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The NMDA Receptor Is Coupled
to the ERK Pathway by a Direct Interaction
between NR2B and RasGRF1

1995) and involves the small GTP binding protein Ras
(Iida et al., 2001). The NMDAR-initiated ERK activation
is sensitive to Ca2� elevation spatially restricted to the
vicinity of the NMDAR (Hardingham et al., 2001), sug-
gesting close colocalization between NMDA receptors
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RasGRF1 is a Ras-specific GDP/GTP exchange factor
(GEF) and Ras activator (Shou et al., 1992). RasGRF1Summary
is selectively expressed in the central nervous system
(CNS) and is enriched in synapses (Sturani et al., 1997;The NMDA subtype of glutamate receptors (NMDAR)

at excitatory neuronal synapses plays a key role in Zippel et al., 1997). Unlike other known GEFs, RasGRF1
activates Ras only when it binds Ca2�/calmodulin (Farns-synaptic plasticity. The extracellular signal-regulated

kinase (ERK1,2 or ERK) pathway is an essential com- worth et al., 1995) and is thus a potential target of Ca2�

entering neurons. The gene for RasGRF1 was disruptedponent of NMDAR signal transduction controlling the
neuroplasticity underlying memory processes, neu- in two separate mouse studies (Brambilla et al., 1997;

Giese et al., 2001). One group showed that the miceronal development, and refinement of synaptic con-
nections. Here we show that NR2B, but not NR2A or had impaired amygdala-dependent learning and memory

(Brambilla et al., 1997). Cultures of embryonic RasGRF1�/�NR1 subunits of the NMDAR, interacts in vivo and
in vitro with RasGRF1, a Ca2�/calmodulin-dependent hippocampal neurons showed increased spontaneous

neuronal activity and hyperexcitability (Tonini et al.,Ras-guanine-nucleotide-releasing factor. Specific dis-
ruption of this interaction in living neurons abrogates 2001). Another group (Giese et al., 2001) reported that

RasGRF1�/� mice had impaired hippocampus-relatedNMDAR-dependent ERK activation. Thus, RasGRF1
serves as NMDAR-dependent regulator of the ERK memory.

Here we show that RasGRF1 specifically binds thekinase pathway. The specific association of RasGRF1
with the NR2B subunit and study of ERK activation in NMDA receptor subunit, NR2B, in vitro and in vivo. Dis-

ruption of this interaction in living neurons impairedneurons with varied content of NR2B suggests that
NR2B-containing channels are the dominant activa- NMDAR-dependent ERK activation, suggesting a spe-

cific role for the NR2B subunit in coupling the NMDARtors of the NMDA-dependent ERK pathway.
to ERK.

Introduction
Results

Agonist binding of the NMDA receptor (NMDAR) in-
creases postsynaptic [Ca2�]i (Ghosh and Greenberg, NR2B Directly Interacts with RasGRF1
1995) and activates multiple signaling cascades, includ- Yeast two-hybrid screening of a rat brain library with
ing the ERK pathway (Sweatt, 2001). In neurons, the ERK a bait containing a portion of the NR2B cytoplasmic
signaling cascade is a key step in regulatory pathways of C-terminal domain (amino acids 886–1310) yielded five
cell survival (Grewal et al., 1999; Bonni et al., 1999) and independent clones encoding the C-terminal portion of
neuronal plasticity, including different forms of LTP (Im- RasGRF1 (accession # P28818). These results suggest
pey et al., 1999) and long-term memory (Adams and that NR2B directly interacts with RasGRF1.
Sweatt, 2002). Downstream targets of ERK include tran- The interaction of NR2B and RasGRF1 was further
scription factors (Platenik et al., 2000; West et al., 2001; tested with purified proteins. The interacting C-terminal
Abel and Lattal, 2001) required for synaptic plasticity fragment of NR2B (886–1310), affinity purified from bac-
and activity-dependent AMPA receptor trafficking to teria as a NusA fusion protein, bound in vitro translated
postsynaptic membranes (Zhu et al., 2002). ERK activity RasGRF1 (Figure 1A). Full-length RasGRF1 and NR2B
in neurons is regulated by many extracellular signals co-expressed in HEK293T cells formed a complex that
via multiple signaling pathways (Sweatt, 2001). NMDAR- was co-immunoprecipitated by NR2B antibody (Figure
dependent activation of ERK protein kinases requires 1B). Since native neuronal NMDA receptors at mature
Ca2� entry (Bading and Greenberg, 1991; Kurino et al., synapses are heteromers of NR1 and one or more sub-

types of NR2 (Cull-Candy et al., 2001), we tested whether
RasGRF1 also associated with NR2A or NR1. As shown*Correspondence: dclapham@enders.tch.harvard.edu
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was sufficient for NR2B binding. This domain is present
only in neuron-specific RasGRF1; it is absent in the
otherwise homologous, ubiquitously expressed, RasGRF2.
The shorter peptides (amino acids 714–841 and 835–
913) did not bind NR2B (Figure 2B). Thus, truncation of
the RasGRF1-specific sequence from either the C or N
terminus resulted in loss of binding, suggesting that
several separated protein segments may be responsible
for specific interactions. Therefore, the RasGRF1 do-
main interacting with NR2B is localized between amino
acids 714–913 of RasGRF1. The peptide encoding this
region of RasGRF1 was designated as the RasGRF1-
BD and used in subsequent experiments.

