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Metabotropic glutamate receptor-dependent long-term depression (mGluR-LTD) in the hippocampus re-
quires rapid protein synthesis, which suggests that mGluR activation is coupled to signaling pathways that
regulate translation. Herein, we have investigated the signaling pathways that couple group I mGluRs to
ribosomal S6 protein phosphorylation and 5�oligopyrimidine tract (5�TOP)-encoded protein synthesis during
mGluR-LTD. We found that mGluR-LTD was associated with increased phosphorylation of p70S6 kinase
(S6K1) and S6, as well as the synthesis of the 5�TOP-encoded protein elongation factor 1A (EF1A). Moreover,
we found that LTD-associated increases in S6K1 phosphorylation, S6 phosphorylation, and levels of EF1A were
sensitive to inhibitors of phosphoinositide 3-kinase (PI3K), mammalian target of rapamycin (mTOR), and
extracellular signal-regulated kinase (ERK). However, mGluR-LTD was normal in S6K1 knockout mice and
enhanced in both S6K2 knockout mice and S6K1/S6K2 double knockout mice. In addition, we observed that
LTD-associated increases in S6 phosphorylation were still increased in S6K1- and S6K2-deficient mice,
whereas basal levels of EF1A were abnormally elevated. Taken together, these findings indicate that mGluR-
LTD is associated with PI3K-, mTOR-, and ERK-dependent alterations in the phosphorylation of S6 and S6K.
Our data also suggest that S6Ks are not required for the expression of mGluR-LTD and that the synthesis of
5�TOP-encoded proteins is independent of S6Ks during mGluR-LTD.

The activation of group I metabotropic glutamate receptors
(mGluRs) is intimately involved in the regulation of protein syn-
thesis in neurons. Brief application of the mGluR I agonist [3,5-
RS] dihydroxyphenylhydrazine (DHPG) has been reported to
enhance de novo protein synthesis in hippocampal slices (37) and
synaptoneurosomes (12), alter mRNA granule distribution (3),
enhance polyribosome formation in synaptoneurosomes (12, 52),
and promote rapid dendritic protein synthesis during mGluR-
dependent long-term depression (mGluR-LTD) (19). These find-
ings strongly suggest that mGluR-mediated signaling is directly
coupled to the regulation of translation initiation in neurons.

Multiple signaling pathways critical for regulating protein
synthesis have been reported to be required for mGluR-LTD.
Both mammalian target of rapamycin (mTOR) and extracel-
lular signal-regulated kinase (ERK) are activated during
mGluR-LTD, and inhibitors of these kinases, as well as inhib-
itors of phosphoinositide-3-kinase (PI3K), have been shown to
block mGluR-LTD (4, 9, 16). Substrates of mTOR and ERK
that are known to be involved in translational control during
mGluR-LTD include eukaryotic initiation factor 4E and its
repressor 4E-binding protein (4). S6 kinases also are known to
integrate mTOR, PI3K, and ERK signaling to influence pro-

tein synthesis; however, the requirement of S6 kinases for the
expression of mGluR-LTD has not been examined.

In mammals, S6 kinases are encoded by two separate genes,
S6K1 and S6K2, which are approximately 80% homologous
(8). One of the first identified substrates of S6 kinases was
ribosomal protein S6, a subunit of the small 40S ribosome.
Ribosomal protein S6 is located at the interface of the small
and large ribosomal subunits, and evidence suggests that S6
interacts directly with mRNA, tRNA, and translation initiation
factors (31). Although the exact consequence of S6 phosphor-
ylation remains unknown, inducible phosphorylation of S6 is
often correlated with enhanced cellular growth and protein
synthesis (13, 53). Another correlate of enhanced proliferation
is selective terminal 5� oligopyrimidine tract (5�TOP) mRNA
translation. A unique feature of 5�TOP mRNAs is that they
encode for translation initiation factors and all vertebrate ri-
bosomal protein subunits (28). Synthesis of 5�TOP mRNA-
encoded proteins has been observed in dendrites during protein
synthesis-dependent long-term potentiation (LTP) parallel to
S6K1 activation (49, 50). This suggests that 5�TOP mRNA trans-
lation could promote protein synthesis-dependent synaptic plas-
ticity in neurons by improving translational competence in re-
sponse to the appropriate synaptic signals.

Therefore, we hypothesized that mGluR-LTD would be
associated with increased phosphorylation of S6 kinases on
sites phosphorylated by ERK and/or mTOR, resulting in the
subsequent phosphorylation of S6 and translation of 5�TOP
mRNAs. In these studies, we measured the phosphorylation of
p70S6K (the dominant cytoplasmic S6 kinase derived from
S6K1), the phosphorylation of ribosomal protein S6, and the
levels of several 5�TOP-encoded proteins, including elongation
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factor 1A (EF1A) and S6 itself, following mGluR-LTD induction.
In addition, we asked whether S6 kinases are required for the
normal expression of mGluR-LTD and synthesis of 5�TOP-en-
coded proteins. Our findings indicate that the activation of ERK,
PI3K, and mTOR associated with mGluR-LTD is correlated with
increases in the phosphorylation of S6K1 and S6 ribosomal pro-
tein and an elevation in the levels of the 5�TOP-encoded protein
EF1A. Surprisingly, we found that the genetic removal of S6K1
and/or S6K2 did not block mGluR-LTD; rather, we observed
altered expression of LTD that was accompanied by abnormal
levels of EF1A in the S6K mutant mice. Taken together, we find
that multiple kinase signaling pathways interact to modulate the
translation of 5�TOP mRNAs during mGluR-LTD.

MATERIALS AND METHODS

Materials. The following chemicals were obtained from the respective com-
panies: DHPG, UO126, and LY365354 from Tocris Cookson, Ellisville, MO;
wortmannin and LY294002 from Alexis Corporation, Carlsbad, CA; ascomycin,
anisomycin, MG132, and SL-327 from Sigma, St. Louis, MO; and rapamycin
from Cell Signaling Technology, Beverly, MA. MPEP [2-methyl-6-(phenylethy-
nyl)-pyridine] was a gift from the FRAXA Foundation to E. Klann. I-Block was
obtained from Tropix (Bedford, MA). All antibodies were obtained from Cell
Signaling Technology with the exception of the following: EF1A (EF-Tu) from
Chemicon, Temecula, CA; ERK from Promega, Madison, WI; and p70S6K
(C-18) from Santa Cruz Biotechnology, Santa Cruz, CA. Enhanced chemilumi-
nescence kits were obtained from EM Biosciences, Inc. (San Diego, CA), and
West-Femto SuperSignal from Pierce Biotechnology, Inc. (Rockford, IL).

Animals. There are two genes that encode for S6 kinases: S6K1 and S6K2 (24, 36,
45). Knockout mice for each of these genes were generously provided by Sara
Kozma and George Thomas (University of Cincinnati) and the Novartis Foundation
(Basel, Switzerland). These mice were outcrossed one generation to C57BL/6J mice,
and the resulting heterozygotes were mated to one another to generate wild-type
and knockout littermates. Double heterozygous mice (S6K1�/� S6K2�/�) were
similarly crossed; however, we were unable to obtain any double knockout (S6K1�/�

S6K2�/�) mice with this breeding strategy, consistent with previous findings that
viable double knockout mice are observed with a frequency of approximately 1:500
(36). To obtain double knockout mice, we crossed S6K1�/� S6K2�/� and S6K1�/�

S6K2�/� mice. For studies of the double knockout mice, we used the single knock-
out littermates resulting from these crosses, as well as age- and strain-matched
wild-type mice, as controls. Mice were genotyped before and after completion of
experiments via PCR of DNA purified from tail digests with methods previously
described (36).

