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Developmentally regulated role for Ras-GRFs
in coupling NMDA glutamate receptors
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p140 Ras-GRF1 and p130 Ras-GRF2 constitute a family of
calcium/calmodulin-regulated guanine-nucleotide ex-
change factors that activate the Ras GTPases. Studies on
mice lacking these exchange factors revealed that both
p140 Ras-GRF1 and p130 Ras-GRF2 couple NMDA gluta-
mate receptors (NMDARS) to the activation of the Ras/Erk
signaling cascade and to the maintenance of CREB tran-
scription factor activity in cortical neurons of adult mice.
Consistent with this function for Ras-GRFs and the known
neuroprotective effect of CREB activity, ischemia-induced
CREB activation is reduced in the brains of adult Ras-GRF
knockout mice and neuronal damage is enhanced.
Interestingly, in cortical neurons of neonatal animals
NMDARs signal through Sos rather than Ras-GRF ex-
change factors, implying that Ras-GRFs endow NMDARs
with functions unique to mature neurons.
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Introduction

Changes in intracellular calcium levels are used to regulate
a wide variety of neuronal cell functions. Neuronal response
to calcium is dependent not only on the magnitude and
temporal properties of calcium changes but also on their
spatial properties, including the specific channel through
which calcium flows, presumably because this determines
the specific signaling complexes with which calcium inter-
acts’ (West et al, 2001; Sheng and Kim, 2002). Thus, a major
goal in understanding neuronal function is to define how
calcium couples to specific signaling components under these
different conditions.

Excitatory synapses of the brain primarily use glutamate as
a transmitter, and elevation of intracellular calcium at the
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postsynaptic membrane is a common outcome of the engage-
ment of the family of glutamate receptors (Ghosh and
Greenberg, 1995). N-methyl-D-aspartate glutamate receptors
(NMDARSs) are a particularly important member of this class
of receptors since they initiate signaling cascades that under-
lie synaptic plasticity, neuronal development, survival and
excitoxicity (Hardingham and Bading, 2003).

Among the many signaling cascades activated by calcium
entering cells through NMDARs are those mediated by the
Ras-GTPases (H-Ras, N-Ras and K-Ras) (Sheng and Kim,
2002). Ras proteins can be activated by a wide array of
upstream signals, including calcium. For the most part, Ras
activation is mediated by one of a family of guanine-nucleo-
tide exchange factors (GEFs) that promote the release of GDP
bound to Ras, allowing activating GTP to take its place. Ras is
inactivated by its intrinsic GTPase activity, which can be
enhanced by GTPase-activating proteins (GAPs). In its active
form, Ras can activate a variety of downstream target proteins
and signaling pathways, the best characterized of which is the
Raf/Mek/Erk kinase cascade (Takai et al, 2001). Although Ras
proteins are known primarily for their role in promoting cell
proliferation, a growing body of evidence argues that these
proteins also play a key role in mediating the functions of
both differentiating and fully differentiated neurons.
Knockout mice deficient in the GEFs, pl40 Ras-GRF1
(Brambilla et al, 1997; Giese et al, 2001) or p130 Ras-GRF2
(unpublished observations) or the GAP, NFI (Silva et al, 1998)
impair specific aspects of learning, while H-Ras knockout
mice display enhanced long-term potentiation (LTP) (Manabe
et al, 2000). These effects of Ras are thought to be mediated in
large part by its ability to regulate neuronal gene expression
(Xia et al, 1996; Adams and Sweatt, 2002), at least partly
through its contribution to the activation of the CREB tran-
scription factor (Impey et al, 2002; Lonze and Ginty, 2002).

Despite the importance of NMDAR signaling to Ras in
neurons, the mechanism by which this occurs is just now
being revealed. Prime candidates for this function are the
highly similar p140 Ras-GRF1 (Shou et al, 1992) and p130
Ras-GRF2 proteins (Fam et al, 1997), since they contain
calmodulin-binding domains that promote activation of the
Ras-GRFs in response to elevated calcium levels in cells
(Farnsworth et al, 1995; Fam et al, 1997). Moreover, p140
Ras-GRF1 and p130 Ras-GRF2 are also expressed abundantly
in the neurons, but not in surrounding glial cells of the adult
central nervous system and only in a limited number of
additional tissues (Guerrero et al, 1996; Gotoh et al, 1997)
(ubiquitously expressed smaller versions of Ras-GRF2 have
been detected at the mRNA level (Fam et al, 1997), but they
have never been demonstrated to encode functional calcium-
regulated exchange factors). However, the ubiquitous Sos
exchange factors, Sosl and Sos2, which are best known for
their ability to couple tyrosine kinase receptors to Ras, can
also mediate Ras activation by calcium. This occurs by
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calcium-induced activation of the Pyk2 and Src tyrosine
kinases, which leads to tyrosine phosphorylation of the Shc
adaptor protein. Shc then attracts a Grb2/Sos complex to the
plasma membrane, where its target Ras is located (Takai et al,
2001).

In this paper, analysis of cortical tissue from Ras-GRF
knockout mice shows that p140 GRF1 and p130 Ras-GRF2
are the predominant mediators of NMDAR activation of the
Ras/Erk signaling pathway and maintain CREB activity in
neurons from adult, but not neonatal animals, where Sos
proteins function in this role instead.

