
 10.1101/gad.342205Access the most recent version at doi:
 2005 19: 2000-2015Genes Dev.

 
Yi Qin, Yinghua Zhu, Joel P. Baumgart, et al.
 
State-dependent Ras signaling and AMPA receptor trafficking
 
 

Material
Supplemental  http://genesdev.cshlp.org/content/suppl/2005/08/18/gad.342205.DC1.html

References

 http://genesdev.cshlp.org/content/19/17/2000.full.html#related-urls
Article cited in: 
 

 http://genesdev.cshlp.org/content/19/17/2000.full.html#ref-list-1
This article cites 84 articles, 36 of which can be accessed free at:

service
Email alerting

 click heretop right corner of the article or
Receive free email alerts when new articles cite this article - sign up in the box at the

 http://genesdev.cshlp.org/subscriptions
 go to: Genes & DevelopmentTo subscribe to 

Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on January 6, 2012 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/doi/10.1101/gad.342205
http://genesdev.cshlp.org/content/suppl/2005/08/18/gad.342205.DC1.html
http://genesdev.cshlp.org/content/19/17/2000.full.html#ref-list-1
http://genesdev.cshlp.org/content/19/17/2000.full.html#related-urls
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=genesdev;19/17/2000&return_type=article&return_url=http://genesdev.cshlp.org/content/19/17/2000.full.pdf
http://genesdev.cshlp.org/subscriptions
http://genesdev.cshlp.org/
http://www.cshlpress.com


State-dependent Ras signaling and AMPA
receptor trafficking
Yi Qin,1,3,5,6 Yinghua Zhu,1,5 Joel P. Baumgart,1,2,5 Ruth L. Stornetta,1 Kenneth Seidenman,3

Volker Mack,4 Linda van Aelst,3 and J. Julius Zhu1,2,7

1Department of Pharmacology and 2Neuroscience Graduate Program, University of Virginia School of Medicine,
Charlottesville, Virginia 22908, USA; 3Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724, USA;
4Department of Molecular Neurobiology, Max Planck Institute for Medical Research, Heidelberg D-69120, Germany

Synaptic trafficking of AMPA-Rs, controlled by small GTPase Ras signaling, plays a key role in synaptic
plasticity. However, how Ras signals synaptic AMPA-R trafficking is unknown. Here we show that low levels
of Ras activity stimulate extracellular signal-regulated kinase kinase (MEK)–p42/44 MAPK (extracellular
signal-regulated kinase [ERK]) signaling, whereas high levels of Ras activity stimulate additional Pi3 kinase
(Pi3K)–protein kinase B (PKB) signaling, each accounting for ∼50% of the potentiation during long-term
potentiation (LTP). Spontaneous neural activity stimulates the Ras–MEK–ERK pathway that drives GluR2L
into synapses. In the presence of neuromodulator agonists, neural activity also stimulates the Ras–Pi3K–PKB
pathway that drives GluR1 into synapses. Neuromodulator release increases with increases of vigilance.
Correspondingly, Ras–MEK–ERK activity in sleeping animals is sufficient to deliver GluR2L into synapses,
while additional increased Ras–Pi3K–PKB activity in awake animals delivers GluR1 into synapses. Thus,
state-dependent Ras signaling, which specifies downstream MEK–ERK and Pi3K–PKB pathways, differentially
control GluR2L- and GluR1-dependent synaptic plasticity.

[Keywords: Ras; Erk; Pi3 kinase; Src; synaptic plasticity; neuromodulators; behavioral states]
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The most widely studied example of synaptic plasticity
is long-term potentiation (LTP), the sustained synaptic
enhancement after brief periods of repetitive synaptic
activity. It is believed that understanding the cellular
and molecular mechanisms for LTP will elucidate physi-
ological and pathological phenomena of neural develop-
ment, adaptation, learning, and memory. In current
models of plasticity (Malinow and Malenka 2002; Sheng
and Kim 2002; Bredt and Nicoll 2003; Thomas and Hu-
ganir 2004), NMDA-sensitive glutamate receptor (-R)
opening, a rise in post-synaptic calcium concentration,
activation of a variety of kinases, phosphorylation of
AMPA-Rs, and synaptic trafficking of AMPA-Rs after
synaptic activity are crucial events in synaptic plasticity.
However, the biochemical cascades linking NMDA-R
activity with activation of kinases and AMPA-R traffick-
ing remain poorly understood.

AMPA-Rs are multimeric proteins composed of the
subunits GluR1, GluR2, GluR2L, GluR3, and GluR4

(Hollmann and Heinemann 1994; Schoepfer et al. 1994;
Dingledine et al. 1999). The cytoplasmic C termini of the
constituent subunits, which can be either long or short,
define the trafficking characteristics of AMPA-Rs (Ma-
linow and Malenka 2002; Sheng and Kim 2002; Bredt and
Nicoll 2003; Thomas and Huganir 2004). AMPA-Rs with
long cytoplasmic termini (e.g., GluR1- or GluR2L-con-
taining AMPA-Rs) are normally restricted from synapses
and driven into synapses during activity-induced synap-
tic enhancement. Yet, it is not clear why both GluR2L
and GluR1 subunits are expressed and required for LTP
in juvenile and adult CA1 neurons (Zamanillo et al.
1999; Kolleker et al. 2003). More importantly, whether
and how synaptic delivery of GluR2L- and GluR1-con-
taining AMPA-Rs is differentially regulated remains un-
known.

Small GTPase Ras, as well as its activators (GEFs) and
inactivators (GAPs), are present at synapses, and they
control synaptic plasticity and cognitive behaviors (Gre-
wal et al. 1999; Sheng and Kim 2002; Krapivinsky et al.
2003; Tian et al. 2004; Kim et al. 2005). Moreover, dis-
eases causing cognitive impairment are associated with
genetic defects of molecules involved in Ras signaling
[e.g., H-Ras with autism (Comings et al. 1996), RasGap
NF1 with neurofibromatosis (Costa et al. 2002; Tong et
al. 2002), Tuberin with tuberous sclerosis (Inoki et al. 2003),
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and Rsk with Coffin-Lowry syndrome and X-linked men-
tal retardation (Trivier et al. 1996; Yntema et al. 1999)].
Furthermore, our recent study showed that low-level Ras
activation delivers GluR2L-containing AMPA-Rs into
synapses, whereas high-level Ras activation also drives
synaptic insertion of GluR1-containing AMPA-Rs (Zhu
et al. 2002). Because Ras regulates intracellular processes
via multiple pathways, including extracellular signal-
regulated kinase kinase (MEK)–extracellular signal-regu-
lated kinase (ERK) and phosphoinositide 3-kinase (Pi3K)-
protein kinase B (PKB) pathways in nonneuronal cells
(White et al. 1995; Rodriguez-Viciana et al. 1997), these
findings raise an intriguing possibility that different lev-
els of Ras activity may control GluR2L- and GluR1-me-
diated LTP via differentially stimulating downstream
pathways.

In this study, we tested the hypothesis that levels of
Ras activity specify distinct downstream pathways that
differentially control GluR2L- and GluR1-mediated syn-
aptic plasticity. We found that spontaneous neural activ-
ity, such as that occurring in cultured brain slices or
intact brains of sleeping animals, stimulates the Ras–
MEK–ERK pathway sufficiently to induce GluR2L-me-
diated synaptic potentiation. In contrast, in intact brains
of awake animals where neuromodulator release is gen-
erally increased (Steriade and McCarley 1990), neural ac-
tivity additionally stimulates the Ras–Pi3K–PKB path-
way, which, together with Ras–MEK–ERK activity, is re-
quired to induce GluR1-mediated synaptic potentiation.
Notably, Ras activity coordinates multiple downstream
signaling pathways (i.e., Ras–MEK–ERK and Ras–Pi3K–
PKB pathways) that control neoplastic proliferation and
transformation as well as GluR2L- and GluR1-mediated
synaptic plasticity.

Results

Active Ras mutants enhance AMPA-R-mediated
synaptic transmission

To test whether Ras signals synaptic potentiation via
multiple pathways, we generated three GFP-tagged
Ras mutant constructs from a constitutively active
Ras(V12) background: T35 → S [Ras(S35)-GFP], E37 → G
[Ras(G37)-GFP], and Y40 → C [Ras(C40)-GFP]. These
three active Ras mutants are known to specifically acti-
vate distinct Ras effectors: C-Raf (also known as Raf-1),
B-Raf and/or RalGEF, and Pi3K, respectively (White et al.
1995; Yamamori et al. 1995; Rodriguez-Viciana et al.
1997). Dependent on cell type, Ras(S35) and/or Ras(G37)
can stimulate ERK activity, which may be mediated by
C-Raf and/or B-Raf (Moodie et al. 1994; White et al. 1995;
Yamamori et al. 1995; Rodriguez-Viciana et al. 1997). In
addition, Ras(G37) can also stimulate Ral activity (Rod-
riguez-Viciana et al. 1997). On the other hand, Ras(C40)
activates Pi3K, which can subsequently stimulate PKB
(also known as Akt) activity (Bos 1995; Datta et al. 1999).
These GFP-tagged active Ras constructs, when ex-
pressed, produced strong GFP fluorescence, which al-
lowed unambiguous identification of expressing cells.

Two photon images of CA1 pyramidal neurons express-
ing these Ras mutants revealed a homogeneous expres-
sion pattern, including expression in dendritic spines
(Fig. 1A), sites for excitatory synaptic contacts. These
results indicate that Ras mutants can travel to synapses.

To determine whether these Ras mutants affect syn-
aptic transmission, electrophysiological recordings were
obtained simultaneously from nearby expressing and
nonexpressing CA1 neurons. Afferent fibers were stimu-
lated and excitatory post-synaptic currents were re-
corded. Neurons expressing Ras(G37)-GFP or Ras(C40)-
GFP had enhanced AMPA-R-mediated synaptic re-
sponses compared with nearby nonexpressing cells,
whereas neurons expressing Ras(S35)-GFP had the same
AMPA responses compared with nearby nonexpressing
cells (Fig. 1B–E). NMDA-R-mediated responses were not
different between expressing and nearby nonexpressing
neurons (Fig. 1B–E). These results are consistent with the
finding that synaptic NMDA-Rs and AMPA-Rs are dif-
ferentially regulated (Rao and Craig 1997), and suggest
that Ras(G37)-GFP- or Ras(C40)-GFP-mediated potentia-
tions were mediated by post-synaptic, but not presynap-
tic mechanisms.