The NR2B bait (amino acids 886–1310) bound
RasGRF1 in vivo and in vitro (Figure 1A). This entire
amino acid segment of NR2B constituted the best inter-
acting peptide; a peptide encoding the distal portion of
the bait (amino acids 1136–1310) did not bind RasGRF1
in vitro, and a peptide with a shorter C-terminal segmentFigure 1. NR2B and RasGRF1 Interact In Vitro and In Vivo
(amino acids 886–1219) bound RasGRF1 in vitro less(A) A purified 6His-NusA-NR2B(886–1310) fusion protein specifically
efficiently than the 886–1310 bait (Figure 2C). Therefore,precipitated in vitro translated RasGRF1.

(B) Interaction of RasGRF1 and NMDA subunits co-expressed in the NR2B 886–1310 peptide was used as the NR2B-BD
HEK293T cells. in subsequent competition studies.
(C) RasGRF1 and NR2B co-immunoprecipitated from rat brain mi- To test whether NR2B-BD and RasGRF1-BD peptides
crosomes.

were sufficient to disrupt the interaction between NR2B
and RasGRF1 in the native complex, we immunoprecipi-
tated NR2B-RasGRF1 complexes from 6- to 8-week-in Figure 1B, RasGRF1 did not co-immunoprecipitate
old rat brains in the presence of purified NR2B-BD andeither NR1 or NR2A from HEK293T cells co-expressing
RasGRF1-BD NusA fusion proteins. Both NR2B- andthese subunits. Finally, NR2B and RasGRF1 were co-
RasGRF1-BD fusion proteins (3–5 �M) completelyimmunoprecipitated from solubilized rat brain micro-
blocked co-immunoprecipitation of NR2B and RasGRF1somes (Figure 1C) or from 14-day-old primary cultures
(Figure 2D). Thus, both NR2B- and RasGRF1-BD wereof dissociated rat neonatal hippocampal neurons (not
sufficient to disrupt the NR2B/RasGRF1 native complex.shown). These data provide evidence that NR2B and

RasGRF1 interact directly and associate in a molecular
complex in native neurons. Disruption of NR2B-RasGRF1 Interaction

Abrogates NMDAR-Dependent ERK Activation
Since RasGRF1 is a Ca2�/calmodulin-dependent activa-Minimal Interacting Fragments

as Binding Domains tor of Ras (Farnsworth et al., 1995) and Ca2� entering
the neuron through the NMDAR channel activates theIn order to determine the signal transduction pathway

dependent on NR2B-RasGRF interaction, we developed ERK pathway (Xia et al., 1996), we hypothesized that
NR2B bound RasGRF1 transduces the signal from thetools to specifically disrupt this interaction. The advan-

tage of this approach over disrupting the gene or over- NMDAR to ERK. To test this hypothesis, a dominant-
negative (DN) form of RasGRF1 (Vanoni et al., 1999)expressing the protein is that the interaction can be

specifically targeted in vivo, without disturbing other was expressed in cultured hippocampal neurons and
its effect on ERK activation tested. The activity of ERKcomponents of the system. Minimal interacting frag-

ments on both NR2B and RasGRF1 molecules were was evaluated by immunostaining with an antibody rec-
ognizing the active (phosphorylated) ERK (Payne et al.,identified, and the peptides encoding these interacting

fragments were tested for their ability to interfere with 1991). As shown in Figure 3B, RasGRF1-DN significantly
suppressed NMDA- and bicuculline-induced ERK acti-NR2B-RasGRF1 interactions.

The domain of NR2B interacting with RasGRF1 vation. Overexpression of RasGRF1-DN did not signifi-
cantly affect BDNF- and depolarization-dependent ERK(NR2B-BD) and the domain of RasGRF1 interacting with

NR2B (RasGRF1-BD) were determined by binding in activation.
If NR2B-RasGRF1 interaction is critical for signalvitro translated full-length molecules with in vitro trans-

lated epitope-tagged fragments of NR2B or RasGRF1, transduction from the NMDAR to ERK activation, then
disruption of this interaction should prevent NMDA-respectively (Figures 2A and 2B). The N-terminal portion

of RasGRF1, which contains multiple functional domains dependent ERK activation. To disrupt the RasGRF1-
NR2B interaction in living neurons, we transfected pri-(amino acids 1–720; Figure 2A), did not bind NR2B. In

contrast, the C-terminal prey-containing sequence mary cultures of hippocampal neurons with enhanced
green fluorescent protein (EGFP) fused to binding do-bound NR2B (amino acids 714–1244; Figure 2B). The

distal portion of the C terminus containing the catalytic mains of NR2B or RasGRF1. The expression of fusion
proteins encoding the entire binding domains resulteddomain (amino acids 914–1244) was not essential for

binding NR2B, while the region between the second PH in a striking decrease in the level of NMDAR-dependent
ERK activation compared to control nontransfecteddomain and the catalytic domain (amino acids 714–913)