Results

NMDA glutamate receptors signal through Ras-GRFs
to activate the Ras/Erk/CREB signaling cascade

in neurons from adult mice

Mice lacking Ras-GRF1 and Ras-GRF2 were generated to
elucidate their role in calcium signaling in neurons.
Behavioral analysis has already detected hippocampal learn-
ing defects in both strains of mice, and subtle distinctions
were noticed (Giese et al, 2001; unpublished observations).
Ras-GRF double knockout mice were then created by crossing
these two single knockout mouse strains. Immunoblotting of
brain lysates with antibodies that preferentially recognize
either Ras-GRF1 or Ras-GRF2 confirmed that ras-grfl(—/—)
mice expressed only Ras-GRF2 protein, ras-grf2(—/—) mice
expressed only Ras-GRF1 protein and double knockout mice
expressed neither Ras-GRF protein (Figure 1A). Similar to the
findings of a previous report (Fernandez-Medarde et al,
2002), we detected no gross abnormalities in the brain
histology of double Ras-GRF knockout mice (data not
shown).

To determine whether NMDARs function through Ras-GRFs,
neurons from control and knockout mice were compared for
their responses to NMDAR activation. The expressions of both
Ras-GRFs are developmentally regulated. Their levels in the
cortex are low in the neonate, with Ras-GRF2 expressed at
levels higher than Ras-GRF1. Both GEFs increase during
postnatal development, such that they reach peak and com-
parable levels in animals around day 20 when extensive
dendrite elaboration and synaptogenesis occurs and are
maintained at high levels through adulthood (7 weeks)
(Ferrari et al, 1994; Figure 1B). Thus, studies were initiated
using brain slices from mature mice to maximize the possible
effects of the loss of Ras-GRF proteins.

Brain slices from the cortex of 30-40-day-old mice were
treated with 100 uM NMDA for defined durations and then
Erk activation was assessed by immunoblotting lysates with
activation-specific Erk antibodies (Figure 2A). NMDA treat-
ment led to an ~3-fold increase in Erk activation within
Smin in samples from wild-type mice. Strikingly, this effect
was completely blocked in brain slices from double Ras-GRF
knockout mice. Brain slices from single Ras-GRF1 or Ras-
GRF2 knockout mice displayed only small defects, arguing
that both Ras-GRF1 and Ras-GRF2 contribute to Erk activa-
tion by NMDA. As Ras-GRFs are known to activate Erk
through Ras, the activation state of Ras was also measured
in these brain slices (Figure 2B). As expected, NMDA-induced
Ras activation was observed in brain slices from wild-type
mice but not in brain slices from double Ras-GRF knockout
mice.
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Figure 1 Ras-GRF and Sos expression in wild-type and knockout
mice. (A) In all, 10 pg of cell lysates of brain from wild-type, double
Ras-GRF knockout (DBKO), single Ras-GRF1 knockout (GRF1
(=/-)) or single Ras-GRF2 knockout (GRF2(—/—)) adult mice
were probed for Ras-GRF expression by immunoblotting with an
antibody that preferentially recognizes Ras-GRF1(top panel) or
Ras-GRF2 (middle panel). Double RasGRF knockout mice were
generated by crossing Ras-GRF1(—/—) mice with Ras-GRF2 (—/-)
mice until double knockout mice were obtained. (B) The expression
levels of Ras-GRFs in primary cultures of cortical neurons isolated
from newborn mice and cultured for 7 days in vitro, cortical brain
slices from newborn (day 0), day 10, day 20 and day 30-40 (adult)
mice are shown by immunoblotting 10pug of cell lysates with
antibodies that preferentially recognize Ras-GRF1. (C) The expres-
sion levels of Sos proteins in samples similar to those described in
(B) using antibodies that recognize both Sosl and Sos2 proteins,
although lysates were from cortical brain slices from adult Ras-GRF
double knockout mice, are also shown to indicate that loss of Ras-
GRF proteins does not affect their expression.

NMDA-induced CREB phosphorylation depends at least in
part on Erk activation (Shaywitz and Greenberg, 1999;
Hardingham et al, 2001). It is also developmentally regulated,
such that NMDA produces robust CREB phosphorylation at
position Ser133 in neonatal animals. However, in more
mature neurons NMDARs also activate a CREB phosphatase
that limits the steady-state levels of activated CREB induced
by cellular kinases (Sala et al, 2000; Hardingham and Bading,
2002). In fact, we could not reproducibly detect NMDA
stimulation of CREB phosphorylation at Ser133 in adult
brain slices, presumably because in this mixture of cell
types the small enhancement that may have occurred was
masked by cells not affected by NMDA treatment (Figure 2C,
left). Nevertheless, a role for Ras-GRFs in CREB regulation
was supported by the observation that NMDA induced a clear
decrease in CREB phosphorylation at Ser133 in brain slices
from adult Ras-GRF double knockout mice. Again, brain
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Figure 2 NMDA-induced Erk, Ras and CREB activation in cortical
brain slices isolated from wild-type and Ras-GRF knockout mice.
(A) Erk activation. Cortical brain slices from adult wild-type and
single and double Ras-GRF knockout mice were treated with NMDA
(100 pM) for various amounts of time. The slices were then lysed in
detergent and immunoblots of lysates were performed using activa-
tion-specific phospho-Erk antibodies or antibodies against total Erk
1 and 2. (B) Ras activation. Lysates from 10min time points
described above in (A) were exposed to sepharose beads containing
the Ras-binding domain of the Ras target Raf to affinity purify active
Ras-GTP. The affinity-purified form of Ras and total Ras in the brain
slice in lysates was assayed by immunoblotting with anti-Ras
antibodies. The doublet band of Ras-GTP is routinely found in
these preparations, presumably due to removal of the C-terminus,
which is sensitive to proteolytic cleavage during incubation with
beads (unpublished observations). (C) CREB activation. Cortical
brain slices were stimulated with either NMDA as described above,
or BDNF (100 ng/ml). Lysates immunoblotted with phospho-CREB
(ser133) specific antibodies or with total CREB antibodies. (D)
BDNF stimulation of Erk. Experiments were performed as in (A),
except that BDNF (100ng/ml) was used to stimulate the brain
slices. The results for each section are representative of at least
three independent experiments.