The mice were treated in accordance with the institutional animal care and use
committee guidelines at Baylor College of Medicine Center for Comparative
Medicine. The animals were given water and food ad libitum and maintained on
a 12-h light-dark cycle. C57BL/6 mice were obtained from either Charles River
or the Jackson Laboratory and were ordered to arrive at our facility at 3 weeks
of age. All animals were used at the age of 4 to 5 weeks for the experiments
described.

Preparation and treatment of hippocampal slices. Mice were euthanized by
cervical dislocation, and the brain was rapidly removed and suspended into
ice-cold sucrose solution containing 110 mM sucrose, 60 mM NaCl, 3 mM KCl,
1.25 mM NaH2PO4, 28 mM NaHCO3, 5 mM glucose, 0.6 mM ascorbic acid, 7
mM MgCl2, and 0.5 mM CaCl2 gassed with 95% O2-5% CO2. The hippocampus
was removed and sectioned with a McIllwain tissue chopper, which yielded
approximately 15 to 18 hippocampal slices containing well-defined laminated
architecture. Slices then were equilibrated for 30 min in 50% ice-cold sucrose
solution mixed with 50% ACSF containing 125 mM NaCl, 2.5 mM KCl, 1.25 mM
NaH2PO4, 25 mM NaHCO3, 25 mM glucose, 1 mM MgCl2, and 2 mM CaCl2
gassed with 95% O2-5% CO2. Slices then were incubated for at least 1 h at room
temperature in 100% ACSF. Hippocampal slices were divided into five to six
groups containing three to four slices and equilibrated for 2 h at 32°C in 100%
ACSF prior to treatment. DHPG was suspended into a 5 mM stock solution in
ACSF each experimental day, and slices were treated with a final concentration
of 50 �M for 10 min prior to being snap-frozen over dry ice. Inhibitors were
added 30 min to 1 h prior to DHPG application. In some cases, inhibitors were
suspended in methanol or dimethyl sulfoxide (DMSO). In these instances, all
slices within the experiment were treated with the same amount of vehicle.
DMSO never exceeded more than 0.01% and methanol 0.05% of the total

solution volume in which hippocampal slices were exposed. Frozen slices were
briefly thawed for microdissection of area CA1 and then suspended into 45 �l of
ice-cold buffer containing 10 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 10 mM Na4P2O7, and 10 �l/ml of each of the following inhibitors:
protease inhibitor cocktail 1, phosphatase inhibitor cocktail 1, and phosphatase
inhibitor cocktail 2 (Sigma, St. Louis, MO). After brief sonication, samples were
centrifuged at 1,000 � g for 5 s to remove debris and the supernatant was used
for the experiments described.

Western blots. Protein samples were dissolved in 3� sample buffer on ice to
achieve a final concentration of 0.75 to 1.5 �g/�l. Ten micrograms of protein was
resolved via sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blot-
ted onto polyvinylidene fluoride membranes in a methanol-based Tris-glycine
buffer at 4°C and 650 mA for 6 h. Membranes then were dried briefly at room
temperature to resolve by eye the blotted bands and carefully cut into strips using
a broad-range molecular weight marker (Bio-Rad, Hercules, CA) as a guide for
each protein to be probed. Each primary antibody was suspended into 0.2%
I-Block in Tween–Tris-buffered saline (TTBS) (0.1% Tween 20) in a total vol-
ume of 5 to 10 ml and incubated over the membrane with vigorous mixing either
2 h at room temperature or overnight at 4°C. Primary antibodies included
Ser235/Ser236 S6 (1:1,000), Ser240/Ser244 S6, monoclonal rabbit 5G10 (1:750),
EF1A (1:50,000), Thr185/Tyr187 ERK (1:5,000), ERK (1:10,000), Ser2448
mTOR (1:1,000), mTOR (1:1,000), polyclonal rabbit Thr389 S6K1 (1:750),
Thr421/Ser424 S6K1 (1:1,000), and S6K1 (1:1,000 [Cell Signaling] or 1:200 [C-18;
Santa Cruz]). Membranes were rinsed at least three times in TTBS, 5 min each,
and incubated in secondary antibody conjugated to horseradish peroxidase (1:
5,000) in I-Block for 1 to 2 h more at room temperature. After a final set of TTBS
rinses, membranes were suspended in enhanced chemiluminescence fluid for 1 to
5 min and exposed to Kodak Xomat film for 30 s to 10 min. Membranes were
stripped in a 2 mM glycine, 2% sodium dodecyl sulfate, pH 2.0, solution at 55°C
with vigorous shaking for 1 to 2 h, rinsed in TBS, and reprobed with another
antibody. Blots were analyzed using Scion Image densitometry (Scion, Frederick,
MD). A Student t test was performed between treated groups and their controls.
A one-way analysis of variance (ANOVA) was conducted where multiple com-
parisons within experiments were measured, followed by a Tukey test where
appropriate. For each figure, a P value of �0.05 was considered statistically
significant and a P value of �0.1 but �0.05 was considered a statistical trend.

mTOR activity assay. Hippocampal slices were treated with DHPG (50 �M
for 10 min) or untreated, flash frozen on dry ice, and homogenized in assay buffer
according to the K-LISA mTOR activity kit manufacturer’s directions (EMD-
Calbiochem, San Diego, CA). mTOR was purified from 60 �g of the hippocam-
pal homogenate with a 2-h, 4°C incubation with mTOR antibody (1:100; Cell
Signaling, Beverly, MA) followed by immunoprecipitation with Protein-G Plus
beads (Pierce, Rockford, IL). The resultant mTOR extract was assayed accord-
ing to the K-LISA mTOR activity kit manufacturer’s instructions. mTOR activity
was measured by enzyme-linked immunosorbent assay with the substrate absor-
bance measured at 450 nm and reference wavelengths measured at 540/595 nm
with a Synergy 2 multidetection microplate reader (BioTek).

Immunohistochemistry. Sections of 400 �m were treated with DHPG or un-
treated as described above and immediately fixed in ice-cold 4% paraformalde-
hyde-1% glutaraldehyde solution in 0.1 M phosphate-buffered saline (PBS), pH 7.4,
containing 2 mM NaF and 2 mM Na3VO4 overnight at 4°C. Sections were rinsed in
30% sucrose in PBS until they precipitated over approximately 3 nights at 4°C.
Sections then were embedded in O.C.T. compound (VWR) over dry ice and stored
at �80°C until they were sectioned at 20 �m with a cryostat. Floating sections were
rinsed in PBS and then PBS containing 0.7% Triton-X (PBSX) before being placed
into 10% normal goat serum in PBSX overnight at 4°C. Primary-antibody dilutions
were as follows: Ser235/236 S6 at 1:200 and EF1A at 1:1,000. Sections were incu-
bated in primary antibody with gentle shaking overnight at 4°C, rinsed five times in
PBSX, and then incubated in Cy3-conjugated secondary antibody (1:500) for 2 h at
room temperature with gentle shaking. Sections were imaged using a Zeiss 510 meta
confocal microscope system (Zeiss, Oberkochen, Germany). For analysis, images
were subdivided into discrete compartments 20 �m long by 5 �m across from the
interface of the stratum pyramidale and stratum radiatum. The numbers of pixels
highlighted were averaged together across similar compartments for the total num-
ber of slices.

