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ABSTRACT N-methyl-D-aspartate (NMDA) glutamate
receptor-mediated increases in intracellular calcium are
thought to play a critical role in synaptic plasticity. The
mechanisms by which changes in cytoplasmic calcium trans-
mit the glutamate signal to the nucleus, which is ultimately
important for long-lasting neuronal responses, are poorly
understood. We show that NMDA receptor stimulation leads
to activation of p21ras (Ras) through generation of nitric oxide
(NO) via neuronal NO synthase. The competitive NO synthase
inhibitor, L-nitroarginine methyl ester, prevents Ras activa-
tion elicited by NMDA and this effect is competitively reversed
by the NO synthase substrate, L-arginine. NMDA receptor
stimulation fails to activate Ras in neuronal cultures from
mice lacking neuronal NO synthase. NMDA-induced Ras
activation occurs through a cGMP-independent pathway as
1H-[1,2,4]oxadiazolo[4,3-alpha]quinoxalin-1-one (ODQ), a
potent and selective inhibitor of guanylyl cyclase, has no effect
on NMDA receptor-induced activation of Ras, and the cell-
permeable cGMP analog, 8Br-cGMP, does not activate Ras.
Furthermore, NO directly activates immunoprecipitated Ras
from neurons. NMDA also elicits tyrosine phosphorylation of
extracellular signal-regulated kinases, a downstream effector
pathway of Ras, through a NOynon-cGMP dependent mech-
anism, thus supporting the physiologic relevance of endoge-
nous NO regulation of Ras. These results suggest that Ras is
a physiologic target of endogenously produced NO and indi-
cates a signaling pathway for NMDA receptor activation that
may be important for long-lasting neuronal responses.

Neuronal survival, differentiation, and plasticity involve signal
transduction cascades that occur in large part through activa-
tion of p21ras (Ras) (1–4). Ras is highly expressed in the
developing and adult nervous systems and plays an important
classical role in mediating growth factor responses (1–4).
Recent studies suggest that increases in intracellular calcium
also can activate Ras (5–10). Activation of Ras by increases in
cytoplasmic calcium levels may play critical roles in mediating
andyor modulating activity-induced changes such as neuronal
differentiation, synaptic strength, and neuronal survival, in
part, through activation of extracellular signal-regulated ki-
nases (Erks) (5–12). The molecular mechanisms by which
changes in intracellular calcium levels in neurons activate Ras
is not known. However, recent studies in tumor cell lines
suggest the existence of multiple pathways that could be
important in generating calcium-mediated activation of Ras,
including Src, Ras-GRF, PYK2, and epidermal growth factor
receptor (5–10). Despite the identification of these calcium-
dependent pathways to Ras, none of these pathways have been
directly demonstrated to mediate calcium-dependent Ras ac-
tivation in neurons (5–10).

Nitric oxide (NO) is an important messenger molecule with
many diverse actions in the nervous, vascular, and immune
systems (13–15). NO is produced in a calciumycalmodulin-
dependent fashion from L-arginine (L-Arg) by the enzyme NO
synthase (NOS) (16, 17). A family of related NOS proteins are
the products of different genes and include neuronal NOS
(nNOS-type 1), macrophage or immunologic NOS (iNOS-type
2), and endothelial NOS (eNOS-type 3) (16, 17). nNOS is
localized to discreet neuronal populations (18–20) and is
transiently expressed during neuronal development (21, 22)
and in response to neuronal injury (18, 23, 24). Despite the
involvement of NO in glutamate neurotoxicity (18, 25, 26),
there is some suggestion that NO may be involved in neuronal
survival, differentiation, and plasticity (20, 27–31). Prelimi-
nary studies showed that exogenously applied NO activates
Ras in tumor cell lines through redox-sensitive mechanisms
(32, 33). Because NO generation in neurons is calcium depen-
dent and NO may play a role in activity-dependent changes in
neuronal function, we wondered whether endogenous NO
could activate Ras and its downstream effector, the Erk
pathway, in response to N-methyl-D-aspartate (NMDA) glu-
tamate receptor activation. We now report that endogenous
NO is a major mediator of calcium-dependent activation of
Ras through NMDA receptor stimulation in neurons.