slices from single p140 Ras-GRF1 or p130 Ras-GRF2 showed

only small and barely detectable changes in NMDA-induced
phosphorylation of CREB (data not shown). In contrast,
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BDNF, which functions through the Sos exchange factor,
activated CREB similarly in both control and Ras-GRF double
knockout mice (Figure 2C, right). Thus, both Ras-GRF family
members contribute to the maintenance of CREB phosphor-
ylation after NMDA stimulation, presumably through positive
regulation of Erk activity. Ras-GRFs could also maintain CREB
activity through negative regulation of a CREB phosphatase.

Not all NMDA-induced changes were altered in knockout
mice, since NMDA-induced Jnk kinase dephosphorylation
was similar in brain slices from wild-type and mutant mice
(data not shown). Moreover, not all Erk activation pathways
were blocked because BDNF-mediated activation was normal
in brain slices from double knockout mice (Figure 2D).

Ras-GRFs play a protective role in stroke-induced
neurotoxicity

To test whether physiological changes associated with the
loss of Ras-GRF expression are consistent with defects in
NMDA signaling observed in isolated brain slices, we exam-
ined the response of knockout mice to an established model
for stroke (Asahi et al, 2001), since excessive glutamate
signaling through NMDARs is known to occur during ische-
mia-induced neuronal damage (Lo et al, 2003). In this para-
digm, the right middle cerebral artery of mice was occluded
for 2 h and then re-perfused to induce transient focal cerebral
ischemia. After 24 h, mice were killed, and the volumes of
ischemic lesions were measured on both the untreated and
treated sides of the brain. Lesions in the brains on the treated
side of double knockout mice were ~ 2-fold larger than those
from wild-type mice (Figure 3A and B). Consistent with
previous results on CREB and ERK regulation, single p140
Ras-GRF1 or p130 Ras-GRF2 knockout mice displayed lesions
that were only slighter, if at all larger, than those observed on
the treated side of control mice (data not shown). These data
demonstrated that both Ras-GRF family members normally
play a protective role in stroke-induced neuronal damage.
This finding is consistent with our conclusion from in vitro
experiments using brain slices that Ras-GRFs are involved in
the regulation of the activity of CREB, an established survi-
val-promoting transcription factor (Lonze and Ginty, 2002).
To gain further support for this model, CREB phosphorylation
was measured in brain cell lysates from both treated and
untreated sides of the brain of wild-type and double knockout
mice 30 min after occlusion. While CREB phosphorylation at
Ser133 increased ~ 3-fold on the occluded side of the brain of
wild-type mice, this effect was reduced dramatically on the
occluded side of Ras-GRF double knockout mice (Figure 3C).

Sos rather than Ras-GRF mediates NMDA induction of
Ras/Erk/CREB signaling in neonatal neurons

The vast majority of experiments performed to date to
analyze calcium signaling through the Ras/Erk signaling
cascade have been carried out on primary neurons disso-
ciated from neonatal mice. However, Ras-GRF levels are
relatively low in the neonatal brain (see Figure 1B). To
determine whether Ras-GRFs contribute to NMDA-induced
Erk activation in neonatal cells, cerebral cortical neurons
were isolated from newborn mice and cultured for 7 days
in vitro (Xia et al, 1996). Neurons from wild-type and double
knockout mice showed no significant differences in the amount
of NMDA-stimulated Erk activation (Figure 4A). Similar results
were obtained from primary cultures of cerebellar granule
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Figure 3 Comparison of neuronal damage and CREB activation in wild-type and Ras-GRF double knockout mice after stroke-induced
ischemia. (A) Ischemic lesion volumes were measured 24 h after transient focal cerebral ischemia was produced, by occluding the right internal
carotid artery of wild-type (wt) and Ras-GRF double knockout mice (grfl/grf2(—/—)). Data represent the average of eight mice for each
group+s.d., P<0.01. (B) Cross sections of a representative experiment used to generate data in (A), with an area of ischemia marked with an
arrow. (C) CREB activation in the control half or occluded half of the brain was measured 30 min after the initiation of ischemia in either wild-
type or double Ras-GRF knockout mice. The data are the average of three experiments+s.d.

neurons isolated from 6-day-old mice and cultured for 7 days
(data not shown). Finally, CREB phosphorylation by NMDA
treatment was also not affected by the loss of Ras-GRF
proteins in these neuronal cultures from double knockout
mice (Figure 4B). These results show that Ras-GRF proteins
do not play a major role in coupling NMDARs to Erk Map
kinase and CREB activation in isolated cortical neurons
derived from neonatal mice and cultured for a brief time in
vitro.