Electrophysiology. Hippocampal slices were isolated as described above. Slices
were incubated at 30°C within a humidified interface chamber (Fine Science
Tools, North Vancouver, BC, Canada) perfused with oxygenated ACSF at a rate
of 1 ml/min. In most cases, field excitatory postsynaptic potentials (fEPSPs) in
slices from wild-type and knockout mice were recorded at the same time. A dual
recording amplifier (A&M Systems, Sequim, WA) was interfaced to two glass
micropipette recording electrodes filled with ACSF with an approximate resis-
tance of 1 to 5 M�. Slices were each stimulated via a stimulus isolator (A&M

VOL. 28, 2008 S6 PHOSPHORYLATION AND EF1A SYNTHESIS DURING mGluR-LTD 2997



Systems) within the range of 0 to 1.5 mV intensity, a frequency of 0.05 Hz, and
a total duration of 0.05 ms. Bipolar stimulating electrodes were handmade with
isonel-coated platinum (thickness of approximately 0.5 mm) and delicately
placed onto the Schaffer collaterals of each slice. Recording electrodes were
placed into the stratum radiatum, and the signal was converted into a digital
signal via a Digidata 1322 model interface (A&M Systems). Patchclamp version
8.2 software was configured to collect the signal. Each trace was averaged over a
period of 2 min, and the initial slope (approximately 0.2 to 0.3 ms following the
cessation of the fiber volley) was selected. For each slice, an input-output
curve was generated, and test pulses for recordings were selected to yield a 50
to 60% maximal fEPSP slope, which yielded a trace of approximately 1 to 6
mV in amplitude. Baseline recordings were taken for a minimum of 20 min
prior to treatment. Data were expressed as a percentage of the baseline
recording prior to treatment. A two-way ANOVA was performed on the data
with genotype X interaction as the reported F value, post hoc Bonferonni
tests were done where appropriate, and a P value of �0.05 was considered
statistically significant.

RESULTS

Phosphorylation of S6 and synthesis of two species of
5�TOP-encoded proteins are associated with mGluR-LTD.
Brief application of DHPG has been reported to induce
mGluR-LTD that is associated with the activation of mTOR
and ERK2 (4, 9, 16, 39). We confirmed that the phosphoryla-

tion of both mTOR and ERK2 was increased during DHPG-
induced mGluR-LTD (Fig. 1A and B). We observed that the
increase in mTOR phosphorylation was followed by a rapid
dephosphorylation after washout of DHPG, whereas phos-
phorylated ERK2 remained significantly elevated up to 30 min
following washout of DHPG (Fig. 1B). To confirm that the
LTD-associated increase in the phosphorylation of mTOR cor-
related with increased enzymatic activity during mGluR-LTD,
we performed an immunocomplex assay to measure the phos-
photransferase activity of mTOR. We observed that mTOR
activity was transiently elevated in slices treated with DHPG
with a time scale similar to that of the phosphorylation (Fig.
1C). Within the same set of experiments, we observed that
mGluR-LTD triggered an increase in the phosphorylation of
ribosomal protein S6 that persisted up to 30 min following
DHPG washout (Fig. 1A and B). We next asked whether
mGluR-LTD was associated with an increase in the synthesis
of the 5�TOP-encoded proteins EF1A and S6 itself. We ob-
served that EF1A and S6 levels were enhanced immediately
after DHPG treatment and remained elevated 15 to 30 min
after washout of DHPG (Fig. 1A and D). To test whether the

FIG. 1. mGluR-LTD is associated with transient phosphorylation of mTOR, ERK, and ribosomal protein S6 in hippocampal area CA1 that is
accompanied by enhanced synthesis of the 5�TOP-encoded proteins EF1A and S6. Hippocampal slices were exposed to DHPG (50 �M) for 10
min and incubated in ACSF for the indicated times. (A) Representative Western blots from the same experiment for phosphorylated mTOR
(p-mTOR), phosphorylated ERK (pp-ERK), phosphorylated S6 (pp-S6), EF1A, total S6 (S6), and total ERK (ERK) from untreated (control) and
DHPG-treated slices. Numbers on the right indicate molecular size markers. (B and D) After DHPG stimulation, slices were harvested
immediately after treatment (0 min) and 5, 15, 30, and 60 min thereafter. Immunoreactivity was normalized to total ERK and graphed as percent
control. Values are means 	 standard errors of the means determined immediately after DHPG stimulation. (B) Percentages of control values
are as follows: for pp-S6 with DHPG, 132% 	 10% (n 
 7); for p-mTOR with DHPG, 115% 	 5% (n 
 5); and for pp-ERK with DHPG,
138% 	 17% (n 
 5). *, statistical significance above control for all groups; #, statistical significance above control for pp-S6 and pp-ERK.
(C) After DHPG stimulation, slices were assayed immediately (0 min) or 10 min later for mTOR phosphotransferase activity. Percentages of
control values are as follows: for mTOR activity with DHPG (0 min), 144% 	 11% (n 
 7), and for DHPG (10 min), 97% 	 9% (n 
 5). *,
statistical significance above control mTOR activity levels. (D) Percentage of control EF1A value for DHPG is 122% 	 7% (n 
 7), and percentage
of control value for total S6 values with DHPG is 138% 	 17% (n 
 3). *, statistical significance above control for all groups; #, statistical
significance above control for S6.

2998 ANTION ET AL. MOL. CELL. BIOL.



DHPG-induced elevation of EF1A and S6 resulted from en-
hanced protein synthesis, we pretreated slices for 20 min in the
presence of 40 �M anisomycin. We found that anisomycin
treatment abrogated the elevation of EF1A (percentages of
control EF1A values were 114% 	 5% for DHPG [P � 0.05]
and 83% 	 17% for DHPG plus anisomycin [n 
 4]) and S6
(percentages of control S6 values were 128% 	 10% for
DHPG [P � 0.05] and 81% 	 6% for DHPG plus anisomycin
[n 
 4]). We also examined whether decreased protein degra-
dation contributed to the increases in EF1A and S6 associated
with LTD. We found that pretreatment of slices with the pro-
teasome inhibitor MG132 (20 �M) for 20 min altered neither
the basal levels nor the DHPG-induced increase in the levels of
EF1A and S6 (data not shown). Together these findings sup-
port the hypothesis that de novo protein synthesis from 5�TOP
mRNA is associated with mGluR-LTD.

To examine whether the increases in phosphorylated S6 and
EF1A levels were expressed in specific subcellular compart-
ments during mGluR-LTD, we utilized immunohistochemical
labeling. We observed that phosphorylated S6 and EF1A
shared similar distributions. Noticeably, for both phosphory-
lated S6 and EF1A, the somatic region was prominently la-
beled in comparison to the modest signal detected in the den-

drites of stratum radiatum (Fig. 2A and B). Staining of
interleaved slices treated with DHPG revealed a modest in-
crease in signal for phosphorylated S6 (Fig. 2A) and a dramatic
elevation of EF1A levels (Fig. 2C) in area CA1. To determine
whether the elevated staining intensity was compartmentalized
to either dendritic or somatic regions of CA1, we quantified
the optical density of each interleaved pair of slices at discrete
intervals. We found that the density of phosphorylated S6 and
EF1A immunoreactivity was significantly elevated in the
somatic layer of CA1. In contrast, we were unable to mea-
sure a difference with this immunolabeling method for phos-
phorylated S6 or EF1A in the stratum radiatum. We also
observed that the initial compact layer of stratum pyrami-
dale neurons interfacing the stratum radiatum exhibited en-
hanced intensity compared to those stratum pyramidale
neurons neighboring the stratum oriens. These findings
demonstrate that mGluR-LTD is associated with increased
S6 phosphorylation that is correlated with the elevation of
the 5�TOP-encoded protein EF1A primarily in the somatic
region of area CA1.