To determine which downstream Ras signaling path-
ways mediate the Ras(G37)-GFP- or Ras(C40)-GFP-medi-
ated synaptic potentiation in CA1 neurons, we included
PD98059, which inhibits MEK, the ERK activating en-
zyme (Dudley et al. 1995), and LY294002, which inhibits
Pi3K (Davies et al. 2000), during expression of Ras(G37)-
GFP and Ras(C40)-GFP. We found that the Ras(G37)-
GFP-stimulated potentiation was blocked by PD98059,
whereas Ras(C40)-GFP-stimulated potentiation was
blocked by LY294002 (Fig. 1D,E). These results suggest
that in CA1 neurons, Ras(G37) mutant, but not Ras(S35)
mutant, potentiates AMPA responses via stimulating
ERK activity, while Ras(C40) mutant does so via promot-
ing Pi3K activity. Interestingly, Ras(C40)-GFP-stimu-
lated potentiation was also blocked by PD98059 (Fig. 1E),
suggesting that the potentiation may require spontane-
ous ERK activity (Zhu et al. 2002).

To confirm that the Ras(G37) mutant stimulates ERK
activity and the Ras(C40) mutant activates Pi3K in CA1
neurons, we examined the phosphorylated (active) form
of ERK and PKB in CA1 cells expressing these active Ras
mutants. Western blot analysis indicates that the phos-
phorylated ERK was selectively enhanced in tissues ex-
pressing Ras(G37)-GFP, while the phosphorylated PKB
was selectively enhanced in tissues expressing Ras(C40)-
GFP (Fig. 2A,B). Expressing Ras(S35)-GFP had no effect
on phosphorylation of ERK and PKB. Lack of ERK acti-
vation with this mutant was somewhat surprising. We
wanted to ensure that this mutant was functional and to
this end we infected HeLa cells with Ras(S35)-GFP vi-
rally. HeLa cells expressing Ras(S35)-GFP had a signifi-
cantly higher level of the phosphorylated form of ERK
(Supplementary Fig. S1), consistent with our previous
report (White et al. 1995). Previous studies have shown
that Ras(G37) can stimulate B-Raf, as well as Ral (White
et al. 1995; Yamamori et al. 1995; Rodriguez-Viciana et
al. 1997). We found that expressing Ras(G37)-GFP in-
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creased the phosphorylated B-Raf, but had no effect on
the levels of phosphorylated C-Raf and active GTP-
bound Ral in CA1 cells (Supplementary Fig. S2). These
results suggest that Ras(G37) stimulates ERK activity via
B-Raf in CA1 cells. Together these results suggest that
Ras mutants engage different downstream effectors de-
pending on cell type, consistent with previous findings
(White et al. 1995; Yamamori et al. 1995; Rodriguez-Vi-
ciana et al. 1997). Collectively, the results indicate that
stimulation of Ras–MEK–ERK or Ras–Pi3K–PKB path-
way selectively up-regulates AMPA-R-mediated synap-
tic responses.

Ras pathways control phosphorylation and synaptic
insertion of GluR2L and GluR1

We showed previously that neurons expressing
GluR2L(R → Q)-GFP have enhanced AMPA responses
and rectification compared with nearby nonexpressing
neurons (Kolleker et al. 2003). In this construct, an
R → Q mutation is generated at its pore region to make
it a rectified channel, or electrophysiologically “tagged”
(Kolleker et al. 2003). Because AMPA-R-mediated re-
sponses in pyramidal neurons are largely nonrectifying
(Hestrin et al. 1990), synaptic insertion of GluR2L(R →
Q)-GFP will be indicated by the enhancement of ampli-
tude and rectification of AMPA responses. We previ-
ously reported that synaptic insertion of GluR2L(R →
Q)-GFP requires Ras signaling since blocking Ras activ-
ity blocks the enhanced rectification and amplitude of

AMPA responses in GluR2L(R → Q)-GFP-expressing
neurons (Zhu et al. 2002). In this study, we found that
PD98059, but not LY294002, blocked enhanced trans-
mission and rectification in GluR2L(R → Q)-GFP-ex-
pressing neurons (Fig. 3A,B). These results indicate that
GluR2L-mediated potentiation requires Ras–MEK–ERK
signaling. Moreover, neurons coexpressing GluR2L(R →
Q)-GFP with Ras(G37)-GFP had enhanced AMPA re-
sponses and rectification compared with nonexpressing
neurons (Fig. 3A,B). The amounts of increase in AMPA
responses and rectification in these neurons are the same
as neurons expressing GluR2L(R → Q)-GFP alone. As a
control, we found that neurons coexpressing GluR2L(R
→ Q)-GFP with Ras(C40)-GFP had increased AMPA re-
sponses that equal approximately the sum of neurons
expressing GluR2L(R → Q)-GFP and Ras(C40)-GFP alone
(Fig. 3B). These results indicate that Ras(G37)-GFP-me-
diated, but not Ras(C40)-GFP-mediated, potentiation oc-
cludes GluR2L(R → Q)-GFP-mediated potentiation. To-
gether, these results indicate that Ras–MEK–ERK activ-
ity is necessary and sufficient to drive synaptic insertion
of GluR2L(R → Q)-GFP.

But how does activation of Ras–MEK–ERK deliver
GluR2L into synapses? Previous studies suggested that
phosphorylation of AMPA-Rs with long cytoplasmic ter-
mini leads to their synaptic insertion (Song and Huganir
2002). S841 at cytoplasmic termini of GluR2L, which
corresponds to S845 in GluR1 and S842 in GluR4, seems
a likely phosphorylation site critical for synaptic deliv-
ery of GluR2L. Thus, we made the point mutation

Figure 1. Expression and functional effects of active
Ras mutants in hippocampal neurons. (A) Two-photon
images of GFP fluorescence indicate that Ras(S35)-GFP,
Ras(G37)-GFP, and Ras(C40)-GFP proteins are present
in the dendrites and spines of CA1 pyramidal neurons.
The dendritic spines are illuminated by RFP fluores-
cence. (B) Evoked AMPA-R-mediated (−60 mV) and
NMDA-R-mediated (+40 mV) responses recorded from
nonexpressing (Ctrl) and Ras(S35)-GFP-, Ras(G37)-
GFP-, or Ras(C40)-GFP-expressing cells. These active
Ras mutants were expressed in cultured slices in nor-
mal culture media for ∼15 h. (C, top) AMPA responses
in Ras(S35)-GFP-expressing cells cultured in normal
media (n = 14, p = 0.68). (Bottom) NMDA responses in
Ras(S35)-GFP-expressing cells cultured in normal me-
dia (n = 14, p = 0.38). (D, top) AMPA responses in
Ras(G37)-GFP-expressing cells cultured in normal me-
dia (n = 14, p < 0.01), or in media with 10 µM LY294002
(LY) (n = 14, p < 0.01) or with 25 µM PD98059 (PD)
(n = 14, p = 0.76). (Bottom) NMDA responses in
Ras(G37)-GFP-expressing cells cultured in normal me-
dia (n = 14, p = 0.51), or in media with 10 µM LY294002
(n = 14, p = 0.75) or with 25 µM PD98059 (n = 14,
p = 0.68). (E, top) AMPA responses in Ras(C40)-GFP-ex-
pressing cells cultured in normal media (n = 14,
p < 0.01), or in media with 10 µM LY294002 (n = 16,
p = 0.45) or with 25 µM PD98059 (n = 14, p = 0.98). (Bottom) NMDA responses in Ras(C40)-GFP-expressing cells cultured in normal
media (n = 14, p = 0.43), or in media with 10 µM LY294002 (n = 16, p = 0.08) or with 25 µM PD98059 (n = 14, p = 0.93). AMPA-R- and
NMDA-R-mediated current amplitude and standard errors were normalized to average values from control cells. Asterisk indicates
p < 0.05 (Wilcoxon test).
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S841 → D at GluR2L(R → Q)-GFP, GluR2L(841D)-GFP,
to mimic phosphorylation and found that neurons ex-
pressing GluR2L(841D)-GFP had increased synaptic re-
sponses and rectification even if PD98059 was included
in the culture media (Fig. 3B). This result suggests that
Ras–MEK–ERK signaling drives GluR2L into synapses
via phosphorylation of its S841.

Neither spontaneous synaptic activity nor spontane-
ous Ras activity in culture slices is enough to drive syn-
aptic delivery of GluR1 (Shi et al. 2001; Zhu et al. 2002).
On the other hand, strong Ras activity drives GluR1 into
synapses because neurons cotransfected with Ras(ca)-
GFP and GluR1-GFP, which is also “electrophysiologi-
cally tagged” (Hayashi et al. 2000), exhibit increased
AMPA responses and rectification (Zhu et al. 2002). We
wished to know whether the strong Ras signaling-stimu-
lated synaptic insertion of GluR1-GFP requires activa-
tion of MEK–ERK and/or Pi3K–PKB signaling pathways.
We found that either PD98059 or LY294002 blocked
the increased rectification in neurons coexpressing
Ras(ca)-GFP and GluR1-GFP (Fig. 4A,B). Moreover, neu-
rons coexpressing Ras(G37)-GFP with Ras(C40)-GFP and

GluR1-GFP had the same increased synaptic responses
and rectification as neurons coexpressing Ras(ca)-GFP
with GluR1-GFP (Fig. 4A,B; see also Zhu et al. 2002).
Furthermore, neurons coexpressing Ras(G37)-GFP and
GluR1-GFP had increased synaptic responses, yet the
rectification was the same compared with nearby non-
expressing neurons (Fig. 4A,B), indicating no synaptic de-
livery of GluR1-GFP. Finally, neurons expressing
Ras(C40)-GFP with GluR1-GFP had increased synaptic
responses and enhanced rectification (Fig. 4A,B), indicat-
ing synaptic delivery of GluR1-GFP. These results indi-
cate that strong Ras activity, which stimulates both Ras–
MEK–ERK and Ras–Pi3K–PKB pathways, is required for
GluR1-dependent synaptic potentiation.