To confirm that the difference in the way NMDARs activate
the Ras/Erk signaling was a function of age of the mice and
not a function of the neuron preparation, cortical brain slices
from newborn, day 10 and day 20 wild-type and Ras-GRF
double knockout mice were compared with previous results
from adult (30-40 days) mice. Consistent with the hypothesis
that the role for Ras-GRFs in coupling NMDARs to Erk is age
dependent, brain slices from newborn (Figure 4C) and day 10
double Ras-GRF knockout mice (Figure 4D) showed no
impairment of NMDA-induced Erk activation, while brain
slices from day 20 (Figure 4D) were similar to adult brain
slices (Figure 2A) in showing complete abrogation (Figure 4C)
of NMDA-induced Erk activation. A similar age-dependent
regulation of CREB phosphorylation by Ras-GRFs was also
obtained (data not shown).

In addition to responding directly to tyrosine kinase re-
ceptors, the Sos1l and Sos2 Ras exchange factors can also be
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activated by calcium influx. This occurs through calcium-
induced activation of the Pyk (Lev et al, 1995) and Src
kinases (Rusanescu et al, 1995), which leads to tyrosine
phosphorylation of the Shc adaptor protein and then complex
formation with a Grb2/Sos complex. To determine whether
Sos proteins could be involved in NMDA-induced activation
of the Ras/Erk/CREB signaling pathway in neonatal neurons,
complex formation between Shc and Grb2 was assessed as an
indicator of potential Sos involvement. Enhanced Shc/Grb2
complex formation was observed after NMDA stimulation of
brain slices from newborn mice (Figure 5A, left). In contrast,
little, if any, enhancement of Shc/Grb2 complex formation
was detected after NMDA stimulation of brain slices from
adult mice, consistent with our observation that Ras-GRF is
the major mediator of NMDA signaling to Ras in mature
neurons (Figure 5A, right). Moreover, preincubation of neu-
rons from newborn animals with the Src inhibitor PP1
suppressed both Erk and CREB activation induced by
NMDA (Figure 5B). In contrast, treatment of adult brain
slices with the Src inhibitor PP1 had no effect on either Erk
or CREB activity (Figure 5C), consistent with the fact that
Ras-GRFs are activated directly by calcium/calmodulin bind-
ing. Finally, the developmental pattern of Sos protein expres-
sion is opposite to that of Ras-GRF, such that Sos levels are
higher in the cortex of neonatal animals than in those from
adult mice (Figure 1C).

©2004 European Molecular Biology Organization
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Figure 4 NMDA-induced Erk and CREB activation in neurons from
neonatal animals. (A) Primary cultures of cortical neurons isolated
from newborn mice of either wild-type or Ras-GRF double knockout
mice were cultured in vitro for 7 days and then stimulated with
NMDA (100 uM) for various amounts of time. Cell lysates were then
assayed for Erk activation as described previously. Some neurons
were exposed to the NMDAR inhibitor APV, to show that the effect
of NMDA was specific. (B) Wild-type and Ras-GRF double knockout
neurons were stimulated as described in (A) and then assayed for
CREB activation as described previously. (C) Cortical brain slices
were prepared from newborn mice as described previously for brain
slices from adult animals. The samples were then stimulated and
assayed as described in Figure 2. (D) Cortical brain slices from day
10 or day 20 wild-type or Ras-GRF double knockout mice were
prepared and stimulated and assayed as described in Figure 2.
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Figure 5 Sos protein involvement in NMDA-induced Erk activation
in neurons from neonatal mice. (A) Shc/Grb2 complex formation.
Cortical brain slices from neonatal or adult mice were treated with
buffer (—) or NMDA (100 pum) (+ ) for 5min and then lysates were
immunoprecipitated with anti-Shc antibodies and then immuno-
blotted with anti-Grb2 antibodies. Total Shc in cell lysates in
samples was also assessed. The data are representative of two
independent experiments. (B, C) PP1 inhibition. Buffer or various
concentrations of the Src family inhibitor PP1 were preincubated for
30 min with brain slices from either neonatal mice (B) or adult mice
(C). The samples were then stimulated with NMDA and processed
as described previously for Erk (top panels) or CREB (bottom
panels) activation. The data are representative of at least two
independent experiments.

These data argue that NMDARs switch from using Sos
exchange factors to Ras-GRF exchange factors to activate Ras
and Erk and to maintain CREB signaling upon postnatal
development, concomitant with an increase in the expression
of Ras-GRF proteins and a decrease in Sos expression.