Increased phosphorylation of S6 and enhanced levels of EF1A
following mGluR-LTD require both mGluR1 and mGluR5. It
previously was reported that the activation of mTOR and

FIG. 2. mGluR-LTD is associated with increased phosphorylated S6 and EF1A levels in area CA1. Representative confocal images in soma and
dendrites of hippocampal area CA1 from DHPG-treated and untreated slices (control). To determine whether there was elevated immunoreac-
tivity in the dendrites and/or the soma of area CA1, the optical densities of the images were quantified in 20-�m intervals from the interface of
the stratum pyramidale (s.p.) and stratum radiatum (s.r.) in control and DHPG-treated slices for pp-S6 (n 
 4) and EF1A (n 
 4). Elevations of
pp-S6 and EF1A levels were detected in the s.p. but not in the s.r. with this method. Statistics were computed with a two-way ANOVA; post hoc
Bonferroni t tests revealed significance (*, P � 0.05; **, P � 0.001). Images were taken with a 20� objective. Bar, 20 �m.
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ERK2 associated with mGluR-LTD requires both mGluR1
and mGluR5 (4, 16). Therefore, we determined whether both
subtypes of group I mGluRs also contribute to the phosphor-
ylation of S6 and the elevation in EF1A levels that accompany
mGluR-LTD. We found that both LY365367 (100 �M, 30
min) and MPEP (10 �M, 30 min), which antagonize mGluR1
and mGluR5, respectively, were able to block the DHPG-
induced increase in EF1A (percentages of control EF1A val-
ues were 118% 	 4% for DHPG [P � 0.05], 104% 	 10% for
DHPG plus LY365367, and 106% 	 11% for DHPG plus
MPEP [n 
 5]). In contrast, LY365367, but not MPEP, par-
tially blocked S6 phosphorylation (percentages of control
pp-S6 values were 132% 	 9% for DHPG [P � 0.05 compared
to control], 125% 	 12% for DHPG plus LY365367 [P � 0.05
compared to control and P � 0.05 compared to DHPG], and
138% 	 15% for DHPG plus MPEP [P � 0.05 compared to
control] [n 
 5]). Concomitant application of MPEP and
LY365367 completely blocked the LTD-associated increase in
S6 phosphorylation and EF1A levels (percentage of control
pp-S6 was 113% 	 17% for DHPG plus LY365367 plus MPEP
[n 
 4] and percentage of control EF1A was 88% 	 26% for
DHPG plus LY365367 plus MPEP [n 
 3]). These findings
indicate that both mGluR1 and mGluR5 contribute to the
increases in S6 phosphorylation and EF1A levels that are as-
sociated with mGluR-LTD.

LTD-associated increases in S6 phosphorylation and EF1A
protein levels require PI3K, mTOR, and ERK. It previously
was reported that PI3K, mTOR, and ERK are necessary for
the expression of protein synthesis-dependent mGluR-LTD (4,
9, 16). Therefore, we asked whether increases in phosphory-
lated S6 and EF1A levels associated with mGluR-LTD re-
quired each of these kinases. Inhibition of PI3K with either 50
�M LY292004 or 100 nM wortmannin abrogated the LTD-
associated increase in Ser235/Ser236 S6 phosphorylation and
the increased synthesis of EF1A (Fig. 3A and B). Similarly,
inhibition of mTOR with 20 nM rapamycin abolished the
LTD-induced increase in Ser235/Ser236 S6 phosphorylation
and the increased expression of EF1A (Fig. 4A and B). We
also examined the phosphorylation of the Ser240/Ser244 sites
on S6, which have been reported to be regulated more specif-
ically by mTOR-dependent signaling (36, 41). We observed an
increase in Ser240/Ser244 S6 phosphorylation following
DHPG treatment that was prevented by rapamycin (Fig. 4A
and B). The ability of rapamycin to block both the LTD-

FIG. 3. mGluR-LTD is associated with a PI3K-dependent increase
in the levels of phosphorylated ribosomal protein S6 and total levels of
the 5�TOP-encoded protein EF1A. Hippocampal slices were incubated
in vehicle (0.001% DMSO plus 0.01% methanol), LY292002 (LY) (50
�M), or wortmannin (wort) (100 nm) for 30 min and were then ex-
posed to DHPG (50 �M) for 10 min in the presence of either vehicle
(control) or the respective antagonists. (A) Representative Western
blots for phosphorylated S6 (pp-S6), EF1A, and total ERK. (B) Im-
munoreactivity was normalized to total ERK immunoreactivity. Values
are means 	 standard errors of the means and are expressed as
percentages of control values. pp-S6 values are as follows: with DHPG,
132% 	 11% (n 
 8); with DHPG plus LY (D�LY), 97% 	 20%
(n 
 8); and with DHPG plus wort (D�wort), 103% 	 18% (n 
 5)
(data not shown: with LY, 97% 	 10% [n 
 8]; with wort, 110% 	
16% [n 
 5]). EF1A values are as follows: with DHPG, 144% 	 9%
(n 
 4); with DHPG plus LY, 118% 	 19% (n 
 4); and with DHPG
plus wort, 119% 	 15% (n 
 4) (data not shown: with LY, 120% 	
14% [n 
 4]; with wort, 97% 	 14% [n 
 4]). *, statistical significance
with a Student t test (P � 0.05).

FIG. 4. mGluR-LTD is associated with mTOR-dependent in-
creases in the levels of phosphorylated ribosomal protein S6 and total
levels of EF1A. Hippocampal slices were incubated in vehicle (0.01%
methanol), rapamycin (rap) (20 nM), a selective antagonist for mTOR,
or ascomycin (asc) (20 nM), a molecule structurally similar to rapa-
mycin that does not interfere with mTOR activity, for 30 min and were
then exposed to DHPG (50 �M) for 10 min in the presence of vehicle
(control) or the respective antagonists. (A) Representative Western
blots for S6 phosphorylated at Ser235/Ser236 and Ser240/Ser244 (pp-
S6), EF1A, and total ERK. (B) Immunoreactivity was normalized to
total ERK immunoreactivity. Values are means 	 standard errors of
the means and are expressed as percentages of control values. Ser235/
Ser236 pp-S6 values are as follows: with DHPG, 138% 	 10% (n 
 6);
with DHPG plus rap (D�rap), 73% 	 8% (n 
 5); and with DHPG
plus asc (D�asc), 128% 	 13% (n 
 5) (data not shown: with rap,
91% 	 6% [n 
 4]; with asc, 92% 	 8% [n 
 4]). Ser240/Ser244 pp-S6
values are as follows: with DHPG, 144% 	 15% (n 
 4); with DHPG
plus rap, 80% 	 5% (n 
 3); and with DHPG plus asc, 111% 	 2%
(n 
 3) (data not shown: with rap, 89% 	 1% [n 
 2]; with asc,
89% 	 8% [n 
 2]). EF1A values are as follows: with DHPG,
122% 	 11% (n 
 4); with DHPG plus rap, 79% 	 16% (n 
 4); and
with DHPG plus asc, 113% 	 7% (n 
 4) (data not shown: with rap,
79% 	 23% [n 
 4]; with asc, 86% 	 28% [n 
 4]). *, statistical
significance with control via Student’s t test (P � 0.05).
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associated increases in phosphorylation at multiple S6 phos-
phorylation sites and the LTD-associated increases in EF1A
levels appears to be specific to mTOR inhibition because slices
treated with the macrolide ascomycin, a compound structurally
similar to rapamycin that does not inhibit mTOR, did not
affect the DHPG-induced increase in S6 phosphorylation or
EF1A expression (Fig. 4A and B). These findings are consis-
tent with the notion that PI3K and mTOR are both required
for the increases in S6 phosphorylation and translation of
5�TOP mRNAs associated with mGluR-LTD.