Phosphorylation of S831 and S845 at GluR1 cytoplas-
mic termini is crucial for GluR1-mediated synaptic po-
tentiation (Lee et al. 2000). To determine whether Ras–
MEK–ERK and Ras–Pi3K–PKB pathways control phos-
phorylation of these sites, we made single and double
point mutations S831 → D and/or S845 → D at GluR1
cytoplasmic termini to mimic the phosphorylation at

Figure 3. Ras–MEK–ERK signaling drives synaptic insertion of
GluR2L. (A) Evoked AMPA-R-mediated responses recorded
from nonexpressing cells (Ctrl) and cells expressing
GluR2L(R → Q)-GFP or coexpressing GluR2L(R → Q)-GFP with
Ras(G37)-GFP. (B, top) AMPA responses in GluR2L(R → Q)-
GFP-expressing cells cultured in normal media (n = 16,
p < 0.05), or in media containing 25 µM PD98059 (n = 14,
p = 0.93) or 10 µM LY294002 (n = 14, p < 0.005); and cells coex-
pressing GluR2L(R → Q)-GFP with Ras(G37)-GFP (n = 16,
p < 0.001) or with Ras(C40)-GFP (n = 16, p < 0.001); and
GluR2L(841D)-GFP-expressing cells cultured in media contain-
ing 25 µM PD98059 (n = 14, p < 0.005). (Bottom) Rectifica-
tion of GluR2L(R → Q)-GFP-expressing cells cultured in normal
media (ctrl, 1.91 ± 0.24; exp, 2.90 ± 0.44; n = 16, p < 0.005);
in media containing 25 µM PD98059 (n = 14, p = 0.25) or
10 µM LY294002 (n = 14, p < 0.005); and cells coexpressing
GluR2L(R → Q)-GFP with Ras(G37)-GFP (n = 16, p < 0.001) or
with Ras(C40)-GFP (n = 16, p < 0.001); and GluR2L(841D)-GFP-
expressing cells cultured in media containing 25 µM PD98059
(n = 14, p < 0.005). AMPA-R-mediated current amplitude, recti-
fication, and standard errors were normalized to average values
from control cells. Asterisk indicates p < 0.05 (Wilcoxon test).

Figure 2. Ras mutants selectively stimulate MEK–ERK and
Pi3K–PKB pathways. (A) Western blots of phospho-ERK or phos-
pho-PKB in control hippocampal CA1 region, and hippocampal
CA1 region expressing Ras(C40)-GFP, Ras (G37)-GFP, and
Ras(S35)-GFP. Each lane was loaded with the same amount of
protein (40 µg). (B, top) Relative amounts of phospho-ERK (i.e.,
p42 and p44 bands) in hippocampal CA1 region expressing
Ras(C40)-GFP (n = 10, p = 0.33 for phospho-p42; n = 10, p = 0.26
for phospho-p44), Ras(G37)-GFP (n = 10, p < 0.01 for phospho-
p42; n = 10, p < 0.01 for phospho-p44), or Ras(S35)-GFP (n = 10,
p = 0.88 for phospho-p42; n = 10, p = 0.65 for phospho-p44).
Relative amounts of total ERK (i.e., p42 and p44 bands) in hip-
pocampal CA1 region expressing Ras(C40)-GFP (n = 10, p = 0.20
for p42; n = 10, p = 0.72 for p44), Ras(G37)-GFP (n = 10, p = 0.72
for p42; n = 10, p = 0.80 for p44), or Ras(S35)-GFP (n = 10,
p = 0.80 for p42; n = 10, p = 0.80 for p44). (Bottom) Relative
amounts of phospho-PKB in hippocampal CA1 region express-
ing Ras(C40)-GFP (n = 10, p < 0.05), Ras(G37)-GFP (n = 10,
p = 0.77), or Ras(S35)-GFP (n = 10, p = 0.72). Relative amounts of
total PKB in hippocampal CA1 region expressing Ras(C40)-GFP
(n = 10, p = 0.65), Ras(G37)-GFP (n = 10, p = 0.72), or Ras(S35)-
GFP (n = 10, p = 0.31). The relative values and standard errors
were normalized to average amounts of phospho-ERK and phos-
pho-PKB or total ERK and total PKB from the control hippo-
campal CA1 region. Asterisk indicates p < 0.05 (Wilcoxon test).
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these residues. Neurons expressing GluR1 with double
phosphorylation site mutations, GluR1(DD)-GFP, had
increased AMPA responses and rectification compared
with nearby nonexpressing neurons, and these effects
were not blocked by high Mg2+, which suppresses syn-
aptic activity (Zhu et al. 2000), nor by PD98059 and
LY294002 (Fig. 4C,D). These results suggest that Ras sig-
naling is not required for synaptic insertion of
GluR1(DD)-GFP.

We then examined neurons expressing GluR1 with a

single phosphorylation site mutation. Neurons express-
ing GluR1 with the S831 → D mutation, GluR1(831D)-
GFP, had increased AMPA responses and rectification,
and these effects were blocked by high Mg2+ or PD98059,
but not by LY294002 (Fig. 4C,E). Moreover, neurons co-
expressing GluR1(831D)-GFP with Ras(C40)-GFP had
the same enhanced AMPA responses and rectification
(Fig. 4C,E), indicating the same amount synaptic deliv-
ery of GluR1(831D)-GFP. The enhanced AMPA re-
sponses and rectification in neurons coexpressing

Figure 4. Ras–MEK–ERK and Ras–Pi3K–PKB
signaling drives synaptic insertion of GluR1.
(A) Evoked AMPA-R-mediated responses re-
corded from nonexpressing cells (Ctrl) and
cells coexpressing GluR1-GFP with Ras(ca)-
GFP. (B, top) AMPA responses in GluR1-GFP
and Ras(ca)-GFP-coexpressing cells cultured in
media containing 25 µM PD98059 (n = 16,
p = 0.87); GluR1-GFP and Ras(ca)-GFP-coex-
pressing cells cultured in media containing 10
µM LY294002 (n = 14, p < 0.05); GluR1-GFP,
Ras(G37)-GFP, and Ras(C40)-GFP-coexpress-
ing cells (n = 14, p < 0.005); GluR1-GFP and
Ras(G37)-GFP-coexpressing cells (n = 14,
p < 0.05); and GluR1-GFP and Ras(C40)-GFP-
coexpressing cells (n = 14, p < 0.01). (Bottom)
Bectification of GluR1-GFP and Ras(ca)-GFP-
coexpressing cells cultured in media contain-
ing 25 µM PD98059 (n = 16, p = 0.96); GluR1-
GFP and Ras(ca)-GFP-coexpressing cells cul-
tured in media containing 10 µM LY294002
(n = 14, p = 0.88); GluR1-GFP, Ras(G37)-GFP,
and Ras(C40)-GFP-coexpressing cells (n = 14,
p < 0.01); GluR1-GFP and Ras(G37)-GFP coex-
pressing cells (n = 14, p = 0.31); and GluR1-
GFP and Ras(C40)-GFP-coexpressing cells
(n = 14, p < 0.05). (C) Evoked AMPA-R-medi-
ated responses recorded from nonexpressing
cells (Ctrl) and cells expressing GluR1(DD)-
GFP, expressing GluR1(831D)-GFP, or coex-
pressing GluR1(831D)-GFP with Ras(G37)-
GFP. (D, left) AMPA responses in cells express-
ing GluR1(DD)-GFP maintained in normal
media (n = 16, p < 0.01), or media containing
12 mM Mg2+ (n = 16, p < 0.05) or 10 µM
LY294002 and 25 µM PD98059 (n = 14, p < 0.05). (Right) Rectification of cells expressing GluR1(DD)-GFP maintained in normal media
(n = 16, p < 0.005), or media containing 12 mM Mg2+ (n = 16, p < 0.01) or 10 µM LY294002 and 25 µM PD98059 (n = 14, p < 0.05). (E,
top) AMPA responses for GluR1(831D)-GFP-expressing slices maintained in normal media (n = 16, p < 0.01), or media containing 12
mM Mg2+ (n = 16, p = 0.88), 25 µM PD98059 (n = 16, p = 0.57), or 10 µM LY294002 (n = 12, p < 0.05), and for GluR1(831D)-GFP and
Ras(C40)-GFP-coexpressing cells maintained in normal media (n = 16, p < 0.01) or media containing 25 µM PD98059 (n = 14, p = 0.68).
(Bottom) Rectification for GluR1(831D)-GFP-expressing slices maintained in normal media (n = 16, p < 0.005), or media containing 12
mM Mg2+ (n = 16, p = 0.68), 25 µM PD98059 (n = 16, p = 0.72), or 10 µM LY294002 (n = 12, p < 0.01), and for GluR1(831D)-GFP and
Ras(C40)-GFP-coexpressing cells maintained in normal media (n = 14, p < 0.005) or media containing 25 µM PD98059 (n = 14,
p = 0.47). (F) Evoked AMPA-R-mediated responses recorded from nonexpressing cells (Ctrl) and cells expressing GluR1(845D)-GFP,
coexpressing GluR1(845D)-GFP with Ras(ca)-GFP, or coexpressing GluR1(845D)-GFP with Ras(ca)-GFP and Ras(C40)-GFP. (G, top)
AMPA responses for GluR1(845D)-GFP-expressing slices maintained in normal media (n = 18, p = 0.97); for GluR1(845D)-GFP with
Ras(ca)-GFP-coexpressing slices maintained in media containing 25 µM PD98059 (n = 14, p < 0.01) or with additional 10 µM LY294002
(n = 14, p < 0.88); and for GluR1(845D)-GFP, Ras(ca)-GFP, and Ras(G37)-GFP-coexpressing slices maintained in media containing 25
µM PD98059 (n = 14, p < 0.005). (Bottom) Rectification for GluR1(845D)-GFP-expressing slices maintained in normal media (n = 18,
p = 0.85); for GluR1(845D)-GFP with Ras(ca)-GFP-coexpressing slices maintained in media containing 25 µM PD98059 (n = 14,
p < 0.005) or with additional 10 µM LY294002 (n = 14, p = 0.98); and for GluR1(845D)-GFP, Ras(ca)-GFP, and Ras(G37)-GFP-coexpress-
ing slices maintained in media containing 25 µM PD98059 (n = 14, p < 0.01). AMPA-R-mediated current amplitude, rectification, and
standard errors were normalized to average values from control cells. Asterisk indicates p < 0.05 (Wilcoxon test).
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GluR1(831D)-GFP with Ras(C40)-GFP were blocked by
PD98059 (Fig. 4E), consistent with the notion that syn-
aptic delivery of GluR1 requires spontaneous ERK activ-
ity. These results indicate that (spontaneous) Ras–MEK–
ERK signaling is required and sufficient for synaptic in-
sertion of GluR1(831D)-GFP.