Discussion

The experiments described in this paper reveal that both
Ras-GRF proteins, Ras-GRF1 and Ras-GRF2, couple NMDA
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glutamate receptors to the Ras/Erk/CREB signaling cascade
in neurons from adult mice. This conclusion is based on
studies on tissue from knockout mice lacking either Ras-
GRF1, Ras-GRF2 or both Ras-GRF family members. Knockout
of only one Ras-GRF family member generated only small,
difficult to reproducibly detect, defects in NMDAR regulation
of Ras and Erk in brain slices from adult. The lack of the
expected 50% signaling defect in single knockout mice was
not due to a significant increase in the expression of the
remaining family member, which suggests instead that, under
normal conditions, excess Ras-GRF exchange factor activity
exists. Thus, a clear defect in the regulation of Ras and Erk by
NMDARs was only observed when both Ras-GRF family
members were missing. CREB regulation by NMDARs was
also disrupted in brain tissue from these mice. CREB activity
in adult tissues is enhanced by kinases including Erk that
phosphorylate it at Ser 133. However, CREB phosphatases are
highly active in mature neurons and blunt NMDA activation
of the transcription factor (Sala et al, 2000; Hardingham and
Bading, 2002). Consistent with these findings, we failed to
reproducibly detect an increase in CREB phosphorylation at
Ser 133 in brain slices from adult mice after NMDA stimula-
tion. However, in Ras-GRF double (but not single) knockout
mice, we observed a clear NMDA-induced decrease in CREB
phosphorylation. Thus, both Ras-GRFs likely promote the
maintenance of CREB activity in the cortex of adult mice
upon NMDA signaling, since Erk activity has been shown to
contribute to the late phase of CREB phosphorylation after
NMDA stimulation (Impey et al, 2002). Ras-GRFs could also
potentially accomplish this task by suppressing CREB phos-
phatases, although this possibility is less likely since we
found that the lack of both Ras-GRFs in Ras-GRF double
knockout mice did not suppress BDNF-induced CREB phos-
phorylation at Ser 133.

These findings imply that Ras-GRF1 and Ras-GRF2 play
redundant roles in coupling NMDARs to Ras/Erk and CREB
signaling, which is consistent with the fact that most CNS
neurons contain both proteins (unpublished observation).
However, subtle differences in the functions of an individual
Ras-GRF family member may be revealed when neurons are
activated by glutamate under conditions that are more nat-
ural than those used in this study. Moreover, neurons that
predominantly express one Ras-GRF family member likely
exist in the CNS, and thus in these cells one Ras-GRF may
play the major role in calcium signaling. These possibilities
are consistent with the fact that Ras-GRF1 (Itier et al, 1998),
but not Ras-GRF2 (Fernandez-Medarde et al, 2002), knockout
mice have been found to be smaller in size than normal mice,
due at least in part to the impaired growth hormone secretion
in Ras-GRF1 knockout mice (Itier et al, 1998).

An equally important conclusion from these studies is that
the participation of Ras-GRFs in coupling NMDARs to Ras/
Erk/CREB signaling is developmentally regulated. No detect-
able defect in NMDAR activation of the Ras/Erk/CREB sig-
naling cascade was observed in brain slices derived from
newborn or postnatal day 10 double Ras-GRF knockout mice.
However, at postnatal day 20 and beyond, contributions from
both Ras-GRFs to this signaling cascade became apparent.

We found evidence to support the idea that in neonatal
neurons, NMDARs signal through the Sos exchange factors
instead of the Ras-GRFs. Sos proteins are best known for their
ability to be activated in response to ligands that activate
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tyrosine kinase receptors, and they play such a role by
mediating neurotrophin function through Trk receptors in
neurons. However, Sos proteins also become stimulated in
response to elevated calcium levels in neurons through
activation of intracellular tyrosine kinases, such as Src and
Pyk2. These kinases phosphorylate the Shc adaptor protein,
which then recruits a Grb2/Sos complex to its target Ras in
the membrane (Takai et al, 2001). We demonstrated the
engagement of Shc with Grb2 in neonatal brain slices stimu-
lated with NMDA. In addition, NMDA receptor activation of
the Ras/Erk/CREB signaling cascade in this tissue was
blocked when an Src inhibitor was introduced.

The mechanism by which NMDARs switch from Sos to
Ras-GRF signaling during postnatal mouse development is
not yet clear, although developmentally regulated changes in
the expression of both Ras-GRFs and Sos proteins may be
involved. In particular, we have shown that Sos protein
expression is at its highest in neonatal neurons, when we
have shown that it is functionally engaged with NMDARs,
while the levels of Ras-GRF1 and Ras-GRF2 are at their
lowest. In the adult, the pattern of expression and functional
significance of exchange factors in NMDAR signaling is
reversed. Sos levels drop dramatically during postnatal devel-
opment and are at their lowest levels in the adult. Moreover,
we found no evidence for NMDA signaling to Sos proteins in
adult tissue, since we no longer detected an NMDA-induced
increase in Shc/Grb2 complex formation, and we no longer
observed suppression of NMDA induction of the Ras/Erk/
CREB signaling cascade by an Src inhibitor. The reason for
the loss of Sos coupling to NMDA signaling in the adult is
clearly more complex than just a decrease in Sos expression,
because Sos proteins are still capable of coupling neurotro-
phins to Ras in adult neurons and the defect we found was
upstream of Sos. Presumably, signaling components needed
to activate Sos through NMDARs, such as Shc or Grb2, are
unable to respond to a calcium influx mediated by NMDARs
in adult tissue, possibly because of their distinct subcellular
localization in adult neurons.