In addition to PI3K and mTOR, ERK is activated during
DHPG-LTD (Fig. 1A and B) (4, 9). We therefore asked
whether inhibition of MEK, the upstream kinase that phos-
phorylates and activates ERK, alters the LTD-induced in-
crease in S6 phosphorylation and the increase in the levels of
EF1A. We observed that the MEK inhibitor UO126 (20 �M,
1 h) blocked the LTD-induced increase in Ser235/Ser236 S6
phosphorylation and the increase in EF1A levels (Fig. 5A and
B). Because p90RSK is activated by ERK and also can phos-
phorylate Ser235/Ser236 on S6, we also measured the Ser240/

Ser244 sites on S6 that have been reported to be specifically
phosphorylated by S6Ks (36, 41). We found that mGluR-LTD
was associated with increased levels of Ser240/Ser244 S6
phosphorylation that was blocked by the MEK inhibitor
UO126 (Fig. 5A and B). We also observed that pretreat-
ment of hippocampal slices with the MEK inhibitor SL327
(5 �M, 1 h), which is structurally distinct from UO126, had
similar effects on Ser235/Ser236 S6 phosphorylation,
Ser240/Ser244 S6 phosphorylation, and levels of EF1A (Fig.
5 legend). These results demonstrate that the unitary acti-
vation of each of the PI3K, mTOR, and ERK signaling
pathways is required for DHPG-induced increases in S6
phosphorylation and EF1A synthesis.

mGluR-LTD is associated with increased S6K phosphory-
lation that is sensitive to inhibitors of PI3K, mTOR, and ERK.
The PI3K, mTOR, and ERK signaling pathways are known to
converge upon and activate S6Ks. Our observations that S6
phosphorylation at both the Ser235/Ser235 and Ser240/Ser244
sites was elevated during mGluR-LTD in an mTOR- and
ERK-dependent manner prompted the hypothesis that S6K is
selectively involved in mediating S6 phosphorylation and the
concomitant elevation of EF1A. Therefore, we proceeded to
examine whether increased S6K phosphorylation was associ-
ated with mGluR-LTD. S6K1 is abundant in the hippocampus
(6, 49) and expressed largely in the cytoplasm, whereas S6K2 is
expressed predominantly in the nucleus (24, 34, 36). There-
fore, we concentrated our efforts on S6K1, for which specific
antibodies are currently available. S6K1 is phosphorylated in a
hierarchical manner, where the phosphorylation of the proline-
rich portion of the kinase in the pseudocatalytic domain by
mitogen-activated protein kinases, including ERK, is thought
to “prime” the activation of the kinase. Subsequent phosphor-
ylation of many sites by the upstream kinases phosphoinositide-
dependent kinase 1, Akt, and mTOR follows this priming
phosphorylation step (8). Notably, it has been reported that
phosphorylation of the mTOR-sensitive site in the linker do-
main is most highly correlated with S6K activity (35). There-
fore, we examined the phosphorylation of the ERK-dependent
sites Thr421/Ser424 to measure putative priming of the kinase
and the mTOR-dependent site Thr389 to measure activation
of S6K1. We found that mGluR-LTD was associated with a
significant increase in phosphorylation at the Thr421/Ser424
phosphorylation sites of the p70S6K isoform of S6K1 that was
attenuated by the MEK inhibitor UO126 (Fig. 6A and B). We
also observed that the phosphorylation of the Thr389 site of
S6K1 was significantly increased following the application of
DHPG (Fig. 6C and D). Pretreatment of the slices with either
the PI3K inhibitor LY294002 or the mTOR inhibitor rapamycin
blocked the DHPG-induced increase in S6K1 phosphorylation at
the Thr389 site (Fig. 6C and D). The representative Western blot
shown in Fig. 6A demonstrates that phosphorylation of p85S6K,
the long isoform of S6K1, is likely to be regulated in a
similar manner. Taken together, these findings suggest that
increases in phosphorylation of S6K1 at both the Thr421/
Ser424 and Thr389 sites may be required for subsequent
increases in S6 phosphorylation and translation of 5�TOP
mRNAs during mGluR-LTD.

mGluR-LTD is normally expressed in S6K1 knockout mice
and abnormally enhanced in S6K2 and S6K1/S6K2 knockout
mice. We next asked whether S6K knockout mice had a deficit

FIG. 5. mGluR-LTD is associated with an ERK-dependent in-
crease in the levels of phosphorylated ribosomal protein S6 and total
levels of EF1A. Hippocampal slices were incubated in vehicle (0.01%
DMSO), UO126 (20 �M), a selective antagonist for the ERK1/2-
specific MEK, or SL327 (5 �M), a structurally distinct antagonist from
UO126 for the ERK1/2-specific MEK, for 60 min and were then
exposed to DHPG (50 �M) for 10 min in the presence of vehicle
(control) or the respective antagonists. (A) Representative Western
blots for S6 phosphorylated at Ser235/Ser236 and Ser240/Ser244 (pp-
S6), EF1A, and ERK. (B) Immunoreactivity was normalized to total
ERK immunoreactivity. Values are means 	 standard errors of the
means and are expressed as percentages of control values. Ser235/
Ser236 pp-S6 values are as follows: with DHPG, 127% 	 14% (n 
 7),
and with DHPG plus UO126 (D�UO126), 84% 	 9% (n 
 7) (data
not shown: with UO126, 90% 	 13% [n 
 6]; with DHPG plus SL327,
90% 	 4% [n 
 4]; with SL327, 99% 	 8% [n 
 4]). Ser240/Ser244
pp-S6 values are as follows: with DHPG, 164% 	 15% (n 
 4), and
with DHPG plus UO126, 101% 	 8% (n 
 4) (data not shown: with
UO126, 91% 	 15% [n 
 4]; with DHPG plus SL327, 92% 	 8%
[n 
 4]; with SL327, 99% 	 5% [n 
 4]). EF1A values are as follows:
with DHPG, 194% 	 31% (n 
 4), and with DHPG plus UO126,
109% 	 20% (n 
 4) (data not shown: with UO126, 120% 	 26%
[n 
 4]; with DHPG plus SL327, 137% 	 50% [n 
 4]; with SL327,
115% 	 31% [n 
 4]). *, statistical significance with control via
Student’s t test (P � 0.05).
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in the expression of mGluR-LTD. Basic measures of synaptic
function were examined in slices from both lines of knockout
mice, and no differences in synaptic input/output curve or
paired-pulse facilitation were observed compared to levels in
slices from wild-type mice (2). In hippocampal slices from
S6K1 knockout mice, the expression of mGluR-LTD, which is
sensitive to protein synthesis inhibitors (15, 19), was still ex-
pressed (Fig. 7A and F). In contrast, we found that mGluR-
LTD was enhanced in hippocampal slices from S6K2 knockout
mice (Fig. 7B and F). This unexpected result led us to examine
whether there was compensatory elevation of S6K1 in the
S6K2 knockout mice that correlated with the enhanced LTD.
We observed that S6K1 protein levels were similar in the
hippocampi of wild-type and S6K2 knockout mice (Fig. 7C).
This result does not exclude the possibility that S6K1 activity or
its subcellular distribution is altered in S6K2-deficient mice.
Therefore, we examined mGluR-LTD expression in S6K1/
S6K2 double knockout mice to ascertain whether removal of
both kinases resulted in a similar alteration in synaptic plas-
ticity. In comparison to results for wild-type mice, we observed
that mGluR-LTD also was enhanced in the S6K1/S6K2 double
knockout mice (Fig. 7D and F). This result prompted us to
determine whether mGluR-LTD in S6K2-deficient mice relies
on the same fundamental requirement for de novo protein
synthesis for expression. To address this, we measured the
expression of mGluR-LTD in the presence of anisomycin in
wild-type and S6K2-deficient mice. We found that anisomycin
blocked the expression of LTD 60 to 80 min after induction in

