that the difference in
(B) Same as (A) plus MCPG (1 mM) for slices transfected with single-channel conductance, increase in voltage-inde-
NR1N598R-GFP/NR2B-GFP. Synaptic delivery of recombinant NR2A- pendent sodium influx, and loss of calcium permeability
containing receptors, but not NR2B-containing receptors, was

in pore mutant receptors (Burnashev et al., 1992; Moriblocked by APV or 5,7 diclorokynurenic acid.
et al., 1992; Single et al., 2000) does not affect their
trafficking. Of note, neurons expressing NR1-GFP and
NR2A showed significantly depressed NMDA-R synap-

subunits were maintained with APV during the period tic responses compared to nearby nontransfected cells
of expression. Transfected neurons showed increased (Figures 6C and 6D). Again, this effect was blocked when
concentration of receptor at spines compared with con- slices were kept in APV during the expression period
trol slices (no treatment). This suggests that under these (data not shown). Thus, increased expression of NR2A
conditions, receptors accumulate at spines without be- leads to effective removal of synaptic NR2B, synaptic
ing functionally inserted at the synapse (Figures 5A and incorporation of NR2A, and significant reduction of syn-
5B). Similar optical accumulation in spines has been aptic NMDA-R currents. These modifications are pro-
observed with AMPA-Rs that cannot incorporate into moted by increased NR2A expression but still require
synapses (e.g., homomeric GluR3; Shi et al., 2001) and synaptic activity for them to be effected.
homomeric GluR2 with PDZ-domain mutation (Piccini To test if increased expression of NR2B had effects
and Malinow, 2002). Our electrophysiology results similar to those of NR2A, we examined transmission
above suggest that blockade of ligand binding onto syn- onto cells expressing NR1-GFP and NR2B. These trans-
aptic NMDA-Rs, rather than blockade of current flux, is fected neurons were no different from nearby nontrans-
responsible for the aberrant trafficking. We tested this fected cells with respect to timecourse or amplitude of
with MK-801, an NMDA-R channel blocker. Indeed, NMDA-R-mediated synaptic responses (Figures 7A–
while APV induced spine accumulation of NR2A-con- 7C). Since these neurons do have synaptic NR2A-con-
taining receptors, MK-801 did not (Figures 5A–5C). This taining receptors, as indicated by an incomplete block of
confirms that opening of synaptic NMDA-R channels is NMDA-R currents by ifenprodil (Figure 7D), this indicates
not necessary for normal trafficking of NR2A-containing that NR2B-containing receptors do not replace synaptic
receptors, supporting a model where only ligand binding NR2A-containing receptors. Furthermore, since the am-
is required. As expected, APV treatment did not have plitude of synaptic responses is not larger in transfected
an effect on distribution of NR1wt-GFP coexpressed cells, increased expression of NR2B does not increase

the number of synaptic NR2B-containing receptors,with NR2B (Figures 5D and 5E).
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Figure 4. TTX, High Mg2�, and NBQX Block
Current through NMDA Receptors in Minia-
ture Synaptic Events

(A and B) Averages of miniature EPSPs (�100
each) evoked in the presence of TTX (1�M)
with puffed 0.5 M sucrose recorded from non-
transfected cells in ACSF without Mg2� (A) (to
demonstrate events with NMDA-R compo-
nent) or 10 mM Mg2� (B). Thin line is average
of events after APV (100 �M) has been added
to the bath.
(C and D) Power spectrum of spontaneous
activity in ACSF with 10 mM Mg2� (D) or with-
out Mg2� in the absence of APV (C) (closed
circles) or after APV (open circles).
(E and F) Power spectra of spontaneous ac-
tivity in normal ACSF (4 mM Mg2�) plus NBQX
(F) (2 �M) or ACSF without Mg2� plus NBQX
before APV (closed circles) or after APV has
been added to the bath (E) (open circles).
Note that APV produces no effects on re-
sponses measured in high Mg2� or NBQX and
normal Mg2�, while APV shows clear effects
on responses measured in low Mg2�, indicat-
ing that high Mg2� or NBQX effectively block
spontaneously activated NMDA currents.