NR2B Interacts with RasGRF1
777

Figure 2. RasGRF1 and NR2B Binding Do-
mains

(A) Map of the regions of NR2B and RasGRF1
DNAs used for the in vitro interaction assay.
PH, plekstrin homology domain; CC, coiled
coil domain; IQ, CaM binding domain; DH,
DBL-homology domain.
(B) RasGRF1 fragments bound full-length
NR2B in vitro. In vitro translated full-length
NR2B and HA-tagged RasGRF1 fragments
were co-immunoprecipitated with anti-HA
antibody. The right lower panel is shifted up
relative to the lower left panel.
(C) In vitro translated full-length RasGRF1
and AU1-tagged NR2B fragments were co-
immunopecipitated with AU1 antibody.
(D) Blocking peptides (RasGRF1-BD and
NR2B-BD) dissociate RasGRF1 and NR2B in
native complexes isolated from rat brain.
NR2B was immunoprecipitated from brain
microsome lysates in the presence of purified
NusA-RasGRF1-BD or NusA-NR2B-BD, and
the immunoprecipitate was probed with anti-
RasGRF1 antibody.

neurons or neurons expressing GFP alone (Figures 3A (Ginty et al., 1993; Xia et al., 1996) was not affected by
NR2B- or RasGRF1-BD expression (data not shown),and 3B). Expressed binding domains are large peptides

and thus may contain regions interacting with other mol- indicating that the NMDAR pathway upstream of
RasGRF1 was not affected.ecules, but smaller fragments were ineffective in binding

assays (Figures 2B and 2C). The BD fragments that were The RasGRF1 locus interacting with NR2B also inter-
acts with CaMKII (Bayer et al., 2001). Might the NR2B-ineffective in binding nonetheless contained large bind-

ing domain segments and were used as additional con- BD peptide also block NMDAR-dependent ERK activity
by inhibiting CaMKII activation? To test this possibility,trols to rule out the possibility of a nonspecific ERK

activation (Figure 3C). Thus, expression of the dominant- we examined whether inhibition of CaMKII activity af-
fected NMDAR-dependent ERK activation. Applicationnegative form of RasGRF1, the complete BDs (but not

overlapping peptides encoding only portions of the of KN-93 (a cell-permeable, CaMKII-selective inhibitor)
altered neither NMDA- nor bicuculline-dependent ERKbinding domains), effectively inhibited the NMDAR-

dependent activation of ERK. These data support the activation, nor did it affect NR2B-BD or RasGRF1-BD
peptide block of ERK activation (Figure 3C). In controlhypothesis that a direct link between NR2B and

RasGRF1 is critical for NMDAR-specific ERK activation. experiments, KN93 effectively suppressed the phos-
phorylation of CREB and SynGAP in cultured hippocam-Neuronal ERK activity is regulated by several signals,

including Ca2� influx through the L-type voltage-depen- pal neurons (not shown). Thus, under these conditions,
NMDAR-dependent ERK activation did not require CaM-dent Ca2� channel (Dolmetsch et al., 2001) and BDNF-

mediated pathways (Bonni et al., 1999). To determine KII activity. We conclude that if NR2B-BD interfered with
NR2B-CaMKII interactions, it did not significantly affectwhether expression of NR2B-BD or RasGRF1-BDs spe-

cifically interrupted NMDAR-mediated ERK activation NMDAR-dependent ERK activation.
Expression of RasGRF1-BD or NR2B-BD could con-rather than simply inhibiting ERK activity, NMDA-inde-

pendent stimuli were used to activate ERK. As shown ceivably affect ERK activation upstream of RasGRF1 by
decreasing NMDAR currents, and thus local [Ca2�]i. Toin Figure 3B, the expressed NR2B- and RasGRF1-BD

peptides had no effect on depolarization- or BDNF- test this possibility, we studied the properties of the
NMDAR-mediated currents in neurons expressing BDinduced ERK activation. Furthermore, NMDAR-depen-

dent phosphorylation of the CREB transcription factor fusion constructs. The expression of either binding do-
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Figure 3. Blocking Peptides RasGRF1-BD and NR2B-BD Expressed in Cultured Hippocampal Neurons Inhibit NMDAR-Dependent Activation
of ERK1,2