In contrast to Sos, Ras-GRF1 and Ras-GRF2 accumulate
during postnatal development and are at their highest levels
in the adult. It is at this time, not in the neonate, that they
play a dominant role in connecting NMDARs to Ras/ERK/
CREB activity. The subunit structure of NMDARs changes
during postnatal development, such that the receptors con-
tain predominantly NR1/NR2B subunits in neonatal animals
and NR1/NR2A subunits in more mature animals. This
change is associated with an age-dependent increase in the
concentration of NR2A, while the level of the NR2B remains
constant (Cull-Candy et al, 2001). This raised the possibility
that the age-dependent coupling of NMDARs to Ras-GRFs
derives at least in part by the co-appearance of NR2A sub-
units in NMDARs along with Ras-GRFs during postnatal
development. However, while the present paper was under
review, Krapivinsky et al (2003) reported that Ras-GRF1
couples NMDARs to Erk activation by binding to the NR2B,
not NR2A subunit of the NMDA receptor. The predominance
of NR2B-containing NMDARs in young animals led to the
hypothesis that Ras-GRF1 is mainly involved in regulating
neonatal neurons, presumably to contribute to neuronal
differentiation (Krapivinsky et al, 2003). Despite this correla-
tion, our data show that neither Ras-GRF1 nor Ras-GRF2 play
a significant role in regulating NMDA activation of Ras and
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Erk in neonatal animals, but instead are the predominant
mediators of this function in fully differentiated neurons.
Consistent with this view is the fact that complexes between
endogenous Ras-GRF1 and NR2B can be detected in brain
lysates from adult animals (Krapivinsky et al, 2003). Also,
we did not detect any gross defects in brain morphology in
Ras-GRF1, Ras-GRF2 or double Ras-GRF knockout mice
(unpublished observations). Moreover, we have shown that
Ras-GRF2 plays an equally important role in coupling
NMDARSs to Erk signaling in mature cortical neurons, yet it
is different from Ras-GRF1 in the region critical for binding to
the NR2B subunit of the NMDAR (Krapivinsky et al, 2003).
These results imply that either Ras-GRF2 responds specifically
to calcium influx from NR2B-containing NMDARs through
a different localizing mechanism, that Ras-GRF2 couples Erk
activation to a different NMDAR subunit or that Ras-GRF2
couples Erk indiscriminately to all forms of NMDARs. These
possibilities are presently under investigation.

To complement our biochemical studies assessing the loss
of Ras-GRF function in neurons, we searched for physiological
defects in Ras-GRF knockout mice. We began by examining
the response of Ras-GRF knockout mice to an established
model for stroke (Asahi et al, 2001), since excess signaling
through NMDARs is known to play a central role in promoting
ischemia-induced neuronal damage (Lo et al, 2003), and CREB
is a known survival-promoting transcription factor. Consistent
with our biochemical studies in brain slices that showed
a positive role for both Ras-GRF1 and Ras-GRF2 in the
maintenance of CREB phosphorylation, we found that both
Ras-GRF family members normally play protective roles in this
process, since ischemia-induced lesions were over two-fold
larger in double Ras-GRF knockout mice than control mice,
while single knockout mice showed only small, if any, effects.

Furthermore, we compared CREB phosphorylation in the
brain lysates of wild-type and Ras-GRF double knockout mice
30min after the initiation of ischemia, since cerebral artery
occlusion has been shown to activate CREB phosphorylation
through NMDARs (Mabuchi et al, 2001). The signaling events
that occur after ischemia are clearly more complex than in
our in vitro experiments, where we did not see enhanced
CREB phosphorylation, presumably because of concurrent
activation of CREB phosphatases (Sala et al, 2000).
Nevertheless, we observed that ischemia-induced CREB
phosphorylation on Ser133 observed on the treated side of
the brain of control mice was suppressed in double Ras-GRF
knockout mice. Thus, these in vivo experiments are consis-
tent with our in vitro experiments on brain slices, both of
which concluded that Ras-GRFs contribute to the mainte-
nance of CREB phosphorylation after NMDAR stimulation.

The finding of a neuroprotective effect and a positive role
in CREB regulation for Ras-GRF1 and Ras-GRF2 are striking in
light of recent reports showing that NR2B subunits are
enriched in extra-synaptic NMDARs (Hardingham and
Bading, 2002; Brickley et al, 2003), which promote both the
suppression of CREB activity through CREB phosphatase
activation and the stimulation of cell death (Hardingham
et al, 2002). As Ras-GRF1 binds to NMDARs containing
NRB2 subunits (Krapivinsky et al, 2003), the neuroprotective
effect of Ras-GRF1 presumably limits the negative effects that
other downstream effectors of extra-synaptic NMDARs have
on cell survival. Through which class of NMDARs Ras-GRF2
exerts its neuroprotective effects remains to be determined.
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In contrast to the present study, Krapivinsky et al (2003)
reported no effect of Ras-GRF1 on the phosphorylation state
of CREB at Ser 133. The reason for this difference is not yet
clear, but it may be the consequence of differences in the
types of neurons studied and/or differences in the method
used to inhibit Ras-GRF function. Krapivinsky et al used
hippocampal neurons isolated from day 18 rat embyros and
then cultured in vitro for 14 days, compared to cortical brain
slices from day 20 and older mice used in the present study.
Another important difference may be that Krapivinsky et al
suppressed Ras-GRF function in cells by transfecting a cDNA
encoding a peptide thought to block the interaction of
NMDARs with Ras-GRF1, but not Ras-GRF2 in primary
hippocampal neurons. Our results with knockout mice
show that we can only clearly detect a defect in NMDAR
signaling when the functions of both Ras-GRFs are missing.