consistent with previous reports using transgenic ani- 2000) can control synaptic insertion of NR2B-containing
receptors. Synthesized NR2B-containing receptors re-mals (Philpot et al., 2001b).
place synaptic NR2B-containing receptors, but not syn-
aptic NR2A-containing receptors. In contrast, synapticDiscussion
insertion of NR2A-containing receptors requires synap-
tic activity, is promoted by increased levels of NR2AWe have developed optical and electrophysiological

tags to examine incorporation of NMDA-R to synapses expression, and replace synaptic NR2B-containing re-
ceptors. Our data support a model (Figure 8) in whichin hippocampal slices. When expressed alone, NR1-1a,

which contains no PDZ domain, is largely retained in newly formed synapses initially acquire NR2B-con-
taining receptors in a manner not requiring gluta-the dendritic shaft away from synapses. We show that

NR2 subunits contain information that relieves this re- matergic transmission. As NR2A expression increases,
either through a developmental program or increasedtention, allowing the receptor to be inserted at synapses.

The PDZ domain on NR2 is partly, but not completely, neural activity (Quinlan et al., 1999), NR2B-containing
receptors can be replaced by NR2A-containing recep-responsible for this relief and synaptic insertion. This is

consistent with previous results implicating PDZ- tors. This replacement is use-dependent, consistent
with in vivo (Carmignoto and Vicini, 1992; Quinlan et al.,domain proteins (in that case binding to NR1 splice

variants different from the one in this study) in the relief 1999) and in vitro (Chavis and Westbrook, 2001) studies,
and reduces synaptic NMDA currents to single stimuliof ER retention observed in heterologous systems (Scott

et al., 2001; Standley et al., 2000; Xia et al., 2001) and (this study) as well as bursts (Philpot et al., 2001a) of
afferent activity. The reduction to single stimuli suggeststhe cytoplasmic tail of NR2 subunits in the synaptic

localization of NMDA-Rs (Mori et al., 1998; Steigerwald that with activity, more NR2B-containing receptors are
removed than NR2A-containing receptors are inserted,et al., 2000).

Our studies indicate that increased expression of although differences in single-channel properties be-
tween NR2A and NR2B may be responsible.NMDA-R subunits does not increase the number of re-

ceptors at synapses, but can affect the composition of Our results indicate that ligand binding to synaptic
NR2B-containing receptors is sufficient to bring aboutreceptors at synapses and decrease the synaptic

NMDA-R response. Insertion of NMDA-R into synaptic the NR2B to NR2A replacement. This suggests that li-
gand binding by synaptic NR2B-containing receptorssites follows different rules, depending on receptor sub-

unit composition. Synaptic insertion of NR2B-containing recruits an endocytosis apparatus that is linked to syn-
aptic delivery of NR2A-containing receptors. Ligand-receptors does not increase with increased levels of

expression nor does it require glutamatergic synaptic independent replacement of synaptic NR2B-containing
receptors with recently synthesized NR2B-containingactivity. It is possible that apposition of the presynaptic

terminal or release of other substances (Dalva et al., receptors must be a distinct process. Notably, ligand-
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Figure 5. Receptor Delivery Blockade Detected Optically

(A–C) Block of functional insertion of NR2A-containing receptors leads to their accumulation in spines. Cumulative distribution for the spine/
dendrite ratio from neurons expressing NR1-GFP, NR2A-GFP, and T1-Red, in control culture medium (thick line, 2 cells, 159 spines), culture
medium with 100 �M APV (thin line, 6 cells, 334 spines), and culture medium with 10 �M MK-801 (thin line, 5 cells, 343 spines) (A), respectively.
Average of spine/dendrite ratio for cells expressing NR1-GFP, NR2A-GFP, and T1-Red maintained in conditions indicated below (p � 0.01
for APV) (B). Overlap images from cells expressing NR1-GFP, NR2A-GFP, and T1-Red cultured with APV or MK-801 (C).
(D and E) Targeting of NR2B-containing receptors is not affected by NMDA-R activity. Cumulative distribution for the spine/dendrite ratio
from neurons expressing NR1-GFP, NR2B-GFP, and T1-Red, in control culture medium (thick line, 2 cells, 146 spines), and culture medium
with 100 �M APV (thin line, 2 cells, 98 spines) (D). Average of spine/dendrite ratio for cells expressing NR1-GFP, NR2B-GFP, and T1-Red for
conditions indicated (p � 0.05) (E).