Finally, we examined neurons expressing GluR1 with
the S845 → D mutation, GluR1(845D)-GFP. Neurons ex-
pressing GluR1(845D)-GFP had no change in AMPA re-
sponses and rectification (Fig. 4F,G), whereas neurons
coexpressing GluR1(845D)-GFP with Ras(ca)-GFP had
increased AMPA responses and rectification even when
PD98059 was included in the culture media. Including
additional LY294002 blocked the increased AMPA re-
sponses and rectification in neurons coexpressing
GluR1(845D)-GFP with Ras(ca)-GFP (Fig. 4F,G). More-
over, neurons coexpressing GluR1(845D)-GFP with

Ras(ca)-GFP and Ras(G37)-GFP had the same enhanced
AMPA responses and rectification as neurons coexpress-
ing GluR1(845D)-GFP with Ras(ca)-GFP (Fig. 4F,G).
These results indicate that additional Ras–Pi3K–PKB sig-
naling is required for synaptic insertion of GluR1(845D)-
GFP (cf. Passafaro et al. 2001). Together, these results
suggest that Ras–MEK–ERK and Ras–Pi3K–PKB path-
ways control synaptic insertion of GluR1 by triggering
phosphorylation of S845 and S831 of GluR1, respec-
tively.

To determine whether activation of Ras–MEK–ERK
drives synaptic insertion of endogenous GluR2L and ad-
ditional activation of Ras–Pi3K–PKB also drives synaptic
insertion of endogenous GluR1, we examined the effects
of Ras signaling in GluR1 and GluR2 knockout mice
(Fig. 5A–C). Previous studies suggested that synaptic
trafficking of GluR2L is normal in GluR1 knockout mice

Figure 5. Ras pathways control phosphorylation
and synaptic insertion of GluR2L and GluR1. (A,B)
Evoked AMPA-R- and NMDA-R-mediated re-
sponses recorded from nonexpressing (Ctrl) and
Ras(G37)-GFP- or Ras(C40)-GFP-expressing CA1
neurons from GluR1 (A) and GluR2 (B) knockout
mice. These active Ras mutants were expressed in
cultured slices in normal culture media for ∼15 h.
(C, left) AMPA responses in GluR1−/− [n = 14,
p < 0.005 for Ras (G37)-GFP; n = 14, p = 0.53 for Ras
(C40)-GFP] and GluR2−/− [n = 14, p = 0.30 for Ras
(G37)-GFP; n = 14, p < 0.005 for Ras (C40)-GFP] cells
expressing active Ras mutants. (Right) NMDA re-
sponses in GluR1−/− [n = 14, p = 0.25 for Ras (G37)-
GFP; n = 14, p = 0.65 for Ras (C40)-GFP] and
GluR2−/− [n = 14, p = 0.16 for Ras (G37)-GFP; n = 14,
p = 0.87 for Ras (C40)-GFP] cells expressing active
Ras mutants. AMPA-R- and NMDA-R-mediated
current amplitude and standard errors were normal-
ized to average values from control cells. (D, left)
Western blots of phospho-p845-GluR1 in control
hippocampal CA1 region, hippocampal CA1 region
expressing Ras (G37)-GFP, and Ras(C40)-GFP cul-
tured in normal media. (Right) Relative amounts of
phospho-p845-GluR1 in hippocampal CA1 region
expressing Ras(G37)-GFP (n = 15, p < 0.05) or
Ras(C40)-GFP (n = 15, p = 0.65). Relative amounts of
total GluR1 in hippocampal CA1 region expressing
Ras(G37)-GFP (n = 15, p = 0.57) or Ras(C40)-GFP
(n = 15, p = 0.55). (E, left) Western blots of phospho-
p831-GluR1 in control hippocampal CA1 region,
hippocampal CA1 region expressing Ras (G37)-GFP,

and Ras(C40)-GFP cultured in normal media. (Right) Relative amounts of phospho-p831-GluR1 in hippocampal CA1 region expressing
Ras(G37)-GFP (n = 12, p = 0.35) or Ras(C40)-GFP (n = 12, p < 0.01). Relative amounts of total GluR1 in hippocampal CA1 region
expressing Ras(G37)-GFP (n = 12, p = 0.48) or Ras(C40)-GFP (n = 12, p = 0.16). (F, left) Western blots of phospho-p845-GluR1 in control
hippocampal CA1 region, hippocampal CA1 region expressing Ras (G37)-GFP, and Ras(C40)-GFP cultured in media containing 25 µM
PD98059. (Right) Relative amounts of phospho-p845-GluR1 in hippocampal CA1 region expressing Ras(G37)-GFP (n = 14, p = 0.68) or
Ras(C40)-GFP (n = 14, p = 0.47). Relative amounts of total GluR1 in hippocampal CA1 region expressing Ras(G37)-GFP (n = 14,
p = 0.46) or Ras(C40)-GFP (n = 14, p = 0.55). (G, left) Western blots of phospho-p831-GluR1 in control hippocampal CA1 region,
hippocampal CA1 region expressing Ras (G37)-GFP, and Ras(C40)-GFP cultured in media containing 10 µM LY294002. (Right) Relative
amounts of phospho-p831-GluR1 in hippocampal CA1 region expressing Ras(G37)-GFP (n = 14, p = 0.51) or Ras(C40)-GFP (n = 14,
p = 0.71). Relative amounts of total GluR1 in hippocampal CA1 region expressing Ras(G37)-GFP (n = 14, p = 0.08) or Ras(C40)-GFP
(n = 14, p = 0.09). Each lane was loaded with the same amount of protein (40 µg). The relative values and standard errors were
normalized to average amounts of phospho-p831-GluR1 and phospho-p845-GluR1 or total GluR1 from control hippocampal CA1
region. Asterisk indicates p < 0.05 (Wilcoxon test).
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and that synaptic trafficking of GluR1 is normal in
GluR2 knockout mice (Shi et al. 2001; Kolleker et al.
2003). We found that expressing Ras(G37)-GFP enhanced
AMPA responses in GluR1 knockout neurons, whereas
expressing Ras(C40)-GFP did not. Additionally, express-
ing Ras (C40)-GFP enhanced AMPA responses in GluR2
knockout neurons, but expressing Ras(G37)-GFP did not.
These results indicate that Ras(C40)-GFP-induced poten-
tiation is mediated by GluR1 whereas Ras(G37)-GFP-in-
duced potentiation is mediated by GluR2L.

Consistent with these results, Western blot analysis in
rat tissues showed that expressing Ras(G37)-GFP selec-
tively increased phosphorylation of S845 of GluR1,
whereas expressing Ras(C40)-GFP selectively increased
phosphorylation of S831 of GluR1 (Fig. 5D,E). As con-
trols, we found that MEK inhibitor PD98059 and Pi3K
inhibitor LY294002 blocked the Ras(G37)-GFP- and
Ras(C40)-GFP-stimulated phosphorylation of S845 and
S831 of GluR1, respectively (Fig. 5F,G). Collectively,
these results indicate that Ras–MEK–ERK and Ras–
Pi3K–PKB pathways control synaptic delivery of GluR2L
and GluR1 by targeting different phosphorylation sites.

Ras pathways control GluR2L- and GluR1-mediated
LTP

We showed previously that Ras activity is necessary and
sufficient for LTP (Zhu et al. 2002). To further assess the
contribution of the specific Ras signaling through MEK–
ERK and Pi3K–PKB pathways to synaptic potentiation,
we examined LTP in neurons expressing Ras(G37)-GFP
or Ras(C40)-GFP. Synaptic responses of neurons express-
ing Ras(G37)-GFP were initially ∼40% larger compared
with nearby nonexpressing neurons. Pairing stimuli pro-
duced LTP in the paired pathway of both Ras(G37)-GFP-
expressing and nearby nonexpressing neurons, but neu-
rons expressing Ras(G37)-GFP had smaller LTP, ∼50% of
that in nearby nonexpressing neurons (Fig. 6A,B). These
results indicate that activation of the Ras–MEK–ERK
pathway occludes ∼50% of LTP. Similarly, neurons ex-
pressing Ras(C40)-GFP had enhanced AMPA responses
compared with nearby nonexpressing neurons. More-
over, Ras(C40)-GFP-expressing neurons had ∼50% of
LTP as nearby nonexpressing neurons (Fig. 6C,D). To-
gether, these results indicate that activation of the Ras–
MEK–ERK and Ras–Pi3K–PKB pathway each occludes
∼50% of LTP. Consistent with this view, neurons coex-
pressing Ras(G37)-GFP with Ras(C40)-GFP initially had
enhanced synaptic responses (∼80% larger compared
with nonexpressing neurons), but no LTP (Fig. 6E,F). We
also examined the role of endogenous Ras–MEK–ERK
and Ras–Pi3K–PKB signaling in LTP (Fig. 6E,F). In the
presence of LY294002, CA1 neurons had reduced (∼50%
of the normal) LTP, indicating that Pi3K signaling is re-
quired for ∼50% LTP (cf. Sanna et al. 2002; Man et al.
2003; Opazo et al. 2003). We reported previously that
PD98059 blocks all LTP (Zhu et al. 2002), which is con-
sistent with our above findings that both GluR2L- and
GluR1-dependent potentiations require Ras–MEK–ERK
activity. Thus, we examined LTP in neurons expressing

GluR1(845D)-GFP, whose synaptic insertion does not re-
quire Ras–MEK–ERK activity. We found that in the pres-
ence of PD98059, GluR1(845D)-GFP-expressing neurons
had reduced (∼50% of normal) LTP (Fig. 6E,F), confirm-
ing the requirement of spontaneous ERK for GluR2L-
and GluR1-mediated potentiation. Taken together, these
results indicate that Ras–MEK–ERK activity is necessary
for LTP but only sufficient for 50% of LTP (mediated by
GluR2L), and additional Ras–Pi3K–PKB activity is re-
quired for the other 50% of LTP (mediated by GluR1),
consistent with our recent finding that GluR2L- and
GluR1-mediated potentiation each contribute ∼50% of
LTP (Kolleker et al. 2003).