(A) Images of activated (phosphorylated) ERK in neurons expressing EGFP, EGFP-NR2B-BD, or EGFP-RasGRF1-BD.
(B) Population data summarizing the effect of NR2B-BD, RasGRF1-BD, and DN-RasGRF1 on NMDA, bicuculline, KCl, or BDNF-induced ERK
phosphorylation. 10 �M MK-801 was applied to confirm the NMDAR dependence of ERK activation.
(C) Nonbinding fragments of NR2B-BD, RasGRF1-BD did not affect NMDA-dependent ERK activation. 5 �M KN-93 in the incubation media
also had no effect on NMDA-dependent ERK activation. Bars show average phospho-ERK fluorescence normalized to the fluorescence of
EGFP-transfected cells � SEM; numbers of independent experiments indicated on the bars. Asterisks indicate significant differences from
those calculated for cells expressing EGFP alone. Double asterisks correspond to p � 0.001, single asterisk shows 0.01 � p � 0.05.
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Figure 4. Expression of RasGRF1-BD or NR2B-BD Did Not Affect NMDA Receptor-Mediated Currents

(A) Average amplitudes (n � 10) of steady-state whole-cell currents evoked by bath application of 100 �M NMDA to neurons expressing GFP
or GFP-BD. The trace illustrates the whole-cell current induced by bath application of 100 �M NMDA to a hippocampal neuron expressing
GFP-RasGRF1-BD. Vertical bar indicates a segment of the recording used for calculation of mean value.
(B) Averaged spontaneous NMDA EPSCs in neurons expressing GFP or GFP-BD. Columns show the mean amplitude (filled) and half-width
(open) of NMDA EPSCs obtained from five experiments. The traces are the averaged EPSCs (30 events) recorded from a neuron expressing
GFP (black) or GFP-RasGRF1-BD (red).
(C) Ifenprodil sensitivity of whole-cell current induced by bath application of NMDA. The trace illustrating the recording procedure was obtained
in a RasGRF1-BD-expressing neuron.
(D) Ifenprodil-sensitivity of the NMDA EPSPs evoked in CA3 pyramidal neurons in organotypic cultures of hippocampal slices. Columns
represent the averaged (n � 7) ifenprodil sensitivity of the amplitude (filled) and half-width (open) of NMDAR EPSCs recorded at a holding
potential of 40 mV. Ifenprodil sensitivity was defined as (CT � CI)/CT where C is the NMDAR-mediated current without (CT) and with (CI) 3 �M
ifenprodil. The traces illustrate EPSCs recorded at different potentials from a neuron expressing RasGRF1-BD. The current-voltage relationships
of the NMDA EPSCs were measured before (black circles) and during (red triangles) ifenprodil application.

main did not affect the average amplitude of the whole- neurons, since ifenprodil significantly reduced the fre-
quency of the events. To circumvent this problem, wecell current induced by bath application of NMDA (Figure

4A), or the mean amplitude and kinetics of the spontane- expressed NR2B-BD- or RasGRF-BD-blocking peptides
in organotypic cultures of hippocampal slices and stud-ous NMDAR-mediated excitatory postsynaptic currents

(NMDA EPSCs; Figure 4B). ied the effect of ifenprodil on the properties of the
evoked NMDA EPSCs. Neither of the expressed pep-The observation that RasGRF1 interacts with the

NR2B, but not the NR2A or NR1 subunits, suggests that tides decreased the portion of the ifenprodil-sensitive
component of the evoked EPSCs (Figure 4D). Confocalchannels containing the NR2B subunits predominantly

activate ERK. If this hypothesis is correct, then NR2B microscope-acquired images of cultured neurons trans-
fected with either GFP-RasGRF1-BD or GFP-NR2B-BDsubunit-containing channel currents should be critical

for ERK activation. Thus, it was important to determine and stained by NR2B antibody did not reveal any
changes in the average number NR2B-positive clusterswhether expression of NR2B- and RasGRF1-blocking

peptides modulated NR2B subunit-mediated current. as compared to cells expressing GFP alone (Figure 5).
Taken together, the data indicate that the blocking pep-To determine the NR2B-specific component of NMDA

current, we employed ifenprodil, a noncompetitive an- tides specifically inhibited the NR2B-RasGRF1 interac-
tion without affecting NR2B receptor number ortagonist of NR2B-containing NMDA receptors (Williams,

1993; Tovar and Westbrook, 1999). Figure 4C demon- NMDAR-dependent Ca2� entry.
strates that neither RasGRF1-BD nor NR2B-BD expres-
sion changed the proportion of ifenprodil-sensitive ERK Are Preferentially Activated

via NR2B-Containing Channels(NR2B) current stimulated by NMDA bath application to
cultured neurons. It was not possible to estimate the Given the specific coupling of RasGRF1 to NR2B sub-

unit, we hypothesized that ERK is preferentially acti-proportion of the NR2B-mediated component in sponta-
neous NMDAR EPSCs in cultures of the dissociated vated by Ca2� entering neurons via NR2B-containing
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Figure 5. Blocking Peptides RasGRF1-BD and NR2B-BD Did Not Change the Localization or Density of NR2B or PSD-95

(A) Images of NR2B and PSD95 immunoreactive clusters.
(B) Averaged cluster density exhibited by NR2B antibody labeling (filled) or NR2A/B labeling (open).