Figure 6. NR2A-Containing Receptors Re-
place Synaptic NR2B-Containing Receptors

(A) Decay of evoked EPSCs at �40 mV is
faster in cells transfected with NR1wt-GFP/
NR2A-GFP (closed bar; n � 18) than non-
transfected cells (open bar; n � 30); p � 0.01.
After 30 min of ifenprodil (3 �M), time to half
decay decreases in cells nontransfected
(hatched bar; n � 14). NR1wt-GFP/NR2A-GFP
transfected cells become largely insensitive
to ifenprodil (hatched bar; n � 6).
(B) APV blocks delivery of receptors and
change in kinetics of EPSCs. Time to half de-
cay from slices incubated in APV during ex-
pression of NR1wt-GFP/NR2A-GFP (closed
bar; n � 11) or nontransfected cells (open
bar; n � 12; p � 0.05).
(C) Expression of NR1wt-GFP/NR2A-GFP de-
creases NMDA-R currents. Amplitude of
NMDA-R EPSC responses (�40 mV; mea-
sured between 110–160 ms after stimulation
artifact) is reduced in cells expressing NR1wt-
GFP/NR2A-GFP (closed bar, n � 14) com-
pared to response in a nearby nontransfected
cell (open bar) recorded simultaneusly (p �

0.01).
(D) Evoked NMDA-R-mediated synaptic re-
sponses recorded simultaneously in a cell ex-
pressing NR1wt-GFP/NR2A-GFP and a non-
transfected cell (scale bar � 50 ms, 10 pA).



NMDA-R Trafficking to Synapses
351

Our results show that spontaneous and, therefore,
incoherent, synaptic activity can effect this switch from
NR2B- to NR2A-containing receptors at synapses. Thus,
while patterned coincident synaptic activity can pro-
mote calcium entry and synaptic plasticity (through LTP-
or LTD-like processes), coincident or incoherent activity
will suffice to drive an NR2B to NR2A switch. This switch
occurs most effectively when NR2A levels are higher (at
older ages) and serves to reduce NMDA-R responses.
These effects may play a role in diminishing plasticity
of AMPA-Rs (Carmignoto and Vicini, 1992; Crair and
Malenka, 1995; Feldman et al., 1998; but, see Lu et al.,
2001) observed in some brain regions as animals age.
Since not all NMDA-Rs are bound by released transmit-
ter (Mainen et al., 1999b), a ligand-driven switch in syn-
aptic NMDA-R composition may enable a mechanism
that “counts” trials and progressively limits plasticity of
AMPA-R number.

Figure 7. NR2B-Containing Receptors Do Not Replace Synaptic Experimental Procedures
NR2A-Containing Receptors