Neuromodulators stimulate Ras signaling
and synaptic insertion of GluR2L and GluR1

Spontaneous synaptic activity in culture slices activates
spontaneous Ras activity sufficient to drive synaptic in-
sertion of GluR2L, but not GluR1 (Shi et al. 2001; Zhu et
al. 2002). However, GluR1 is delivered into synapses in
the intact brain (Mack et al. 2001; Takahashi et al. 2003).
Because only LTP-inducing electric stimuli or strong ac-
tivation of NMDA-Rs/Ras drives synaptic insertion of
GluR1 in culture slices (Zhu et al. 2002; Kolleker et al.
2003), we speculated that certain physiological factors,
which are missing in culture slices, may potentiate
NMDA-R activation and Ras signaling in the intact
brain.

To test this idea, we examined whether histamine, a
monoamine neuromodulator, is one of such missing fac-
tors because histamine is present in the intact brain (Ste-
riade and McCarley 1990), and it potentiates NMDA re-
sponses (Bekkers 1993). We expressed GluR1-GFP in hip-
pocampal slices cultured in media containing histamine.
GluR1-GFP-expressing neurons cultured in media with
histamine had increased rectification compared with
nearby nonexpressing neurons (Fig. 7A,B), indicating
synaptic insertion of GluR1-GFP. The amplitude of
AMPA responses was the same in GluR1-GFP-express-
ing and nearby nonexpressing neurons (Fig. 7A,B). These
results suggest that histamine stimulates synaptic inser-
tion of GluR1 and GluR1-GFP in nonexpressing neurons
and expressing neurons to a saturated level. In the pres-
ence of additional high Mg2+ (data not shown), APV (to
block NMDA-Rs), PD98059, or LY294002 in culture me-
dia, GluR1-GFP-expressing and nearby nonexpressing
neurons had the same AMPA responses (Fig. 7A,B), indi-
cating a blockade of synaptic insertion of recombinant
GluR1-GFP and endogenous GluR1 in expressing and
nonexpressing neurons. Neuromodulator receptors po-
tentiate NMDA and Ras responses via activating a Src
kinase that phosphorylates NMDA-Rs (Lu et al. 1999).
To determine whether Src mediates the histamine-
stimulated synaptic insertion of GluR1, we included the
Src inhibitor, PP2, or its nonfunctional analog, PP3
(Takasu et al. 2002), in culture media. We found that
PP2, but not PP3, blocked the histamine-induced synap-
tic delivery of GluR1 (data not shown). Together, these
results suggest that the histamine-stimulated synaptic
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insertion of GluR1 requires synaptic activation of
NMDA-Rs, Src, Ras–MEK–ERK, and Ras–Pi3K–PKB sig-
naling.

To test whether histamine also stimulates the Ras–
MEK–ERK pathway and synaptic insertion of GluR2L,
we expressed GluR2L(R → Q)-GFP in the presence of
histamine. In the presence of histamine, GluR2L(R →
Q)-GFP-expressing neurons had increased rectification
compared with nearby nonexpressing neurons, indicat-
ing synaptic insertion of GluR2L(R → Q)-GFP in ex-
pressing neurons (Fig. 7A,B). In contrast to the nonhista-
mine condition (Fig. 3B), GluR2L(R → Q)-GFP-express-
ing and nonexpressing neurons had AMPA responses
with the same amplitude (Fig. 7A,B). These results sug-
gest that histamine stimulates synaptic insertion of
GluR2L and GluR2L(R → Q)-GFP in nonexpressing neu-

rons and expressing neurons to a saturated level. In the
presence of additional high Mg2+ (data not shown), APV
or PD98059, but not LY294002, in culture media,
GluR2L(R → Q)-GFP-expressing and nearby nonex-
pressing neurons had the same AMPA responses (Fig.
7A,B), indicating no synaptic insertion of recombinant
GluR2L(R → Q)-GFP or endogenous GluR2L in express-
ing and nonexpressing neurons. In addition, PP2, a Src
inhibitor, but not PP3, a nonfunctional analog, blocked
the histamine-induced synaptic delivery of GluR2L (data
not shown), suggesting that Src was required for the his-
tamine-stimulated synaptic insertion of GluR2L. To-
gether, these results suggest that the histamine-stimu-
lated synaptic insertion of GluR2L requires synaptic
activation of NMDA-Rs, Src, and Ras–MEK–ERK signal-
ing, but not Ras–Pi3K–PKB signaling.

Figure 6. Signaling LTP by Ras–MEK–ERK and Ras–Pi3K–PKB pathways. (A) Average AMPA-R-mediated synaptic responses obtained
before (−60 mV, thick trace) and after (−60 mV, thin trace) pairing from a pair of Ras(G37)-GFP-expressing and nearby nonexpressing
neurons in paired (upper left; red and green) and control pathway (upper right; blue and black). (Lower plot) Normalized simultaneously
evoked responses recorded from neurons expressing or not expressing Ras(G37)-GFP against the time. (B) Steady-state synaptic AMPA
response amplitudes in paired (n = 8, p < 0.05) and control pathways (n = 8, p = 0.78) in neurons expressing Ras(G37)-GFP and nonex-
pressing nearby control neurons before and after pairing. (C) Average AMPA-R-mediated synaptic responses obtained before (−60 mV,
thick trace) and after (−60 mV, thin trace) pairing from a pair of Ras(C40)-GFP-expressing and nearby nonexpressing neurons in paired
(upper left; red and green) and control pathway (upper right; blue and black). (Lower plot) Normalized simultaneously evoked responses
recorded from neurons expressing or not expressing Ras(C40)-GFP against the time. (D) Steady-state synaptic AMPA response ampli-
tudes in paired (n = 8, p < 0.05) and control pathways (n = 8, p = 0.53) in neurons expressing Ras(C40)-GFP and nonexpressing nearby
control neurons before and after pairing. (E) Average AMPA-R-mediated synaptic responses obtained before (−60 mV, thick trace) and
after (−60 mV, thin trace) pairing from nonexpressing neurons maintained in normal media (red), GluR1(845D)-GFP-expressing
neurons maintained in 25 µM PD98059 (green), nonexpressing neurons maintained in 25 µM LY294002 (blue), and Ras(G37)-GFP and
Ras(C40)-GFP-coexpressing neurons (black) maintained in normal media. (Lower plot) Normalized simultaneously evoked responses
recorded from these neurons against the time. (F) Steady-state synaptic AMPA response amplitudes for GluR1(845D)-GFP-expressing
neurons maintained in 25 µM PD98059 (ctrl, n = 16 vs. LY, n = 12; Mann-Whitney Rank Sum test, p < 0.01), for nonexpressing neurons
maintained in 10 µM LY294002 (ctrl, n = 16 vs. LY, n = 10; Mann-Whitney Rank Sum test, p < 0.05), and for Ras(G37)-GFP and
Ras(C40)-GFP-coexpressing neurons maintained in normal media (ctrl, n = 16 vs. exp, n = 12; Mann-Whitney Rank Sum test,
p < 0.001). AMPA-R-mediated current amplitude and standard errors were normalized to average values from control neurons. Asterisk
indicates p < 0.05 (Wilcoxon or Mann-Whitney Rank Sum test).
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To confirm that histamine stimulates synaptic inser-
tion of endogenous GluR1 and GluR2L in CA1 neurons,
we expressed the GFP-tagged cytoplasmic terminus of
GluR1 and GluR2L, GluR1ct-GFP and GluR2Lct-GFP,
which block synaptic delivery of endogenous GluR1 and
GluR2L, respectively (Shi et al. 2001; Kolleker et al.
2003). In the presence of histamine, neurons expressing
GluR1ct-GFP or GluR2Lct-GFP had depressed AMPA re-
sponses compared with nearby nonexpressing neurons
(Fig. 7C,D). NMDA responses did not differ between ex-
pressing and nonexpressing neurons. These results indi-
cate that histamine stimulates synaptic insertion of en-
dogenous GluR1 and GluR2L.

To test whether histamine stimulates phosphoryla-
tion of ERK, PKB, and AMPA-Rs, we performed Western

blot experiments. Western blot analysis showed that his-
tamine stimulated phosphorylated ERK, PKB, and GluR1
(at S845 and S831) in CA1 cells (Supplementary Fig. S3).
Together, these results indicate that histamine stimu-
lates synaptic insertion of AMPA-Rs via activating Ras–
MEK–ERK and Ras–Pi3K–PKB pathways.

We wished to know whether acetylcholine receptor
also stimulates synaptic insertion of AMPA-Rs, since
muscarinic acetylcholine subtype 1 (m1) receptors
stimulate Ras signaling (Mattingly and Macara 1996).
We found that McN-A-343 (McN), a selective m1 recep-
tor agonist (Micheletti and Schiavone 1990), stimulates
synaptic insertion of GluR1 and GluR2L in the same
manner as histamine (data not shown). In addition, McN
stimulated phosphorylated ERK, PKB, and GluR1 (at
S845 and S831) (data not shown). Collectively, these re-
sults suggest that both monoaminergic and cholinergic
neuromodulators may stimulate synaptic insertion of
AMPA-Rs via activating Ras–MEK–ERK and Ras–Pi3K–
PKB pathways.