MATERIALS AND METHODS

Cell Culture. Primary cortical cultures were prepared from
gestational day 15–16 fetal rats or mice in a procedure
modified from that described previously (34). Briefly, the
cortex from fetal mice was dissected, and the cells were
dissociated by trituration in modified Eagle’s medium (MEM),
20% horse serum, 25 mM glucose, and 2 mM L-glutamine after
a 30-min digestion in 0.027% trypsinysaline solution. Cortex
from fetal rats was dissociated by trituration in MEM, 10%
fetal bovine serum, 10% horse serum, and 2 mM L-glutamine
after a 30-min digestion in 0.027% trypsinysaline solution. The
cells were plated on 15-mm multiwell plates coated with
polyornithine. Four days after plating, the cells were treated
with 5-fluoro-2-deoxyuridine for 3 days to inhibit proliferation
of non-neuronal cells. Mice cultures then were maintained in
MEM, 10% horse serum, 25 mM glucose, and 2 mM L-
glutamine in an 8% CO2 humidified 37°C incubator. Rat
cultures then were maintained in MEM, 5% horse serum, and
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2 mM L-glutamine in an 8% CO2 humidified 37°C incubator.
The growth medium was refreshed twice per week, and the
neurons were allowed to mature for 14 days in culture when
nNOS is expressed at mature levels (34).

In Situ Ras Activation Assay. Ras activity assessments were
performed as described (11). Briefly, primary cultures of
cortical neurons were metabolically labeled for 4 hr at 37°C in
a solution containing 10 mM Hepes (pH 7.4), 114 mM NaCl,
26 mM NaHCO3, 5.3 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 30
mM glucose, 1 mM glycine, 0.5 mM sodium pyruvate, plus 1
mCiyml [32P]H3PO4 and 1 mM tetrodotoxin. After metabolic
labeling, cells were pretreated with 500 mM L-nitroarginine
methyl ester (L-NAME) or 500 mM L-NAME plus 5 mM L-Arg
for 10 min before stimulation with 50 nM-500 mM NMDA or
0.1 mM a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid or 0.1 mM kainate for 5 min. Cells were lysed 0.5 min later
in 0.1 mlywell of lysis buffer (20 mM TriszHCl, pH 7.4y150 mM
NaCly1 mM MgCl2y1% Triton X-100) containing 2 mg of
anti-Ras mAb Y13–259 (Oncogene Science). Extracts were
drawn 12 times through a 0.22 gauge needle, mixed with 1:10
vol of PBSy1% BSAy10% charcoal slurry, and rocked at 4°C
for 45 min. After centrifugation for 10 min at 14,000 rpm, the
supernatants were mixed with 20 ml of protein A Sepharose
precoupled to 2 mg of goat anti-rat secondary antibody.
Samples were rocked at 4°C for 45 min, and washed once with
lysis buffer and once with PBS. Pellets were resuspended in 12
ml of 1 M KH2PO4 (pH 3.4) and incubated at 85°C for 5 min.
Samples were centrifuged, and the supernatants were trans-
ferred to new tubes and stored at 220°C overnight. The next
day samples were spotted onto polyethyleneimine-cellulose
TLC plates (EM Science), and guanine nucleotides were
eluted and separated in 1 M KH2PO4 (pH 3.4) for 3 hr.

In Vitro Ras Activation Assay. Ras assays were performed as
described previously for in vitro Ras activity (35). Briefly, rat
cortical neurons were harvested and lysed with 1 ml of lysis
buffer (20 mM TriszHCl, pH 7.4y150 mM NaCly1 mM
MgCl2y1% Triton X-100) containing 1 mg of anti-Ras mAb
Y13–259 (Oncogene Science). Samples were incubated for 30
min at 4°C with 10 ml of protein A-Sepharose precoupled to 1
mg goat anti-rat secondary antibody and then washed three
times with lysis buffer. [35S]GTPgS binding assay was per-
formed with immunoprecipitated Ras, and data were pre-
sented as percent of the control [(cpm of [35S]GTPgS bound
to immunoprecipitated Ras) 2 (cpm of [35S]GTPgS bound to
goat anti-rat secondary antibody-coupled protein A-
Sepharose)].