wild-type mice. However, LTD expression persisted in S6K2
knockout mice up to 120 min following induction (Fig. 7E).
Taken together these findings demonstrate that S6 kinases are
not necessary for mGluR-LTD expression; however, removal
of S6K2 results in abnormally enhanced protein synthesis-in-
dependent LTD.

LTD-induced phosphorylation of S6 is present in S6K1 and
S6K2 knockout mice, but synthesis of EF1A is no longer cou-
pled to mGluR activation. Because the expression of DHPG-
induced mGluR-LTD was normal in S6K1 knockout mice
and enhanced in S6K2 knockout mice, we next asked
whether the LTD-associated increases in S6 phosphoryla-
tion and elevation of 5�TOP-encoded proteins were still
present in slices from the S6K knockout mice. We found
that in hippocampal slices from S6K1 knockout mice, ex-
pression of basal and LTD-induced increases in Ser235/
Ser236 S6 and Ser240/Ser244 S6 phosphorylation remained
comparable to that measured in slices from wild-type litter-
mates (Fig. 8A, B, and C). In slices from the S6K2 knockout
mice, basal levels of Ser235/Ser236 S6, but not Ser240/
Ser244 S6, were modestly depressed compared to levels for
wild-type mice (Fig. 8A, B, and C). However, the LTD-
induced increases in Ser235/Ser236 S6 phosphorylation re-
mained comparable to those in wild-type mice (Fig. 8A and
B) and increases in Ser240/Ser244 S6 phosphorylation were
similar to the LTD-induced increases in wild-type mice (Fig.
8A and C). Interestingly, the basal levels of EF1A were
elevated in slices from both the S6K1 and S6K2 knockout

FIG. 6. DHPG induces phosphorylation of S6K that requires ERK, PI3K, and mTOR signaling pathways. Hippocampal slices were incubated
in vehicle (0.01% DMSO or 0.01% methanol), UO126 (20 �M, 1 h), rapamycin (rap) (20 nM, 30 min), or LY294002 (LY) (50 �M, 30 min) and
were then exposed to DHPG (50 �M) for 10 min in the presence of vehicle (control) or the respective antagonists. (A) Representative
immunoreactivity for ERK-dependent phosphorylation of Thr421/Ser424 p70S6K, Thr444/Ser447 of p85S6K, and total p70/p85S6K in hippocam-
pal CA1 homogenates. (B) Thr421/Ser424 phosphorylated p70S6K immunoreactivity was normalized to total p70S6K immunoreactivity. Values are
means 	 standard errors of the means. Percentages of control values for 421/424 p70S6K (pp-p70S6K) are as follows: with DHPG, 170% 	 21%
(n 
 8), and with DHPG plus UO126 (D�UO126), 65% 	 15% (n 
 4) (data not shown: with DHPG plus LY, 70% 	 30% [n 
 4]; with DHPG
plus rap, 84% 	 28% [n 
 4]). Phosphorylated p85S6K immunoreactivity could not be densitometrically quantified, as control-treated levels were
not observed in most experiments. (C) Representative immunoreactivity for mTOR- and PI3K-dependent phosphorylation of Thr389 p70S6K,
Thr412 p85S6K, and total p70/p85S6K in hippocampal CA1 homogenates. (D) Thr389 phosphorylated p70S6K immunoreactivity was normalized
to total p70S6K immunoreactivity. Values are means 	 standard errors of the means. Percentages of control values for Thr389 p70S6K (pp-70S6K)
are as follows: with DHPG, 140% 	 13% (n 
 8); with DHPG plus rap (D�rap), 95% 	 13% (n 
 4); and with DHPG plus LY (D�LY),
105% 	 21% (n 
 4) (data not shown: with DHPG plus UO126, 124% 	 12% [n 
 4]). *, statistical significance with vehicle-treated slices via
Student’s t test (P � 0.05).
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mice in comparison to levels for wild-type mice (Fig. 8A and
D). Consequently, application of DHPG to these slices did
not result in further elevation of EF1A levels (Fig. 8A and
D). These findings indicate that, in slices from either S6K1

or S6K2 knockout mice, increases in S6 phosphorylation are
still present following the induction of mGluR-LTD but that
there is no longer mGluR-dependent synthesis of 5� TOP-
encoded proteins.

FIG. 7. mGluR-LTD in hippocampal slices from S6K knockout mice. (A, B, and D) mGluR-LTD was induced by incubation with DHPG (50
�M) for 10 min in slices from wild-type (WT), S6K1 knockout (S6K1 KO), S6K2 knockout (S6K2 KO), and S6K1/S6K2 double knockout (dKO)
mice. For all recordings, at least 20 min of basal fEPSPs was recorded prior to LTD induction with DHPG. Representative fEPSPs 10 min before
(a) and 45 min after (b) DHPG treatment in WT and KO slices are depicted on the top of each panel. (A) Ensemble averages for the initial slope
of the fEPSP 20 min before, 10 min during, and 50 min after treatment with DHPG in WT and S6K1 KO hippocampal slices are shown at
the bottom of the panel. For WT mice, eight slices were taken from seven animals, t 
 40 to 50 min, and the fEPSP slope was 77% 	 9% of
baseline; for S6K1 KO mice, eight slices were taken from seven animals, t 
 40 to 50 min, and the fEPSP slope was 65% 	 7% of baseline.
(B) Ensemble averages for the initial slope of the fEPSP 20 min before, 10 min during, and 50 min after treatment with DHPG in WT and S6K2
KO hippocampal slices are shown at the bottom of the panel. For WT mice, eight slices were taken from seven animals, t 
 40 to 50 min, and the
fEPSP slope was 82% 	 5% of baseline; for S6K2 KO mice, eight slices were taken from seven animals, t 
 40 to 50 min, and the fEPSP slope
was 61% 	 5% of baseline. (C) S6K1 levels in hippocampal homogenates from WT, S6K1 KO, and S6K2 KO mice. A representative Western blot
is shown in the top panel, with the p85S6K and p70S6K isoforms of S6K1 indicated on the left. In the bottom panel, p70S6K1 immunoreactivity
of each mutant animal was normalized to WT p70S6K1 immunoreactivity. (D) Ensemble averages for the initial slope of the fEPSP 20 min before,
10 min during, and 50 min after treatment with DHPG in WT and dKO hippocampal slices are shown. For WT mice, six slices were taken from
three animals, t 
 40 to 50 mine, and the fEPSP slope was 87% 	 7% of baseline; for dKO mice, six slices were taken from three animals, t 