State-dependent activation of Ras pathways
and synaptic insertion of GluR2L and GluR1

The above data indicate that physiological factors, such
as neuromodulators, can regulate the levels of Ras activ-
ity, which specify downstream MEK–ERK and Pi3K–PKB
pathways and differentially control synaptic insertion of
GluR1 and GluR2L. To determine whether the same
Ras-regulated plasticity occurs in physiological condi-
tions, we examined Ras signaling and synaptic traffick-
ing of AMPA-Rs in sleeping and awake animals since
neuromodulator release changes between these states
(Steriade and McCarley 1990).

We tested this idea by infecting CA1 neurons in the
intact brain in different states. In one set of experiments,
GluR1-GFP virus was injected at ∼8:00 am. After the
animals recovered from anesthesia (∼2 h), they were
transferred individually to a light-illuminated cage for
the following 10 h during the expression of GluR1-GFP.
During this period, these animals were largely inactive
and spent most of their time sleeping. At ∼8:00 pm, these
animals were deeply anesthetized and decapitated, and
hippocampi were quickly removed and sliced. Then
GluR1-GFP-expressing and nearby nonexpressing neu-
rons were identified and recorded simultaneously in
vitro. We found that GluR1-GFP-expressing neurons
from sleeping animals had the same AMPA responses
compared with nonexpressing neurons (Fig. 8A,B). In an-
other set of experiments, GluR1-GFP virus was injected
at ∼8:00 pm. After these animals recovered from anes-
thesia, they were returned to the dam and allowed to
play with their littermates. These animals were awake
and active in their cage for the most part of the GluR1-
GFP expression period. At ∼8:00 am the next morning,
hippocampal slices were made from these animals and
AMPA responses were recorded and compared between
GluR1-GFP-expressing and nearby nonexpressing neu-
rons. GluR1-GFP-expressing neurons from awake ani-
mals had increased rectification compared with nonex-

Figure 7. Histamine stimulates synaptic delivery of GluR1 and
GluR2L. (A) Evoked AMPA-R-mediated responses recorded
from nonexpressing (Ctrl) and GluR1-GFP-expressing cells cul-
tured in media containing histamine (HA). (B, top) AMPA re-
sponses in GluR1-GFP-expressing cells maintained in media
containing 75 µM histamine (n = 14, p = 0.68), or with addi-
tional 100 µM DL-APV (n = 16, p = 0.76), 25 µM PD98059
(n = 16, p = 0.20), or 10 µM LY294002 (n = 14, p = 0.73); and
GluR2L(R → Q)-GFP-expressing cells maintained in media con-
taining 75 µM histamine (n = 14, p = 0.55), or with additional
100 µM DL-APV (n = 14, p = 0.73), 25 µM PD98059 (n = 16,
p = 0.88), or 10 µM LY294002 (n = 12, p = 0.58). (Bottom) Recti-
fication of GluR1-GFP-expressing cells maintained in media
containing 75 µM histamine (n = 14, p < 0.005), or with addi-
tional 100 µM DL-APV (n = 16, p = 0.88), 25 µM PD98059
(n = 16, p = 0.54), or 10 µM LY294002 (n = 14, p = 0.59); and
GluR2L(R → Q)-GFP-expressing cells maintained in media con-
taining 75 µM histamine (n = 14, p < 0.005), or with additional
100 µM DL-APV (n = 14, p = 0.83), 25 µM PD98059 (n = 16,
p = 0.38), or 10 µM LY294002 (n = 12, p < 0.005). (C) Evoked
AMPA-R- and NMDA-R-mediated responses recorded from
nonexpressing (Ctrl) and GluR1ct-GFP-expressing cells cul-
tured in media containing histamine. (D, top) AMPA responses
in cells expressing GluR1ct-GFP (n = 14, p < 0.05), or GluR2Lct-
GFP (n = 16, p < 0.005) from slices maintained in media contain-
ing 75 µM histamine. (Bottom) NMDA responses in cells ex-
pressing GluR1ct-GFP (n = 14, p = 0.25) or GluR2Lct-GFP
(n = 16, p = 0.23) from slices maintained in media containing 75
µM histamine. AMPA-R- and NMDA-R-mediated current am-
plitude, rectification, and standard errors were normalized to
average values from control cells. Asterisk indicatesp < 0.05
(Wilcoxon test).
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pressing neurons (Fig. 8A,B), indicating synaptic inser-
tion of GluR1-GFP in expressing neurons. The
amplitude of AMPA responses in GluR1-GFP-expressing
and nonexpressing neurons was the same (Fig. 8A,B), in-
dicating saturation of synaptic insertion of GluR1-GFP
and GluR1 in expressing and nonexpressing neurons. As
a control, another two groups of animals were injected
with GluR1-GFP virus at either ∼8:00 am or ∼8:00 pm.
These animals were then kept in a state of slow-wave
sleep by supplying additional pentobarbital during ex-
pression of GluR1-GFP. GluR1-GFP-expressing neurons
from these animals had the same AMPA responses com-
pared with nearby nonexpressing neurons (n = 14,
p = 0.73 for 8:00 am infection; n = 14, p = 0.36 for 8:00
pm infection). Together, these results suggest that syn-
aptic insertion of endogenous GluR1 and recombinant
GluR1-GFP occurs only when animals are awake.

We also expressed GluR2L(R → Q)-GFP in CA1 neu-
rons in sleeping and awake animals. GluR2L(R → Q)-
GFP-expressing neurons from sleeping animals had en-
hanced AMPA responses and rectification compared
with nearby nonexpressing neurons (Fig. 8A,B). These
results indicate that GluR2L(R → Q)-GFP is driven into
synapses in sleeping animals. On the other hand,
GluR2L(R → Q)-GFP-expressing neurons from awake
animals had enhanced rectification compared with
nearby nonexpressing neurons (Fig. 8A,B), indicating
synaptic insertion of GluR2L-GFP in expressing neu-
rons. The AMPA responses in expressing and nonex-
pressing neurons from awake animals had the same am-
plitude (Fig. 8A,B), indicating more synaptic delivery of
endogenous GluR2L in nonexpressing neurons and satu-
ration of synaptic delivery of GluR2L(R → Q)-GFP and
GluR2L in expressing and nonexpressing neurons. To-

gether these results indicate that synaptic insertion of
endogenous GluR2L and recombinant GluR2L(R → Q)-
GFP occurs in both sleeping and awake animals.

To confirm the synaptic insertion of endogenous
GluR1 and GluR2L, we expressed GluR1ct-GFP and
GluR2Lct-GFP in the intact brain. We reasoned that ex-
pression of GluR1ct-GFP and GluR2Lct-GFP will de-
press transmission in expressing neurons if there is on-
going synaptic delivery of endogenous GluR1 and
GluR2L. Indeed, GluR1ct-GFP-expressing neurons from
sleeping animals had the same AMPA responses com-
pared with nearby nonexpressing neurons, while those
from awake animals had depressed AMPA responses
(Fig. 8C,D). GluR2Lct-GFP-expressing neurons from
both sleeping and awake animals had depressed AMPA
responses (Fig. 8C,D). To confirm the specificity of
GluR1ct-GFP and GluR2Lct-GFP on blocking endog-
enous GluR1 and GluR2L trafficking, demonstrated pre-
viously in vitro (Shi et al. 2001; Kolleker et al. 2003), we
repeated the same experiments in the intact brain using
GluR1 and GluR2 knockout mice. The depression in
GluR1ct-GFP-expressing neurons was selectively
blocked in awake GluR1 knockout mice, but not awake
GluR2 knockout mice, whereas the depression in
GluR2Lct-GFP-expressing neurons was selectively
blocked in awake GluR2 knockout mice, but not awake
GluR1 knockout mice (Supplementary Fig. S4). To-
gether, these results indicate that GluR2L-dependent,
but not GluR1-dependent, synaptic potentiation occurs
during sleep, whereas both GluR2L- and GluR1-depen-
dent synaptic potentiations occur during waking.

Consistent with these results, Western blot analysis
showed increases in phosphorylated ERK, PKB, S845,
and S831 of GluR1 in CA1 cells from awake animals

Figure 8. State-dependent synaptic insertion of
GluR2L and GluR1. (A) Evoked AMPA-R-medi-
ated responses recorded from nonexpressing
(Ctrl) and GluR2L(R → Q)-GFP- or GluR1-
GFP-expressing cells. Animals were kept either
in sleeping or awake state during expression
of constructs. (B, top) AMPA responses in GluR1-
GFP-expressing cells from sleeping (n = 14,
p = 0.88) or awake animals (n = 14, p = 0.83) and
GluR2L(R → Q)-GFP-expressing cells from sleep-
ing (n = 11, p < 0.05) or awake animals (n = 16,
p = 0.12). (Bottom) Rectification of GluR1-
GFP-expressing cells from sleeping (n = 14,
p = 0.59) or awake animals (n = 14, p < 0.005),
and GluR2L(R → Q)-GFP-expressing cells from
sleeping (n = 11, p < 0.01) or awake animals
(n = 16, p < 0.005). (C) Evoked AMPA-R- and
NMDA-R-mediated responses recorded from
nonexpressing (Ctrl) and GluR2Lct-GFP- or
GluR1ct-GFP-expressing cells. Animals were
kept either in sleeping or awake state during ex-
pression of constructs. (D, top) AMPA responses

in GluR1ct-GFP-expressing cells from sleeping (n = 14, p = 0.88) or awake animals (n = 14, p < 0.01), and GluR2Lct-GFP-expressing
cells from sleeping (n = 13, p < 0.01) or awake animals (n = 12, p < 0.005). (Bottom) NMDA responses in GluR1ct-GFP-expressing cells
from sleeping (n = 14, p = 0.25) or awake animals (n = 14, p = 0.43), and GluR2Lct-GFP-expressing cells from sleeping (n = 13, p = 0.15)
or awake animals (n = 12, p = 0.24). AMPA-R- and NMDA-R-mediated current amplitude, rectification, and standard errors were
normalized to average values from control cells. Asterisk indicates p < 0.05 (Wilcoxon test).
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compared with those from sleeping animals (Fig. 9A–D).
Collectively, these results indicate that spontaneous
Ras–MEK–ERK signaling is sufficient to drive synaptic
insertion of GluR2L when animals are asleep, while ad-
ditional stimulation of Ras–Pi3K–PKB signaling drives
synaptic insertion of GluR1 when animals are awake.