NMDARs switch from signaling through Sos proteins to
signaling through Ras-GRFs in the cortex between postnatal
day 10 and day 20, and continue using the latter GEF
throughout adulthood. Thus, for the most part, NMDARs
use Ras-GRFs to signal to Ras and Erk after gross morpholo-
gical development in the cortex has taken place and active
synaptogenesis has been completed. Presumably, Ras-GRFs
endow NMDARs with new functions required of differen-
tiated neurons that cannot be accomplished by Sos proteins
in neonatal neurons. Although Ras-GRFs and Sosl and Sos2
are similar in that they both activate Ras and the Raf/Erk
kinase cascade in response to calcium, the Raf/Erk signaling
cascade is only one of the many known downstream effector
pathways emanating from Ras. Others are mediated by addi-
tional Ras targets, including PI3 kinase, Ral-GEFs, Tiaml,
Norel and Rin proteins (Takai et al, 2001). Moreover, both
Ras-GRFs and Sos have a second exchange factor domain that
activates Rac GTPases, which modulate the activity of at least
10 different effector proteins (Takai et al, 2001). Recent
experiments have shown that GEFs not only activate
GTPases but also participate in the selection of specific
GTPase targets for activation (Zhou et al, 1998; Buchsbaum
et al, 2003) by binding specific GTPase effectors directly or by
binding scaffold proteins that recruit specific effectors to GEF
target GTPases. Also, the Ras-activating CDC25 GEF domain
of Ras-GRF1, but not that of Sos proteins, activates the Ras-
related R-Ras protein (Gotoh et al, 1997; Tian and Feig, 2001),
which has been implicated in inside/out integrin signaling.
Thus, NMDARs may switch from Sos to Ras-GRF exchange
factors upon postnatal development to alter the pattern of
effector pathways activated by Ras and Rac family GTPases.

Regulation of gene expression is thought to be a key
mechanism by which NMDARs mediate synaptic plasticity,
learning and memory. The fact that Ras-GRFs contribute to
NMDA receptor signaling to the Ras/Erk/CREB signaling path-
way in adults implies that this family of exchange factors plays
a key role in mediating some aspects of this physiological
process in adults. In fact, previous studies on single Ras-GRF1
and Ras-GRF2 knockout mice have detected changes in
amygdala- and hippocampal-dependent learning, although
some significant inconsistencies in conclusions from these
studies exist (Brambilla et al, 1997; Giese et al, 2001).

Finally, developmental changes in NMDAR signaling have
been proposed to contribute to age-dependent neuronal
functions, such as increased sensitivity to excitoxicity and
the loss of plasticity associated with brain maturation. These
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changes include alterations in gating properties of the
NMDAR (Sheng et al, 1994; Quinlan et al, 1999). NMDARs
also activate a CREB phosphatase (Sala et al, 2000;
Hardingham and Bading, 2002) and increase their association
with specific scaffold proteins in an age-dependent manner
(Rao et al, 1998). In this study, we have detected a new
developmentally regulated change in NMDAR function,
where the receptor changes the mechanism by which it
couples to Ras family GTPases. How this ‘exchange factor
switching’ contributes to the unique properties displayed by
mature neurons is presently under investigation.

Materials and methods

Generation of ras-grf1/ras-grf2 double knockout mice
ras-grfl~/~ mice have been described previously (Giese et al, 2001).
The generation and full characterization of ras-grf2~/ mice will be
described in detail in a manuscript in preparation. Briefly, a genomic
clone of ras-grf2 was isolated from a 129/Sv mouse genome library.
A neomycin gene was inserted into a 10 kb Sal/EcoRI fragment of the
first exon to generate a targeting vector (see supplementary
material). ES cells were selected for homologous recombination by
PCR and chimeras were generated in 129/Sv mice. Male chimeras
were mated and heterozygous mutants derived from one targeted
clone were intercrossed to obtain homozygous mutants. For the
generation of ras-grfl~/~/ras-grf2 ™/~ double knockout mice, homo-
zygous mice of ras-grfl™/~ and ras-grf2™/~ were crossbred as
follows. The first-generation heterozygous for both ras-grfl and ras-
grf2 (ras-grfl 7/~ /ras-grf2 */~) were crossbred with the ras-grfl /=
mice for the second generation. The expected 1/4 of the offspring
from the second generation were ras-grfl /~/ras-grf2 "/~ mice.
After crossbreeding the ras-grfl ~/~/ras-grf2 */~ mice for the third
generation, the ras-grfl ~/~/ras-grf2 ™/~ double knockout mice were
obtained in the expected ratio of 1/4. Genotyping of the offspring
was performed by PCR of tail DNA extracts and by Western blot for
both Ras-GRF1 and Ras-GRF2 proteins. As Ras-GRF1 knockout mice
were previously bred into the C57BL/6J background, hybrid mice of
the C57BL/6J x 129S1/SvimJ background of the same generation
were obtained from The Jackson Laboratory (B6129SF2/J, Bar
Harbor, ME, USA) for control experiments. For experiments on
single knockout mice, C57Bl/6J or 129/Sv were used. ras/grfl(—/—)
mice and double knockout mice were smaller than controls, while
ras/grf2(—/—) mice were of normal size.