Tyrosine Phosphorylation of Erk. Cultures were pretreated
with 1 mM of tetrodotoxin for 30 min, and glutamate receptor
agonists were applied for 5 min. At various time points after
stimulation, cell extracts were lysed in boiling SDS sample
buffer (160 mM TriszHCl, pH 6.8y4% SDSy30% glyceroly5%
b-mercaptoethanoly0.02% bromophenol blue). Lysates were
separated by electrophoresis on 10% SDS-polyacrylamide gels
and electrotransferred to nitrocellulose membranes. Mem-
branes were incubated for 1 hr at room temperature in
blocking solution [5% (wtyvol) nonfat dry milk in TTBS buffer
(20 mM TriszHCl, pH 7.6y137 mM NaCly0.05% Tween-20)]
and for 1 hr in phospho-specific anti-Erk antibody and control
anti-Erk antibody (New England Biolabs) (1:1,000 dilution) in
TTBS. After four washes with TTBS, membranes were incu-
bated for 20 min with donkey anti-rabbit IgG-horseradish
peroxidase (Amersham) (1:5,000 dilution) in TTBS. After four
washes with TTBS, membranes were subjected to ECL (Am-
ersham) detection.

RESULTS

NMDA Receptor Stimulation Activates Ras. To directly
investigate whether NO activates endogenous Ras in response
to NMDA receptor stimulation in intact cortical neurons we

used an in situ GTP loading assay in which Ras activation is
monitored by the exchange of bound GDP for GTP (11) (Fig.
1). NMDA receptor stimulation potently increases the pro-
portion of GTP bound to Ras, reflecting Ras activation. The
activation of Ras by NMDA is dose-dependent with 50 mM
NMDA eliciting maximal activation (Fig. 1 A). This activation
is blocked by the competitive NOS inhibitor, L-NAME (Fig.
1B). To confirm the specificity of the blockade of NMDA-
induced Ras activation by L-NAME we examined the effects of
adding excess substrate, L-Arg. L-Arg completely reverses the
blockade of NMDA-induced Ras activation by L-NAME (Fig.
1B). Furthermore, the inactive D-isomer of L-NAME, D-
NAME has no effect on NMDA-induced Ras activation (data
not shown). Because a majority of NO’s physiologic actions are
thought to be mediated through increases in cGMP through

FIG. 1. (A) In situ Ras activation assay on primary rat cortical
neuronal cultures shows that NMDA induces Ras activation in a
dose-dependent manner. Activated Ras is indicated by the detection
of GTP on TLC plates. Cells were exposed to control saline solution
(untreated) or treated with increasing concentrations of NMDA (50
nM to 500 mM) for 5 min. (B) NMDA induces Ras activation through
an NO-dependent, cGMP-independent mechanism. Cells were ex-
posed to control saline solution (Control), or treated with 50 mM
NMDA for 5 min with no previous pretreatment (None), or pretreated
for 10 min with 500 mM L-NAME, 500 mM L-NAME plus 5 mM L-Arg,
or 10 mM ODQ before exposure to 50 mM NMDA for 5 min. Cells also
were treated with 5 mM 8Br-cGMP for 5 min. Cells were lysed and
collected for in situ Ras activation assay 0.5 min after each of the
treatments. The NOS inhibitor, L-NAME, blocks NMDA-induced
activation of Ras, and this blockade is reversed by the NOS substrate,
L-Arg. Inhibition of GC by ODQ has no effect on NMDA-induced
activation of Ras, and 8Br-cGMP does not activate Ras. Shown is a
representative experiment. These results have been replicated three
times with similar results.
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activation of soluble guanylyl cyclase (GC), we evaluated the
effects of the potent and selective inhibitor of GC, 1H-
[1,2,4]oxadiazolo[4,3-alpha]quinoxalin-1-one (ODQ) (36), on
NMDA-stimulated activation of Ras as well as the effects of
the cell-permeable cGMP analog, 8-Br-cGMP, on Ras activa-
tion (Fig. 1B). ODQ fails to inhibit NMDA-stimulated Ras
activation and 8Br-cGMP fails to activate Ras, thus ruling out
a possible secondary activation of Ras through NO-activating
GC (Fig. 1B). a-Amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid and kainate in the presence of 5 mM of MK801 to
prevent secondary activation of NMDA receptors failed to
activate Ras (data not shown).