40 to 50 min, and the fEPSP slope was 41% 	 8% of baseline. (E) mGluR-LTD was measured in slices from S6K2 KO or WT littermates in the
presence of 40 �M anisomycin 1 h prior to, during, and 10 min after DHPG (50 �M for 10 min) treatment. Representative fEPSPs 10 min before
(a) and 90 min after (b) DHPG treatment are depicted at the top of the panel. Ensemble averages for the initial slope of the fEPSP 20 min before,
10 min during, and 120 min after treatment with DHPG in WT and S6K2 KO hippocampal slices are shown at the bottom of the panel. For WT
mice, five slices were taken from five animals, t 
 60 to 80 min, and the fEPSP slope was 95% 	 9% of baseline (P � 0.1 compared to t 
 �20
to 0 min); for S6K2 KO mice, eight slices were taken from five animals, t 
 60 to 80 min, and the fEPSP slope was 66% 	 12% of baseline
(P � 0.01 compared to t 
 �20 to 0 min). (F) Comparison of LTD in WT, S6K1 KO, S6K2 KO, and dKO mice. Values were calculated 40 to
50 min after the start of DHPG treatment. For WT mice, the fEPSP slope was 82% 	 4% of baseline (21 slices); for S6K1 KO mice, the fEPSP
slope was 74% 	 6% of baseline (10 slices); for S6K2 KO mice, the fEPSP slope was 62% 	 4% of baseline (12 slices); and for dKO mice, the
fEPSP slope was 41% 	 8% of baseline (6 slices). Statistics were calculated with a one-way ANOVA, with a P value of �0.05 (*) and a P value
of �0.001 (**) indicating significance compared to values for WT mice.
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DISCUSSION

Increased S6 phosphorylation and synthesis of EF1A are
associated with mGluR-LTD. The precise consequence of S6
phosphorylation is not currently known and remains a question of
intense debate (42). The supposition that S6 phosphorylation and
protein synthesis via 5�TOP mRNA translation were correlated
originally was proposed because both could be blocked with rapa-
mycin. These events are now known to be independent of one
another in nonneuronal cells (42). The recent generation of the
S6 phosphorylation site mutant mouse has demonstrated that
protein synthesis is not globally correlated with the state of S6
phosphorylation and/or 5�TOP mRNA translation (43). How-
ever, it was reported recently that S6 phosphorylation may im-
prove the formation of the preinitiation complex necessary for
synthesis of proteins in general (41). Given the current state of
what is known about S6 phosphorylation and translation of
5�TOP mRNA, as well as the paucity of knowledge about these
processes in neurons, we examined the levels of the 5�TOP-en-
coded protein EF1A in addition to the phosphorylation of mul-
tiples sites of S6 during mGluR-LTD. We found that phosphor-
ylation of S6 is a good predictor of the selective enhancement in
the total levels of EF1A and S6 during DHPG-induced mGluR-
LTD. The LTD-associated increases in the levels of both EF1A
and S6 could be blocked with anisomycin and were insensitive to
proteasome inhibition, suggesting that EF1A and S6 are rapidly
synthesized following the induction of mGluR-LTD. Our results
are consistent with the DHPG-induced enhancement of phos-
phorylated S6 and EF1A synthesis previously measured in hip-
pocampal dendrites (17) as well as the “all-or-none” activation of
5�TOP translation reported to occur in proliferating cells (28) and
in dendrites during LTP (50). Our observations suggest that hip-
pocampal neurons may become translationally competent in re-
sponse to group I mGluR-mediated signal transduction events.

Interestingly, we found that the DHPG-induced increases in
S6 phosphorylation and EF1A synthesis were localized pre-
dominantly in the soma of CA1 pyramidal neurons (Fig. 2).
These findings resemble those from previous studies of
mGluR-dependent increases in fragile X mental retardation
protein levels in hippocampal neurons (1, 15). Taking into
account that mGluR-LTD requires dendritic protein synthesis
and that mGluR activation increases protein synthesis in syn-
aptoneurosomes (12, 19), our results suggest the intriguing
possibility that EFIA may be synthesized at synapses and trans-
ported back to the soma. Further experiments are required to
determine whether this is the case.

DHPG-induced increases in S6K1 phosphorylation are
PI3K, mTOR, and ERK dependent. A hierarchical model has
been proposed (8) where phosphorylation via mitogen-acti-
vated protein kinases such as ERK is first necessary to “prime”
S6K by relieving the autoinhibitory domain from the catalytic
region of the kinase, allowing sequential phosphorylation of
the kinase by multiple effectors, which include mTOR, Akt,
PI3K, and phosphoinositide-dependent kinase 1. We found
that mGluR-LTD was associated with robust phosphorylation
of the priming sites Thr421/Ser424 of p70S6K1 that was
blocked by the MEK inhibitor UO126 (Fig. 6A and B), which
is consistent with a recent report of experiments conducted
with synaptoneurosomes (33). We also detected an LTD-asso-
ciated increase in the phosphorylation of the mTOR-sensitive

FIG. 8. mGluR-LTD in slices from S6K knockout mice is associated with
normal phosphorylation of ribosomal protein S6 and abnormal expression of
the 5�TOP-encoded protein EF1A. Hippocampal slices from wild-type (WT),
S6K1 knockout (S6K1 KO), and S6K2 knockout (S6K2 KO) mice were
incubated in DHPG (50 �M) for 10 min. (A) Representative Western blot
from the same experiment within multiple gels for S6 phosphorylated at
Ser235/Ser236 and Ser240/Ser244 (pp-S6), EF1A, and total ERK. (B to D)
Immunoreactivity was normalized to total ERK immunoreactivity. Values
are means 	 standard errors of the means and are expressed as percentages
of levels for the WT control (con). (B) Ser235/Ser236 pp-S6 values are as
follows: for WT mice with DHPG, 136% 	 7% (n 
 5); for S6K1 KO mice
with control, 101% 	 5% (n 
 4); for S6K1 KO mice with DHPG, 131% 	
6% (n 
 4); for S6K2 KO mice with control, 79% 	 10%
(n 
 3); and for S6K2 KO mice with DHPG, 124% 	 4% (n 
 3).
(C) Ser240/Ser244 pp-S6 values are as follows: for WT mice with DHPG,
140% 	 8% (n 
 5); for S6K1 KO mice with control, 101% 	 3% (n 
 4);
for S6K1 KO mice with DHPG, 128% 	 5% (n 
 4); for S6K2 KO mice with
control, 91% 	 5% (n 
 3); and for S6K2 KO mice with DHPG, 121% 	
3% (n 
 3). (D) EF1A values are as follows: for WT mice with DHPG,
120% 	 5% (n 
 5); for S6K1 KO mice with control, 134% 	 11% (n 
 5);
for S6K1 KO mice with DHPG, 137% 	 11% (n 
 5); for S6K2 KO mice
with control, 121% 	 6% (n 
 3); and for S6K2 KO mice with DHPG,
124% 	 5% (n 
 3). *, statistical significance above control; #, statistical
significance below WT control by Student’s t test (P � 0.05).
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phosphorylation site (Thr389) that was abrogated by LY294002
and rapamycin (Fig. 6C and D). A similar increase in the phos-
phorylation of Thr389 on p70S6K1 following mGluR activation
was recently reported by another group (40).