Discussion

In this study, we demonstrated that fine-tuned Ras ac-
tivity levels control GluR2L- and GluR1-mediated syn-
aptic potentiation by specifying distinct downstream ef-
fector pathways (Fig. 9E). The alternation of Ras signal-
ing between sleeping and awake states, presumably
regulated by neuromodulators and/or other state-depen-
dent physiological factors, may serve as the cellular and
molecular mechanisms for state-dependent learning and
memory.

Ras can stimulate multiple signaling pathways via C-
Raf, B-Raf, Ral, or Pi3K in nonneuronal cells (White et al.
1995; Yamamori et al. 1995; Rodriguez-Viciana et al.
1997). Dependent on cell type, Ras(C40) activates Pi3K,
Ras(S35) stimulates ERK via activating C-Raf kinase,

and/or Ras(G37) stimulates ERK via activating B-Raf ki-
nase and/or stimulates Ral via association with RalGEF.
Here, we report that expressing Ras(G37)-GFP, but not
Ras(S35)-GFP, stimulates MEK–ERK activity and poten-
tiates synaptic transmission in hippocampal CA1 cells.
Both B-Raf and Ral are expressed at synapses (Husi et al.
2000). However, only B-Raf stimulates ERK signaling,
whereas Ral does not (Moodie et al. 1994; Yamamori et
al. 1995; Verheijen et al. 1999). Consistent with these
findings, Ras(G37)-GFP activates B-Raf activity, but has
little effect on Ral and C-Raf activity in CA1 neurons.
This lends support to previous findings that B-Raf is ex-
pressed at synapses, while C-Raf is present mainly
around the nuclei (Mihaly et al. 1993; Morice et al. 1999).
Although additional experiments are needed to undoubt-
edly place B-Raf in the signaling path from Ras to MEK–
ERK in CA1 neurons, these findings certainly suggest it
as a possible candidate.

Our results suggest that Ras signals synaptic insertion
of AMPA-Rs via stimulating phosphorylation of S845
and S831 of GluR1 and S842 of GluR2L (Fig. 9E). Because
Ras downstream signaling molecules ERK and PKB are
unlikely to directly phosphorylate GluR1 and GluR2L

Figure 9. State-dependent activation of Ras–MEK–
ERK and Ras–Pi3K–PKB pathways. (A, left) Western
blots of phospho-ERK in hippocampal CA1 region
prepared from sleeping or awake animals. (Right)
Relative amounts of phospho-ERK (i.e., p42 and p44
bands) in hippocampal CA1 region prepared from
sleeping and awake animals (n = 13, p < 0.05 for
phospho-p42; n = 13, p < 0.005 for phospho-p44).
Relative amounts of total ERK (i.e., p42 and p44
bands) in hippocampal CA1 region prepared from
sleeping and awake animals (n = 13, p = 0.22 for p42;
n = 13, p = 0.28 for p44). (B, left) Western blots of
phospho-PKB in hippocampal CA1 region prepared
from sleeping or awake animals. (Right) Relative
amounts of phospho-PKB in hippocampal CA1 re-
gion prepared from sleeping and awake animals
(n = 9, p < 0.01). Relative amounts of total PKB in
hippocampal CA1 region prepared from sleeping and
awake animals (n = 9, p = 0.59). (C, left) Western
blots of phospho-p845-GluR1 in hippocampal CA1
region prepared from sleeping or awake animals.
(Right) Relative amounts of phospho-p845-GluR1 in
hippocampal CA1 region prepared from sleeping and
awake animals (n = 18, p < 0.05). Relative amounts
of total GluR1 in hippocampal CA1 region prepared
from sleeping and awake animals (n = 18, p = 0.37).
(D, left) Western blots of phospho-p831-GluR1 in
control hippocampal CA1 region prepared from
sleeping or awake animals. (Right) Relative amounts
of phospho-p831-GluR1 in hippocampal CA1 region
prepared from sleeping and awake animals (n = 15,
p < 0.05). Relative amounts of total GluR1 in hippo-
campal CA1 region prepared from sleeping and
awake animals (n = 15, p = 0.78). Each lane was

loaded with the same amount of protein (120 µg). The relative values and standard errors were normalized to average amounts of
phospho-ERK, phospho-PKB, phospho-p831-GluR1, and phospho-p845-GluR1, or total ERK, total PKB, and GluR1 from hippocampal
CA1 region prepared from sleeping animals. Asterisk indicates p < 0.05 (Wilcoxon test). (E) Model for state-dependent Ras signaling and
synaptic trafficking of AMPA-Rs. (LS) Lysosome; (V/ES) vesicles/endosomes; (NM) neuromodulator; (NM-R) neuromodulator receptor.
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(Kyriakis and Avruch 2001; Vivanco and Sawyers 2002),
other molecules probably exist at synapses to relay the
signaling. Two likely candidates are cAMP-dependent
protein kinase (PKA) and calcium/calmodulin-depen-
dent protein kinase II (CaMKII), since they can phos-
phorylate S845 and S831 of GluR1, respectively (Song
and Huganir 2002). Protein kinase C (PKC) is another
putative candidate because it can phosphorylate S831, as
well as S845, albeit to a lesser extent (Blackstone et al.
1994; Mammen et al. 1997). However, whether ERK and
PKB stimulate PKA, CaMKII, and/or PKC remains to be
examined. On the other hand, serine/threonine kinases
Rsk and mTOR–S6K, which relay downstream Ras sig-
naling in nonneuronal cells (Kyriakis and Avruch 2001;
Vivanco and Sawyers 2002), may also serve as the relays.
In particular, both Rsk and mTOR are expressed at syn-
apses, and disruption of Rsk and mTOR signaling leads
to mental retardation (Trivier et al. 1996; Yntema et al.
1999; Husi et al. 2000; Tang et al. 2002; Tee et al. 2003).
Thus, determining the precise functional relationships
(i.e., sequential or parallel, and downstream or upstream)
of the signaling molecules involved in Ras pathways dur-
ing LTP is central to answer many important questions
related to the mechanisms of synaptic plasticity (Tho-
mas and Huganir 2004).

Whether MAPK pathways work independently or
cross-talk in nonneuronal cells is somewhat controver-
sial. NMDA-R-dependent LTP, long-term depression
(LTD), and depotentiation, which play key roles in the
bidirectional control of neuronal synaptic strength, re-
quire MAPK signaling. Recent studies showed that LTP,
LTD, and depotentiation are triggered by distinct
NMDA-Rs (i.e., NR2A- and NR2B-containing NMDA-
Rs) (Liu et al. 2004; Massey et al. 2004; Zhu et al. 2005),
mediated by different Ras family GTPase-MAPK signal-
ing pathways (i.e., Ras-ERK, Rap1-p38 MAPK, and Rap2-
JNK) and specific aspects of AMPA-R trafficking (i.e.,
synaptic insertion and removal of AMPA-Rs with differ-
ent cytoplasmic termini) (Zhu et al. 2002, 2005), and that
they utilize special pools of endosomes (i.e., recycling
and late endosomes) (Luscher et al. 1999; Ehlers 2000;
Lee et al. 2004; Park et al. 2004; Brown et al. 2005). These
results suggest that independent molecular and cellular
processes mediate different forms of synaptic plasticity.
Here we report that Ras differentially signals GluR2L-
and GluR1-mediated LTP via diverging signaling into
ERK and Pi3K pathways in CA1 neurons (Fig. 9E). In
nonneuronal cells, some studies show that ERK and
Pi3K pathways may inhibit or potentiate the other
(Lopez-Ilasaca et al. 1997; Rommel et al. 1999), while
other studies indicate that these two pathways signal
cellular processes independently although the basal ac-
tivity of one kinase may play a permissive role for the
other (White et al. 1995; Dudek et al. 1997; Rodriguez-
Viciana et al. 1997; Wennstrom and Downward 1999).
We show that activation of Ras–MEK–ERK and Ras–
Pi3K–PKB pathways by expressing Ras(G37)-GFP and
Ras(C40)-GFP each accounts for an ∼50% increase of
synaptic transmission and LTP. In addition, Ras(G37)-
GFP-mediated synaptic potentiation is selectively

blocked in GluR2 knockout mice. In contrast, Ras(C40)-
GFP-mediated potentiation is selectively blocked in
GluR1 knockout mice. Moreover, the Ras–MEK–ERK
pathway signals phosphorylation of S845 of GluR1,
whereas the Ras–Pi3K–PKB pathway signals phosphory-
lation of S831 of GluR1. Finally, activation of Ras–MEK–
ERK and Ras–Pi3K–PKB requires different levels of syn-
aptic activity or neuromodulator receptor activity. Be-
cause of the distinct molecular regulators and relays,
targets of signaling, and functional effects, our data are
consistent with the notion that Ras–MEK–ERK and Ras–
Pi3K–PKB pathways function independently at synapses.