To confirm the potential involvement and to determine the
source of NO in NMDA-stimulated Ras activation we evalu-
ated the ability of NMDA to activate Ras in neuronal cultures
from mice lacking the gene for nNOS (nNOS2/2) (37) (Fig. 2).
NMDA (50 mM) fails to activate Ras in cortical cultures from
nNOS2/2 mice. NMDA (500 mM) also did not activate Ras in
nNOS2/2 cortical cultures (data not shown). Brain-derived
nerve growth factor (BDNF) (100 ngyml) activates Ras in
nNOS2/2 cortical cultures, thus indicating that Ras is still
functional in nNOS2/2 cultures (Fig. 2 A). NMDA (50 mm) and
BDNF (100 ngyml) potently activate Ras in wild-type cortical
cultures (Fig. 2B).

NO Directly Activates Ras in Cortical Neurons. To ascertain
whether NO itself elicits Ras activation in cortical neurons we

assessed Ras activity via a GTPgS binding assay (Fig. 3) (35).
Ras protein immunoprecipitated from primary cortical neu-
ronal culture extracts is potently activated by the NO releasors
sodium nitroprusside (SNP) and S-nitroso-N-acetylpenicilla-
mine (SNAP) in a dose-dependent manner. At higher con-
centrations SNAP modestly decreases Ras activity. SNP and
SNAP depleted of NO by incubating SNP and SNAP in buffer
for 24 hr under light fails to activate Ras (data not shown), thus
excluding potential nonspecific effects of the parent com-
pounds.

NO Mediates Tyrosine Phosphorylation of Erk. Tyrosine
phosphorylation of Erk is thought to be mediated through a
Ras-dependent pathway (1–3). To ascertain whether NO itself
elicits tyrosine phosphorylation of Erk in cortical neurons we
administered the NO donors, SNP and SNAP (Fig. 4A). A
brief (5 min) pulse of SNP and SNAP (500 mM each) leads to
tyrosine phosphorylation of p42 Erk with different time course
kinetics presumably caused by the different NO release rate of
each compound. At 30 min there is a modest decrease in Erk
phosphorylation elicited by SNAP. SNP incubated overnight
in buffer to deplete SNP of NO does not cause tyrosine
phosphorylation of p42 Erk (Fig. 4A). To directly determine
whether NO activates Ras, which then elicits tyrosine phos-
phorylation of Erk in neuronal cells, we monitored tyrosine
phosphorylation of Erk in wild-type pheochromocytoma cells
(PC12) and a mutant PC12 cell line containing a dominant
negative mutant of Ras (Ras.N17) (38). In wild-type PC12 cells
SNP markedly stimulates tyrosine phosphorylation of p42 Erk.
In striking contrast, SNP barely stimulates tyrosine phosphor-
ylation of p42 Erk in Ras.N17 cells (Fig. 4B). Thus, NO-
induced phosphorylation of Erk requires functional Ras.

NO Mediates NMDA Receptor-Induced Erk Activation. To
further evaluate the significance of NMDA receptor-induced
activation of Ras through NO and its potential physiologic
relevance we explored the potential role of NO in mediating
NMDA receptor-stimulated tyrosine phosphorylation of Erk.
The NOS inhibitor, L-NAME, dramatically reduces NMDA-
mediated tyrosine phosphorylation of p42 and p44 Erk (Fig.
5A). To confirm the specificity of the blockade of NMDA-
induced p42 and p44 Erk phosphorylation by L-NAME we
examined the effects of adding excess substrate, L-Arg. L-Arg
completely reverses the reduction in tyrosine phosphorylation
by L-NAME (Fig. 5A). ODQ (10 mM) fails to inhibit NMDA-
stimulated phosphorylation of Erk, thus ruling out secondary
activation of Erk through increases in cGMP by NO activating
GC. Reduced hemoglobin (500 mM), which complexes and