NMDAR channels. The expression level of NR2B subunit significantly suppress NMDA-induced ERK activation
independent of the proportion of NR2B-containingin vivo remains stable during neuronal maturation, while

NR2A expression progressively increases (Monyer et al., channels. In this case there should be no dependence
of the proportion of ifenprodil-sensitive ERK activity on1994; Sheng et al., 1994). In neurons cultured in vitro, the

ratio between NR2B and NR2A subunits also decreases the proportion of ifenprodil-sensitive total NMDA current
(see Experimental Procedures, Model). Alternatively, ifwith age (Zhong et al., 1994; Li et al., 1998), and as a

result there is an age-dependent decrease of the NMDA ERK activation does not depend on whether its source
was via an NR2A- or NR2B-containing channel, then thecurrent sensitivity to the NR2B blocker, ifenprodil (Tovar

and Westbrook, 1999; Hoffmann et al., 2000). In heterol- ifenprodil-sensitive portion of ERK activity will decrease
in neurons expressing a lower fraction of NR2B subunit-ogous expression systems, ifenprodil at 3 �M inhibits

up to 80% of NR2B-mediated current and has no effect containing channels. In agreement with previous studies
(Tovar and Westbrook, 1999; Hoffmann et al., 2000), 3on NR2A-mediated current (Williams, 1993; Tovar and

Westbrook, 1999). In young neuronal cultures (neurons �M ifenprodil suppressed 60% of NMDAR current in
hippocampal neurons 8 div (Figures 6A and 6B). In thethat presumably contain only NR2B/NR1 NMDA recep-

tors [Zhong et al., 1994; Li et al., 1998]), ifenprodil inhibits same cultures, we observed 70% inhibition of NMDAR-
activated ERK (Figures 6A and 6B). The remaining 30%�70% of NMDA-mediated current and this inhibition

decreased to 20%–30% in 3-week-old cultures (Tovar of the activity of ERK could be related to the uninhibited
fraction of NR2B. During neuron maturation, the portionand Westbrook, 1999; Hoffmann et al., 2000). If ERK

activation depended exclusively on NR2B-containing of the ifenprodil-sensitive NMDA current progressively
decreased by �25% with days in culture while the de-channels, then block of NR2B-specific current should
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neuronal plasticity, including different forms of LTP
(Sweatt, 2001) and long-term memory (Adams and
Sweatt, 2002). ERK activity in neurons is regulated by
extracellular signals via multiple signaling pathways
(Sweatt, 2001). NMDA receptor-stimulated activation
ERK relies on Ca2� influx via the NMDAR (Bading and
Greenberg, 1991) and is critical for NMDAR-dependent
forms of LTP (English and Sweatt, 1996; Adams and
Sweatt, 2002). The mechanism of NMDAR coupling to
ERK activation has not been determined, although PKA,
PKC, CaMKII, and Ras have been proposed as putative
intermediates in coupling NMDARs to ERKs (see Adams
and Sweatt, 2002, for review).

Suppression of NMDA-dependent ERK activation by
the dominant-negative form of RasGRF1 suggests that
RasGRF1 is a crucial intermediate between the NMDAR
and ERK activation. The interaction between NR2B and
RasGRF1, and our demonstration that disruption of this
interaction attenuated NMDA-dependent ERK activa-
tion, strongly suggests that the NR2B subunit directly
links the NMDAR to ERK activation. This finding, to-
gether with fact that both ERK (Adams and Sweatt, 2002)
and RasGRF1 (Giese et al., 2001) are important for hippo-
campal-dependent memory, suggests that the NMDAR-
RasGRF1-ERK signaling chain is integral to hippocampal
memory formation.

The physical association of RasGRF1 and NR2B
makes RasGRF1 an ideal sensor for changes of [Ca2�]
in the vicinity of the NMDA receptor and explains why
NMDAR-initiated ERK activation is sensitive to spatially
restricted Ca2� elevation in proximity to the NMDAR
(Hardingham et al., 2001). Such a local sensor allows
separation of NMDAR inputs from other receptor signal-
ing (e.g., BDNF, mGluRs, VDCC) that converge on the
key regulatory element, ERK. The specific targeting of
NR2B-RasGRF1 to ERK activation is highlighted by our
finding that disruption of the NR2B-RasGRF1 complex
resulted in abrogation of NMDAR-dependent ERK acti-
vation but did not affect NMDAR-dependent CREB

Figure 6. Ifenprodil Sensitivity of NMDA-Dependent ERK Activation
phosphorylation on Ser133. Although both ERK andand NMDA Receptor-Mediated Current in Hippocampal Neurons at
CREB activation depend on Ca2� microdomains in theVarying Days in Culture
immediate vicinity of synaptic NMDA receptors (Har-(A) Ifenprodil-inhibited NR2B-containing current at 7 (black) and 21
dingham et al., 2001), NMDAR-CREB signaling appar-(red) div (bath application of 100 �M NMDA). Vertical bars indicate
ently does not involve RasGRF1.segments of recordings used to calculate the mean values in (B).