Although NMDA-R-dependent forms of synaptic plas-
ticity have been extensively examined in vitro, little is
known about their properties in the intact brain. Previ-
ous studies have shown that both the occurrence and
magnitude of LTP induced by electric tetanization
stimuli are higher in awake than sleeping animals (Leo-
nard et al. 1987; Bramham and Srebro 1989). However,
the mechanisms of this state-dependent LTP are unclear,
because the LTP-inducing stimuli do not mimic physi-
ological activity in these states (Buzsaki et al. 2002).
Both GluR2L and GluR1 mediate LTP in juvenile and
adult animals (Zamanillo et al. 1999; Kolleker et al.
2003). We report here that synaptic activity in sleeping
animals is sufficient for driving GluR2L but not GluR1
into synapses, whereas synaptic activity in awake ani-
mals drives more GluR2L as well as GluR1 into syn-
apses, suggesting more synaptic plasticity in awake ani-
mals (Fig. 9E). Based on these findings, we propose that
state-dependent physiological factors, such as neuro-
modulators, may control the state-dependent plasticity.
Indeed, neuromodulator agonists can drive more GluR2L
as well as GluR1 into synapses, by stimulating Ras sig-
naling. These results are consistent with the previous
findings that neuromodulators, whose release increases
in general during the awake behavioral state (Steriade
and McCarley 1990), stimulate ERK and Pi3K signaling
and potentiate LTP (Kobayashi et al. 1997; Murga et al.
1998; Winder et al. 1999; Huang et al. 2004). It remains
to be determined whether other state-dependent factors
(i.e., neuronal firing patterns, hormones, and neuro-
trophic factors) regulate synaptic plasticity and how
these factors interact in the intact brain.

Memory consolidation seems to occur during sleep
and waking, while learning occurs in the conscious state
(Hobson and Pace-Schott 2002; Gais and Born 2004). It is
believed that the learning and memory processes require
synaptic plasticity. We show here that synaptic poten-
tiation is present in both sleeping and awake states. In-
terestingly, synaptic plasticity in sleeping and awake
states is controlled by different levels of Ras signaling
and mediated by trafficking of distinct AMPA-Rs. The
obvious puzzles are whether and how Ras-regulated, sub-
unit-specific AMPA-R trafficking correlates with the dif-
ferent forms of memory consolidation and learning (e.g.,
declarative vs. procedural or explicit vs. implicit). Ma-
nipulating Ras signaling and trafficking of AMPA-Rs in
intact animals (e.g., in vivo expression of Ras mutants
and GluRct-GFP) (see also Rumpel et al. 2005) during
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different behavioral states (e.g., slow-wave sleep, REM
sleep, quiescent alert, and active exploring) and monitor-
ing changes in learning and memory behavior promise to
reveal new insights into these pivotal questions.

Materials and methods

Biochemical analyses

Hippocampal extracts were prepared by homogenizing hippo-
campal CA1 regions isolated from either cultured slices or
2-wk-old rat brains (Zhu et al. 2000, 2002). To isolate the CA1
regions from intact rat brains, hippocampi were quickly isolated
and frozen with liquid N2, and CA1 regions were isolated from
frozen hippocampi immediately before homogenization. The
expression efficacy of recombinant proteins in these experi-
ments was high (>95% of CA1 neurons). Homogenizing solu-
tion contained HEPES 10 mM, NaCl 150 mM, EDTA 10 mM,
EGTA 4 mM, PMSF 0.2 mM, NaPPi 0.1 mM, NaF 0.5 mM,
Na3VO4 1 mM, chymostatin 0.0001%, leupeptin 0.0001%, an-
tipain 0.0001%, pepstatin 0.0001%, and Triton 1%. To dephos-
phorylate C-Raf, hippocampal extracts were treated with � pro-
tein phosphatase (New England Biolab) for 1 h at 30°C. Mem-
branes were blotted with anti-phospho-ERK (1:10,000; Cell
Signaling Technology), anti-phospho-PKB (1:2000; Cell Signal-
ing), anti-phospho-p845-GluR1 (1:800; Chemicon), anti-phos-
pho-p831-GluR1 (1:1000; Chemicon), anti-phospho-p601-B-Raf
(1:1000; a gift from Andrea Borton at Cell Signaling, Beverly,
MA) (Zhang and Guan 2000), or anti-phospho-p338-C-Raf (1:
1000; Cell Signaling) antibody; stripped; and reblotted with
anti-ERK (1:2000; Cell Signaling), anti-PKB (1:1000; Cell Signal-
ing), anti-GluR1 (1:8000; Chemicon), anti-B-Raf (1:1000; Santa
Cruz Biotechnology), or anti-C-Raf (1:1000; Santa Cruz) anti-
body. Active Ral was detected by affinity precipitation of Ral-
GTP with GST-linked Ral-binding domain, GST-RalBD, as de-
scribed in a previous report (Wolthuis et al. 1998). The bound
Ral-GTP was then eluted and Western blotted with anti-Ral
antibody (1:5000; Transduction Laboratories). Western blots
were quantified by chemiluminescence and densitometric scan-
ning of the films under linear exposure conditions.

Constructs of recombinant receptors and expression

The Ras mutant constructs T35 → S [Ras(S35)-GFP], E37 → G
[Ras(G37)-GFP], and Y40 → C [Ras(C40)-GFP] were generated
from a constitutively active Ras(V12) background (White et al.
1995; Rodriguez-Viciana et al. 1997) using the Quick Change
Site-Directed mutagenesis kit (Stratagene). To mimic the phos-
phorylation at the crucial serine sites at GluR1 and GluR2L
cytoplasmic termini, point mutants were made at GluR1-GFP
cytoplasmic termini S831 → D to generate GluR1(831D)-GFP,
S845 → D to generate GluR1(845D)-GFP, S831 → D and S845 →
D to generate GluR1(DD)-GFP, or at GluR2L(R → Q)-GFP cy-
toplasmic termini, S841 → D, to generate GluR2L(841D)-GFP.
Other constructs were made as previously described (Zhu et al.
2000, 2002). Constructs were expressed in CA1 neurons in hip-
pocampal slices or in intact brains, using Sindbis virus or bi-
olistics transfection. For in vitro expression, slices were pre-
pared from post-natal 6–7-d-old rats or mice, infected with virus
or transfected using a gene gun after 6–8 d in vitro, and incu-
bated on culture media and 5% CO2 for 15 ± 3 h before experi-
ments. To determine the expression of all cotransfected pro-
teins, we cotransfected RFP- and YFP-tagged Ras mutants with
GFP-tagged GluRs. All transfected neurons displayed RFP, YFP,

and GFP fluorescence (n = 43; Supplementary Fig. S5), suggest-
ing that biolistics transfection was efficient to get all cotrans-
fected proteins expressed. For pharmacological experiments,
slices were maintained in culture media containing drugs from
the time they were infected or transfected. HeLa cells were
infected with virus for 15 ± 3 h before they were collected, ho-
mogenized, and Western blotted. For in vivo expression, post-
natal 13–15-d-old rats were initially anesthetized by an intra-
peritoneal injection of ketamine and xylaxine (10 and 2 mg/kg,
respectively). Animals were then placed in a stereotaxic frame,
and a hole ∼1 × 1 mm was opened above the right somatosen-
sory cortex (Zhu and Connors 1999). A glass pipette was used to
penetrate into the hippocampus according to stereotaxic coor-
dinates, and ∼100 nL of viral solution was delivered into the
CA1 region by pressure injection. After the injection, the ani-
mals were allowed to recover from the anesthesia and then kept
asleep or awake. Some of the animals were kept in a state of
slow-wave general anesthesia for 12 h after virus injection. The
sleeping state was determined by monitoring the cortical elec-
troencephalogram (EEG) and maintained by supplying addi-
tional doses (10 mg/kg of pentobarbital) whenever necessary
(Zhu and Connors 1999). Twelve hours after the injections, hip-
pocampi were isolated and hippocampal slices were prepared.
Expression of Ras mutants longer than 24 h also induced non-
specific effects on NMDA-R-mediated responses, changed the
resting membrane potential and the membrane time constant,
and altered dendritic and spine morphology (Wu et al. 2001; Zhu
et al. 2002). Thus, to minimize activation of multiple or non-
specific pathways due to excessive overexpression of recombi-
nant proteins and/or prolonged activation of Ras signaling path-
ways (e.g., autocrine/paracrine effects; see McCarthy et al.
1995), we preformed all experiments within 18 h after infection
or transfection, during which time no autocrine/paracrine effect
on ERK and PKB was observed (Supplementary Fig. S6).

Electrophysiology

Simultaneous whole-cell recordings were obtained from nearby
infected/transfected and noninfected/nontransfected CA1 neu-
ron pairs (Zhu et al. 2000; Larkum and Zhu 2002) under visual
guidance using fluorescence and transmitted light illumination
with two Axopatch-200B amplifiers (Axon Instruments). The
bath solution (29°C ± 1.5°C), unless otherwise stated, contained
NaCl 119 mM, KCl 2.5 mM, CaCl2 4 mM, MgCl2 4 mM,
NaHCO3 26 mM, NaH2PO4 1 mM, glucose 11 mM, picrotoxin
0.1 mM, bicuculline 0.01 mM, and 2-chloroadenosine 0.002
mM (pH 7.4), and gassed with 5% CO2/95% O2. 2-chloroadeno-
sine was included to prevent bursting. For experiments in which
slices were maintained in culture with PD98059, LY294002,
PP2, and PP3 (Calbiochem), these drugs were included during
recordings. Patch recording pipettes (3–6 M�) contained cesium
methanesulfonate 115 mM, CsCl 20 mM, HEPES 10 mM,
MgCl2 2.5 mM, Na2ATP 4 mM, Na3GTP 0.4 mM, sodium phos-
phocreatine 10 mM, EGTA 0.6 mM, and spermine 0.1 mM (pH
7.25). Synaptic responses were evoked by bipolar electrodes
with single voltage pulses (200 µsec, up to 20 V) placed in the
stratum radiatum ∼300–500 µm from the CA1 cells. Synaptic
AMPA responses at −60 mV and +40 mV were averaged over 90
trials and their ratio was used as an index of rectification. To
minimize the effect from AMPA responses, the peak NMDA
responses at +40 mV were measured after digital subtraction of
estimated AMPA responses at +40 mV. LTP was induced by a
pairing protocol using 200 pulses at 2 Hz at −5 mV within 5 min
after formation of whole-cell configuration. Slices were incu-
bated in a solution containing 25 µM PD98059 or 10 µM
LY294002 before (for at least 1 h) and during LTP experiments.
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All results are reported as mean ± s.e.m., and statistical differ-
ences of the means were determined using Wilcoxon and Mann-
Whitney Rank Sum nonparametric tests for paired and unpaired
samples, respectively. The level of significance was set at
p < 0.05.
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