FIG. 2. (A) In situ Ras activation assay on primary cortical
neuronal cultures from nNOS2/2 mice shows that NMDA fails to
activate Ras, and that Ras can be activated in these cultures by BDNF.
Cultures from nNOS2/2 mice or wild-type mice were left untreated or
exposed to 50 mM NMDA for 5 min, or to recombinant 100 ngyml
BDNF (Intergen, Purchase, NY) for 10 min. (B) NMDA induces Ras
activation in neuronal cultures from wild-type littermates of the
nNOS2/2 mice. Cells were collected for in situ Ras activation assay 0.5
min after each treatment. Shown is a representative experiment. These
results have been replicated twice with similar results.

FIG. 3. NO directly activates Ras. Ras immunopurified from
cultured cortical neurons was assayed in vitro for [35S]GTPgS binding
in the presence of various concentrations of SNP (F) or SNAP (E).
These experiments have been replicated three times with similar
results.

Neurobiology: Yun et al. Proc. Natl. Acad. Sci. USA 95 (1998) 5775



inactivates NO, blocks Erk activation by NMDA (data not
shown). Thus, NO diffuses from nNOS neurons and acts as an
intercellular messenger to activate Erk in adjacent neurons.
Confirming the role of nNOS in NMDA-induced tyrosine
phosphorylation of Erk is our observation that NMDA fails to
elicit tyrosine phosphorylation of Erk in cortical cultures from
nNOS2/2 mice, whereas NMDA potently stimulates tyrosine
phosphorylation of p42 and p44 Erk in wild-type cultures (Fig.
5B). Similar findings as noted above for NMDA were observed
with glutamate-mediated tyrosine phosphorylation of p42 Erk
(Fig. 5C).

We also confirmed the work of previous investigations (39,
40) and found that glutamate caused tyrosine phosphorylation
of p42 Erk, which was markedly attenuated by the NMDA
receptor antagonist, MK801 (Fig. 5D.) Chelating extracellular
calcium with EGTA completely blocks tyrosine phosphoryla-
tion of p42 Erk, which confirms the calcium dependence of Erk
activation (Fig. 5D). The a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor antagonist, DNQX, partially
blocks glutamate-induced tyrosine phosphorylation of p42 Erk
(Fig. 5D).

DISCUSSION

The major finding of this report is our demonstration that
stimulation of the NMDA receptor directly activates Ras
through endogenously formed NO. NMDA-induced Ras ac-
tivation is a NO-dependent process as indicated by the block-
ade of this event by the NOS inhibitor, L-NAME, and the
reversal by excess substrate, L-Arg. Furthermore, NMDA-
induced Ras activation occurs through activation of nNOS as
NMDA fails to induce Ras activation in neuronal cultures from
nNOS2/2 mice that have a functional Ras as indicated by our
observations that BDNF activates Ras in nNOS2/2 neuronal
cultures. The blockade of Ras activation is unlikely to occur
through NMDA-receptor blockade or through changes in
cytoplasmic calcium levels as the inhibitors used in this study
do not influence NMDA-receptor calcium currents (41–44)
and NMDA-induced calcium currents in nNOS2/2 neuronal
cultures are equivalent to wild-type NMDA induce calcium
currents (43, 44). Furthermore, NMDA stimulated NO acti-

vation of Ras is not mediated through increases in cGMP
because the potent and selective GC inhibitor, ODQ, and the
cell permeable cGMP analog, 8Br-cGMP, have no effects on
Ras activation.