(B) Ifenprodil-sensitive NMDA-induced current (open bars) de- Our data demonstrate that RasGRF1 specifically
creased while the ifenprodil sensitivity of ERKs (filled bars) did not binds only the NR2B subunit of NMDAR. The experimen-
change with maturation. Ifenprodil sensitivity was defined as (ET � tal results favor a model in which NR2B-containing
EI)/ET and (CT � CI)/CT where E and C are the NMDA-induced phos- NMDA receptors serve as predominant activators of
pho-ERK immunoreactivity and ion current, respectively. Indices

ERK. This finding is in agreement with numerous studiesindicate measurements with (I) and without (T) 3 �M ifenprodil.
suggesting that the ERK-dependent processes, such as(C) Ifenprodil-sensitive ERK activity does not depend on the fraction
enhanced neuronal plasticity and the ability to learnof ifenprodil-sensitive NMDA current. Solid lines indicate the ex-

pected results in which ERK was activated by Ca2� entering via all and memorize, are related to expression of the NR2B
NMDA channels (NR2A�NR2B model) or by only NR2B-containing subunits. In support of this hypothesis, previous investi-
channels (NR2B-only model). Experimental data are taken from (B). gators (Carmignoto and Vicini, 1992; Crair and Malenka,

1995) found that neurons from older animals (e.g., ani-
gree of ifenprodil-sensitive ERK activation did not mals expressing lower proportion of NR2B [Monyer et
change significantly (Figures 6A and 6B). This observa- al., 1994; Sheng et al., 1994]) displayed decreased neu-
tion decidedly favors the model in which NR2B-con- ronal plasticity. These authors suggested that changes
taining channels are the dominant activators of the in NMDAR properties underlie these differences. Fur-
NMDA-dependent ERK pathway (Figure 6C). thermore, transgenic mice overexpressing the NR2B

subunit in the forebrain were superior in learning and
Discussion memory tests and exhibited facilitated synaptic potenti-

ation (Tang et al., 1999). Disruption of the NR2B gene
The ERK signaling cascade is crucial to neuronal cell produced short-lived mice with impairment of major re-

flexes and abolished NMDA synaptic responses andsurvival (Grewal et al., 1999; Bonni et al., 1999) and



Neuron
782

5% CO2. Infections were performed on the 6th day of slice incubationneuronal plasticity (Kutsuwada et al., 1996). Mice lacking
by local pressure injection of virus via a patch pipette (tip diameterthe NR2A gene were viable with reduced but measurable
�1 �m) into the CA1 region of the hippocampus.spatial learning and neuronal plasticity (Sakimura et al.,

1995; Kiyama et al., 1998). Since the NR2B subunit of
Immunoprecipitation and Pull-Down Assaysthe NMDAR, the subunit that is present mainly in juvenile
Mouse RasGRF1 in pcDNA3 (Martegani et al., 1992) was translated

neurons, interacts with RasGRF1, NR2B-RasGRF1- in vitro using the TNT system (Invitrogen) and [35S]methionine. 5 �l
dependent signaling is likely to be involved in processes of the translated RasGRF1 was incubated for 1 hr at 4�C with 2 �g

of NusA-NR2B (886–1310) or NusA bound to Co2� beads in 250 �lrelated to neuronal maturation and development.
RIPA buffer (20 mM Tris-Cl [pH 8.0], 150 mM NaCl, 1% Triton X-100,In summary, we have found that physical coupling of
0.5% Na-Cholate, 0.1% SDS), washed with RIPA buffer, and solubi-RasGRF1 with the NR2B subunit of the NMDA receptor
lized in SDS sample buffer.confines RasGRF1 to the vicinity of the NMDA channel,

Transfected cells were solubilized in lysis buffer (100 mM Tris-Cl
enabling it to sense Ca2� microdomains around the [pH 8.5], 500 mM NaCl, 1% Triton X-100) supplemented with com-
channel mouth. We propose that NMDAR-dependent plete protease inhibitor (Roche) and immunoprecipitated with NR2B