Construction and Neuronal Expression(A) Time to half decay is not different in cells transfected with NR2B-
of Recombinant Receptorscontaining receptors (closed bar; n � 17) relative to nontransfected
The GFP coding sequence (enhanced GFP, Clontech, Palo Alto,cells (open bar; n � 17).
California) was inserted after the predicted signal peptide cleavage(B) Amplitude of NMDA-R EPSC responses is not significantly af-
site of the NMDA-R subunits. A restriction site that allowed thefected by expression of NR1wt-GFP/NR2B-GFP (n � 20).
cloning of GFP was inserted after amino acid 21 in NR1, amino acid(C) Evoked NMDA-R-mediated synaptic responses recorded simul-
26 in NR2A, and amino acid 31 in NR2B. Removal of the last sixtaneously in a cell expressing NR1wt-GFP/NR2B-GFP and a non-
amino acids of NR2 subunits (NR2�PDZ subunits) was made by PCRtransfected cell (scale bar � 50 ms, 10 pA).
insertion of an early stop codon. All the subunits were cloned into(D) We confirmed that our preparation has synaptic NR2A-con-
pCI vector (Promega, Madison, Wisconsin). T1-Red was providedtaining receptors by noting that a saturating NR2B-selective dose
by Dr. Benjamin Glick, University of Chicago. Transfection of hippo-of ifenprodil (see Experimental Procedures) left a robust NMDA-R-
campal slices was done using Helios Gene Gun (Bio-Rad, California),mediated response (0.29 � 0.03 of control; n � 14). Amplitude of
according to the manufacturer’s protocol. Slices were prepared fromNMDA-R EPSC from nontransfected cells before drug (open bar) or
postnatal day 6–7 animals, incubated in culture medium and 5%after 30 min of 3 �M ifenprodil (hatched bar; n � 16; p � 0.01).
CO2 for 4–5 days, and then transfected. After transfection, slices
were cultured for �60 hr to allow expression of recombinant pro-

dependent and ligand-independent forms of AMPA-R teins. For pharmacological experiments, drugs were added immedi-
ately after transfection and replenished every 24 hr.endocytosis have been described (Beattie et al., 2000;

Lin et al., 2000). It will be of interest to examine, perhaps
Electrophysiology from Hippocampal Slice Neuronsusing exogenous puffing of NMDA, the rules governing
Whole-cell recordings were obtained from transfected or nontrans-NMDA-R delivery to dendritic (nonsynaptic) surfaces.
fected neurons under visual guidance using epi-fluorescence and
transmitted light illumination. The recording chamber was perfused
with artificial cerebrospinal fluid (ACSF) containing 119 mM NaCl,
2.5 mM KCl, 4 mM CaCl2, 4 mM MgCl2, 26 mM NaHCO3, 1 mM
NaH2PO4, 11 mM glucose, 0.1 mM picrotoxin, 2 �M 2-chloroadeno-
sine (pH 7.4), and gassed with 5% CO2/ 95% O2. Recordings were
made at room temperature (22–24	C). Patch recording pipettes (�4
M
) were filled with intracellular solution containing 115 mM cesium
methanesulfonate, 20 mM CsCl, 10 mM HEPES, 2.5 mM MgCl2,
4 mM Na2ATP, 0.4 mM Na3GTP, 10 mM sodium phosphocreatine,
and 0.6 mM EGTA (pH 7.25) for current recordings or 115 mM potas-
sium gluconate, 10 mM HEPES, 2 mM MgCl2, 2 mM MgATP, 2 mM
Na2ATP, 0.3 mM Na3GTP, and 20 mM KCl (pH 7.25) for voltage
recordings. For miniature responses, ACSF with 0.5 M sucrose was
puffed into the tissue. Whole-cell recordings were made with an
Axopatch-1D amplifier (Axon Instruments, Foster City, California).
Junction potentials were not corrected. For power spectrum analy-
sis, 50–100 2 s responses were sampled in different concentrations
of Mg2�, and then APV was added to the bath. Traces were trans-
formed with a fast fourier transform algorithm (IGOR Pro 3.15, Wa-
vemetrics, Lake Oswego, Oregon), and power spectrum was calcu-
lated from those values. Only the frequencies relevant to NMDA-R

Figure 8. Model Describing Synaptic Trafficking of NMDA-Rs transmission (0–20 Hz) are shown. The relevant range of frequencies
was confirmed by power spectrum analysis of evoked NMDA-R-Nonsynaptic NR2B-containing receptors replace synaptic NR2B-

containing receptors. As NR2A expression increases (in a manner mediated responses and application of APV (100 �M) (data not
shown). Synaptic responses were evoked by two bipolar electrodesthat requires ligand binding to synaptic receptors), NR2A-containing

receptors replace synaptic NR2B-containing receptors. This re- with monophasic voltage pulses (1–10 V, 200 �s). The stimulating
electrodes were placed over Schaffer collateral fibers approximatelyduces synaptic NMDA-R responses.
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