Previous studies in tumor cell lines suggest the existence of
multiple pathways that could be important in generating
calcium-mediated activation of Ras, including Src, Ras-GRF,
PYK2 and epidermal growth factor receptor (5–10). Despite
the identification of these calcium-dependent pathways to Ras,
none of them have been directly demonstrated to mediate
calcium-dependent Ras activation in neurons (5, 39) nor has
NMDA receptor stimulation been shown to directly activate
Ras (5, 39). Our results demonstrate that NMDA can activate
Ras, and that NO is a key mediator in neurons for activation
of Ras by NMDA receptor stimulation. Our observations of
potent activation of Ras after NMDA receptor stimulation
may be caused by the high levels of nNOS, equivalent to adult
brain, that are present in our culture system (34). NMDA-
induced activation of Ras probably occurs through a direct
redox-sensitive modulation of Ras by NO. Consistent with this
notion are our observations that exogenous NO directly acti-
vates immunopurified Ras from cortical neurons in an in vitro
Ras activation assay. Previous investigations indicate that
exogenous NO can activate Ras in tumor cell lines (32, 33), and
that Ras has a critical cysteine at Cys-118 (45), which fits with
the consensus sequence for a NO-sensitive redox modulation
site (46). Site-directed mutagenesis of Cys-118 to Ser-118
eliminates NO ability to activate Ras, but this mutant Ras
retains the ability to be stimulated by growth factors (47).
Thus, Ras appears to be a direct target of endogenously
formed NO that may subserve important redox signaling and
physiologic functions in the nervous system as well as in
non-neuronal tissue.

We also confirm and extend previous observations that
tyrosine phosphorylation of Erk occurs through NMDA re-
ceptor activation (39). NMDA-induced tyrosine phosphoryla-
tion of Erk is known to occur through changes in cytoplasmic
calcium, but the mechanism by which changes in intracellular
calcium induce tyrosine phosphorylation of Erk is poorly
understood (5, 39). Our findings indicate that NMDA-induced
tyrosine phosphorylation of Erk is mediated, in part, through
endogenous NO as indicated by the blockade of this event by
the NOS inhibitor, L-NAME, and the reversal by excess
substrate, L-Arg, and by the failure of NMDA to induce
tyrosine phosphorylation of Erk in nNOS2/2 neuronal cul-
tures. NMDA-induced tyrosine phosphorylation of Erk is not
mediated through increases in cGMP as ODQ has no effects.
Furthermore, exogenous NO causes tyrosine phosphorylation
of Erk in cortical neurons as indicated by the ability of NO
donors to stimulate tyrosine phosphorylation of Erk, consis-
tent with previous observations in which Erk is tyrosine-
phosphorylated by NO donors in tumor cell lines (47). NMDA-
induced tyrosine phosphorylation of Erk appears to occur
through direct activation of Ras by NO. Consistent with this
notion are our observations that NO causes guanine nucleotide
exchange on immunopurified Ras from cortical cultures, NO
fails to stimulate tyrosine phosphorylation of Erk in PC12 cells
containing a dominant negative mutant of Ras and NMDA
receptor-mediated increases in NO directly activate Ras.

NO previously has been implicated in short-term changes in
neuronal plasticity (20, 31, 43, 48–51). For instance, NO may
be involved in certain forms of long-term potentiation in the
hippocampus (20, 31, 43, 48–51). Most of NO’s physiologic
effects in the nervous system are attributable to activation of
GC and increases in intracellular cGMP levels (18–20), or
through interactions with the superoxide anion to mediate
neurotoxicity (25, 52). Our results indicate that not only may
NO be involved in short-term changes in synaptic plasticity, but
that it may be involved with long-term changes, which might
involve alterations in gene transcription through activation of

FIG. 4. Activation of Erk by NO occurs through Ras activation. (A)
Time course of Erk tyrosine phosphorylation of cortical cultures
treated with SNP or SNAP (500 mM each, 5 min); NO(2)SNP was
obtained by incubation of 50 mM SNP at room temperature under light
for at least 24 hr. (B) Wild-type (WT) PC12 cells or PC12 cells
containing dominant negative mutant Ras (Ras.N17) were treated
with SNP (500 mM, 5 min) and analyzed for Erk tyrosine phosphor-
ylation after 5 min. These experiments have been replicated three
times with similar results, and each individual blot was stripped and
probed with control anti-Erk antibody.
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Ras and subsequent tyrosine phosphorylation of Erk. These
processes may occur through redox-sensitive modulation of
Ras and suggest that Ras is a potential endogenous NO-redox
sensitive effector molecule mediating the intercellular actions
of NO in the central nervous system.
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