(Santa Cruz, sc-9057), NR1, or NR2A (Chemicon) antibody (5 �g/ERK activation is mediated by Ca2�-dependent RasGRF1.
ml), washed with lysis buffer, separated on SDS gel, and blotted onThe experiments described here emphasize the specific
PVDF. Blots were probed with anti-RasGRF1 (Santa Cruz) and therole of the NR2B subunit in targeting the ERK cascade.
appropriate NR subunit antibody. 6- to 8-week-old rat brain P2
microsomes were isolated and solubilized as described (Luo et al.,Experimental Procedures
1997). 80 �g of solubilized protein were immunoprecipitated with
NR2B, RasGRF1, or pooled rabbit IgG, and immunoprecipitatedYeast Two-Hybrid Screening
proteins were probed on Western blot with RasGRF1 and NR2BcDNAs encoding fragments of the rat NR2B C terminus were sub-
antibodies. All immunoprecipitation experiments were only takencloned into the Gal4 binding domain fusion vector pGBKT7 (Clon-
as valid if repeated 3–5 times with similar results. Routine negativetech). These constructs were used for screening a rat brain library
controls with antigen pre-absorption were carried out for antibodies(Matchmaker pACT2, Clontech) expressed in AH109 yeast.
used in immunoprecipitation experiments. Also, all immunoprecipi-
tating antibodies were tested for the cross-reactivity with in vitrocDNA Constructs and Recombinant Proteins
translated co-immunoprecipitated molecules. Both tests provedNusA fusion proteins from rat NR2B (886–1310) and rat RasGRF1
their specificity and the absence of cross-reactivity of the immuno-(714–913) were subcloned into pET43.1 (Novagen) and expressed
precipitating antibody.in BL21TrxLysS (Novagen) bacteria and 6His-NusA-fusion proteins

For in vitro binding experiments, equimolar amounts of in vitroaffinity-purified on a cobalt-resin (Talon, Clontech).
translated 35S-labeled proteins (calculated from radioactivity of theFor in vitro translation, fragments of rat NR2B and rat RasGRF1
excised protein band and cysteine content in the specific fragment)were made by PCR with 5�-primers containing AU1- and HA-tag
were incubated with a 3-fold molar excess of translated RasGRF1encoding sequences; amplified sequences were subcloned into
for 30 min at 30�C, diluted with RIPA buffer, and immunoprecipitatedpcDNA3.1. For 293T transfection, the following cDNAs were used:
with anti-HA-agarose (Santa Cruz). In competition experiments,mouse RasGRF1 in pcDNA3 (gift of Dr. Zippel), GFP-rat NR2B, GFP-
RasGRF1 and NR2B were immunoprecipitated for 2 hr at 4�C fromrat NR2A in pcDNA1.1 (gift of Dr. Vicini), and rat NR1 in pEGFP-C1
solubilized rat brain microsomes in the presence of 10 �M NusA,(Clontech). EGFP fusion constructs were made by subcloning cDNA
10 �M NusA-RasGRF1-BD, or 5 �M NusA-NR2B-BD.fragments encoding different portions of NR2B and RasGRF1 into

pEGFP-C1 (Clontech; details of all constructs provided on request).
EGFP fusion constructs were transferred from pEGFP into pSinRep5 Immunocytochemistry and Confocal Microscopy of Cultured

Hippocampal Neuronsand used for preparation of the Sindbis pseudovirus gene transfer
system according to the manufacturer’s protocol (Invitrogen, Carls- Phospho-ERK Immunocytochemistry

Three hours before stimulation, TTX (1 �M), CNQX (40 �M), APV (100bad, CA).
�M), and nimodipine (5 �M) were added to neurons. For stimulation,
coverslips with neurons were transferred into the following solu-Cell Cultures and Transfections

HEK293T cells were grown in DMEM/F12 media supplemented with tions.
(1) 100 �M NMDA, 10 �M glycine, 1 �M TTX, 40 �M CNQX, 5 �Mglycine, Na-hypoxanthine, penicillin/streptomycin, and 10% FBS.

Cells were transfected using Lipofectamine 2000 (Invitrogen) and nimodipine dissolved in culture media and incubated for 3 min.
Under these conditions, longer (10 min) stimulation with NMDA re-cultured for 48 hr.

Neurons from 18 day rat embryos were dissociated using trypsin sulted in significantly lower ERK stimulation.
(2) 10 �M bicuculline, 10 �M glycine, 5 �M nimodipine (withoutand plated on coverslips coated with poly-L-lysine in minimal essen-

tial medium (MEM) with 10% NU serum (BD Biosciences, Le Pont de TTX, APV, or CNQX) in culture media incubated for 5 min.
(3) 50 mM KCl included in modified extracellular media: 120 mMClaix, France) at densities of 30,000 cells/cm2 as described (Brewer,

1995). On days 7 and 11 of culture incubation, half of the medium NaCl, 10 mM HEPES, 10 mM D-glucose, 2.0 mM CaCl2, 2.0 mM
MgCl2, 1 �M TTX, 40 �M CNQX, 100 �M APV and incubated forwas changed to MEM with 2% B27 supplement (Invitrogen).