Primary cultures of cortical neurons

Cortical neurons were prepared from the brains of newborn mice as
previously described (Xia et al, 1996). For the NMDA (RBI/Sigma,
USA) stimulation, the cultures were incubated with 100 uM NMDA/
10mM KCl for the times indicated in the figures. Inhibitors, 100 uM
DL-2-amino-5-phosphonovaleric acid (APV, RBI/Sigma, USA) or
PP1 (Sigma), were added to the cultures 30 min before stimulation.
Cells were lysed in buffer A containing 10 mM Tris-HCI (pH 7.5),
1mM EDTA, 150mM NaCl, 1% NP-40, 0.1% SDS, 1 mM PMSF,
10 pg/ml aprotinin, 10 pg/ml leupeptin and 1 mM NaVOs;. Nucleus-
free supernatants were subjected to SDS-PAGE and immunoblotting
with different antibodies as indicated.

Cortical brain slices preparation

Cortical brain slices (300 um thick) were prepared as previously
described (Vanhoutte et al, 1999), from day 0 pups or 3-month adult
mice. The slices were placed into six-well plates (two to four slices
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per well) with Krebs-Ringer solution (11.1mM glucose, 1.1 mM
MgCl,, 1mM Na,HPO,, 1.3mM CaCl,, 25mM NaHCO;, 120 mM
NaCl, 4.7 mM KCl) saturated with 95% 0,-5% CO, at 25°C. The
brain slices were incubated 60 min before pharmacological treat-
ment to prevent initial neuronal firing due to the slicing procedure.
For the protein activation experiments, 100 uM NMDA or 100 ng/ml
brain-derived neurotrophic factor (BDNF, Chemicon, CA, USA) was
applied, respectively, at different times as indicated in the figures.
For the inhibition experiments, inhibitors were added as described
above 30 min before treatment of the brain slices culture. At the end
of the experiment, cortical slices were rapidly removed from the
wells and immediately lysed in buffer A. Insoluble material was
removed by centrifugation (13 000 g for 20 min at 4°C). The prepared
samples were subject to immunoblotting for different proteins.

Antibodies

Anti-phospho-Erk1/2 antibody, anti-phospho-Ser!**-CREB antibody,
anti-phospho-JNK antibody, anti-CREB antibody and anti-JNK
antibody were all obtained from Cell SignallingTechnology (MA,
USA). Anti-GRF1(C-20), anti-GRF2, anti-Sos and anti-Erk1(K-23)
antibodies were obtained from Santa Cruz (CA, USA). Anti-Ras
antibodies were obtained from Transduction Laboratories (USA).

Measurement of GTP-bound state of Ras

Ras activation was measured as described previously (de Rooij and
Bos, 1997). Briefly, the slices were lysated in buffer 50 mM Tris-HCl
(pH 7.5), 10mM MgCl,, 200mM NaCl, 2% NP40, 10% glycerol,
1 mM PMSF, 10 pg/ml aprotinin, 10 ug/ml leupeptin, 1 mM NaVO;
and 1 mM DTT. Nucleus-free supernatants containing 150 pg total
protein were affinity purified using a GST fusion with Ras-GTP-
binding domain of c-Raf (GST-Raf-BD) immobilized on S-hexylglu-
tathione-agarose beads (Sigma) by incubating for 1h at 4°C, after
washing 3 x with 25mM Tris-HCI (pH 7.5), 30 mM MgCl,, 40 mM
NaCl, 1% NP40 and 1 mM DTT. Immunoblots were visualized with
anti-Ras antibodies (Transduction Laboratories) by ECL.

Focal cerebral ischemia model and evaluation of brain
infarction

Forebrain ischemia was induced by bilateral carotid artery occlusion
(BCAO) in male WT mice or ras-grfl/~ oras-grf2~/~ double
knockout mice as described (Asahi et al, 2001). Focal cerebral
ischemia was induced by middle cerebral artery occlusion (MCAO)
using a silicon-coated 8-0 nylon filament. Regional cerebral blood
flow was monitored by laser-Doppler flowmetry (FLO-C1, Omega-
wave, Tokyo, Japan). Animal protocols followed the National
Cardiovascular Center’s guidelines for animal care and experiments.
Brains were cut into coronal slices, and incubated with 2% 2,3,
S-triphenyltetrazolium chloride, as described (Asahi et al, 2001). The
infarcted areas were measured on each section by an image analysis
system (Olympus, Tokyo, Japan), and infarction volume was
calculated by summing the infarct areas. Evaluation of brain atrophy
volume was carried out using the following formula: (contralateral
volume—ipsilateral volume) x 100/contralateral volume.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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