Cells were transfected with cDNA for EGFP fusion proteins (Lipo- 10 min.
(4) 100 ng/ml BDNF in culture media with TTX (1 �M), CNQX (40fectAMINE 2000; Invitrogen) or by pseudoviral infection using a

Sindbis expression system (Invitrogen). Neurons were incubated �M), APV (100 �M), and nimodipine (5 �M), incubated for 10 min.
After stimulation, neurons were fixed with 4% formaldehyde andwith cDNA and LipofectAMINE for 2 hr, rinsed, and incubated with

culture media (MEM with 2% of B27 supplement) 17 hr prior to the labeled with rabbit anti-phospho-p44/42 ERK antibody (Cell Signal-
ing) and with mouse anti-MAP2 antibody (Sternberger Monoclonals).experiment. For viral delivery, neuronal cultures were incubated 30

min with pseudoviral constructs diluted 200–500	 in culture media. Cy3-conjugated goat anti-rabbit IgG and Cy5-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch Laboratories, West Grove,Cultures were rinsed and incubated in media for 15 hr. 0.1% to

1.5% of neurons were fluorescent after expressing LipofectAMINE- PA) were secondary antibodies. NMDA and all antagonists were
from Tocris Neuramin. BDNF was from Calbiochem.delivered constructs while Sindbis infection yielded 1%–10% trans-

fection efficiency. Most of the experiments were performed on 12–14 Images were acquired with an Olympus Fluoview-500 confocal
microscope (40	; 1.0 NA) and quantified using Olympus Fluoviewdays in vitro (div) cultures unless otherwise indicated.

Organotypic cultures of hippocampal slices were prepared as software. In each experiment, the pERK fluorescence of the cell
soma was measured for 25 neurons taken from consecutive fields.described (Becq et al., 1999) according to modified technique of

Stoppini et al. (1991). Hippocampal slices (400 �m) were cut from Phospho-ERK fluorescence data were normalized to the values ob-
tained in nontransfected cells after NMDA stimulation. The back-postnatal 7-day-old rat brains and incubated in culture medium in
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ground fluorescence (mean fluorescence of nonstimulated neurons) B), CI � n(A � 
B) and the portion of the current via NR2B-containing
receptor is B/(A � B) � (CT � CI)/(1 � 
CT).was subtracted prior to normalization.

We define ET and EI as the total and ifenprodil-insensitive ERK
activity, respectively. For a model in which Ca2� entering neuronsImmunocytochemistry of NR2B Subunits
via both NR2A- and NR2B-containing channels (A � B model), ET �Coverslips with cultured neurons were fixed with 4% paraformalde-
k(A � B) and EI � k(A � 
B). The degree of ERK activity inhibitedhyde, permeabilized with 0.3% Triton X-100, and blocked in 10%
by ifenprodil will be: (ET � EI)/ET � (1 � 
)B/(A � B) � (CT � CI)/CT.goat serum in PBS. A rabbit polyclonal antibody against the N termi-
In other words, normalized ifenprodil-sensitive ERK activity will benus of the NR2B subunit of the NMDA receptor (AB1557P, Chemi-
directly proportional to the normalized ifenprodil-sensitive NMDAcon, Temecula, CA) was used for detection in neurons expressing
current. For a model in which the Ca2� enters neurons only viaGFP and RasGRF1-BD. These antibodies could not be used for
NR2B-containing channels (B-only model), ET � kB and EI � k
B.study of the NR2B subunit distribution in neurons expressing NR2B-
The normalized ERK activity inhibited by ifenprodil will be: (ET � EI)/BD since they recognized the expressed construct. The distribution
ET � (1 � 
) and will not correlate with ifenprodil-sensitive NMDAof NR2A/B subunit was determined using polyclonal antibody
current.AB1548 (Chemicon). A mouse monoclonal antibody (clone K 28/43,

Upstate, Waltham, MA) was used to detect PSD-95. Secondary
Acknowledgmentsantibodies were the same as that used for detection of ERK and

MAP2. To quantify the distribution of clusters in transfected cells,
We are grateful to Renata Zippel for RasGRF1 cDNA, Stefano Viciniwe first focused on dendrites of neurons expressing the EGFP-
for GFP-NR2A and GFP-NR2B constructs, and Helène Becq forfluorescent construct. Thereafter, fluorescent images of GFP, NR2B,
preparing organotypic cultures of hippocampal slices. This workand PSD-95 were acquired confocally (60	; NA 1.4 objective, zoom
was supported by Howard Hughes Medical Institute (D.E.C.), IN-5). Cluster density and brightness were analyzed with the Meta-
SERM (I.M.), and the Foundation for Medical Research (G.K. andMorph Imaging System (Universal Imaging, Westchester, PA). Ten
Y.B.-A.).neurons were analyzed from each experiment (3–4 dendritic regions

for each neuron).
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