The difference in the magnitudes of the increase in phos-
phorylation of Thr421/Ser424 versus Thr389 on S6K1 during
mGluR-LTD suggests differential regulation of signaling path-
ways upstream of these events. Notably, we observed that
mTOR is tightly controlled during mGluR-LTD, because in-
creased mTOR phosphorylation and activity were observed
only immediately following DHPG treatment, quickly return-
ing to the basal phosphorylation/activation state (Fig. 1A and
B) (15). The brevity of the increase in mTOR activity and the
relatively modest increase in Thr389 phosphorylation on S6K1
may be due to the tight regulation of the kinase by phospha-
tases and/or its numerous binding partners (44). In contrast,
the increase in ERK2 activation during mGluR-LTD persists
for 30 min after washout of DHPG (Fig. 1A and B). Taken
together, our results support the notion that during mGluR-
LTD the available pool of S6K1 that receives PI3K/mTOR-
dependent modulation is altered due to the persistence of
ERK-dependent priming of the kinase. Consistent with this
notion, we found that inhibitors of both PI3K and mTOR
decrease S6 phosphorylation and synthesis of EF1A (Fig. 3 and
4), demonstrating that activation of S6K1 during mGluR-LTD
is correlated with PI3K-, mTOR-, and ERK-sensitive alter-
ations in the kinase.

Our findings also demonstrate that inhibiting PI3K, mTOR,
and ERK is unitarily sufficient to block the increase in S6
phosphorylation and enhanced levels of EF1A associated with
mGluR-LTD. To our surprise, we did not observe a suppres-
sion of the LTD-associated increases in S6 phosphorylation
and EF1A levels in either S6K1 or S6K2 knockout mice. We
were unable to generate sufficient numbers of S6K1/S6K2 dou-
ble knockout mice to determine conclusively whether S6Ks are
absolutely required for the LTD-associated increases in S6
phosphorylation and levels of EF1A. Thus, it is still possible
that in S6K1 knockout mice S6K2 phosphorylates S6 and that
in S6K2 knockout mice S6K1 phosphorylates S6. Alternatively,
it is possible that other signaling molecules mediate the phos-
phorylation of S6 and the levels of EF1A independently of
S6Ks when they are absent. It has been reported previously
that p90RSK regulates Ser235/Ser236 S6 phosphorylation and
general levels of protein synthesis via the RAS/ERK pathway
(41). In addition to regulating S6Ks directly, mTOR regulates
4E-binding protein to control cap-dependent translation dur-
ing mGluR-LTD (4). Other regulators of 5�TOP mRNA trans-
lation that are PI3K dependent are suspected to exist (48). To
delineate the specific contributions of these individual path-
ways requires further investigation.

Whether our observations of the phosphorylation state of
S6K1 following induction of mGluR-LTD also reflect alter-
ations in the sister kinase S6K2 remains unanswered. S6K1 and
S6K2 contain similar phosphorylation sites and, some evidence
suggests, similarities in responses to signaling pathways (8, 26,
27, 34). However, other studies suggest that there may be
differential sensitivities of S6K1 and S6K2 to particular signal-
ing inputs (24, 26, 51). Due to the relatively recent discovery of
S6K2, phosphorylation state-specific tools are currently un-
available to assess whether ERK, PI3K, and/or mTOR differ-

entially alters S6K2 phosphorylation and function, and this
remains a question of interest.

mGluR-LTD in S6K knockout mice. We hypothesized that
removal of S6 kinases would result in the blockade of the
protein synthesis-dependent phase of mGluR-LTD. We ad-
dressed this question with genetically engineered mice carrying
a deletion of either the S6K1 or the S6K2 gene. Surprisingly,
we observed that mGluR-LTD was expressed normally in the
S6K1 knockout mice and enhanced in the S6K2 knockout mice
(Fig. 7A and B). Compensatory changes in expression of each
kinase are unlikely to be involved in this LTD phenotype,
because we have observed that S6K1 is not upregulated in
tissue from S6K2 knockout mice (Fig. 7C). Moreover, we have
observed that enhanced LTD persists in S6K1/S6K2 knockout
mice (Fig. 7D).

In addition to these observations, we found that LTD-in-
duced S6 phosphorylation was intact in both the S6K1 and
S6K2 knockout tissue (Fig. 8B). Similar observations have
been reported for nonneuronal cells and suggest that neither
S6K1 nor S6K2 is required for the induction of S6 phosphor-
ylation or the synthesis of 5�TOP-encoded proteins (36, 46,
48). Also important to consider is that we were not able to
measure LTD-associated increases in S6 phosphorylation and
EF1A levels in S6K1/S6K2 double knockout mice. As men-
tioned earlier in the discussion, it is possible that S6 phosphor-
ylation and EF1A synthesis are preserved in the single S6K
null mice due to the residual activity of the remaining S6K or
abnormal activity of other kinases, such as Akt (2, 16). Recent
work has uncovered that S6K1 and S6K2 participate differently
in the expression of learning, memory, and synaptic plasticity
(2), suggesting that S6K1 and S6K2 have noncanonical func-
tions. Recent progress has been made to determine the in vivo
substrates of S6K1 and S6K2. To date, several substrates other
than S6 (for a review, see reference 42) are known, including
eukaryotic elongation factor 2 kinase and eukaryotic initiation
factor 4B, which are both molecules that participate directly in
the regulation of protein translation. In addition, known bind-
ing partners for S6Ks include neurabin (32) and eukaryotic
initiation factor 3 (14). The RNA-binding protein SKAR has
recently been identified as a unique substrate of S6K1 (38).
Although no unique substrate of S6K2 has been identified to
date, S6K2 does contain a proline-rich arm that may indicate
unique regulation of kinase activity in comparison to S6K1
(11). Future studies of these potential effectors of S6Ks may
uncover specific roles for these kinases in the expression of
synaptic plasticity.

Interestingly, we observed that basal levels of Ser235/Ser236
S6 phosphorylation were low in the hippocampi of S6K2
knockout mice (Fig. 8). This finding is consistent with a pre-
vious report that S6K2 knockout mice have lower levels of S6
phosphorylation in both the cytosolic and nuclear fractions of
cells than those observed from either wild-type or S6K1 knock-
out mice (36). In addition, we observed that the overall quan-
titative increase in Ser235/Ser236 S6 phosphorylation during
mGluR-LTD in the S6K2 knockout mice was larger than that
observed for either wild-type or S6K1 knockout mice (Fig. 8).
In conjunction with our observation that mGluR-LTD was
enhanced in S6K2 knockout mice (Fig. 7C and D), this leads to
the intriguing possibility that the magnitude of Ser235/Ser236
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S6 phosphorylation may directly correlate with the overall
magnitude of LTD.

Although we observed that S6K is not necessary for either
the expression of mGluR-LTD or the phosphorylation of S6,
we did find that the levels of EF1A were exaggerated in the
S6K knockout mice in comparison to levels in their wild-type
littermates (Fig. 8); consequently, LTD-associated increases in
EF1A levels were not observed in the S6K knockout mice (Fig.
8). EF1A levels are tightly regulated during development and
decline rapidly during the early maturation of the brain (17,
21). Heightened expression of EF1A in conjunction with our
observation that mGluR-LTD is no longer sensitive to aniso-
mycin in the S6K knockout mice (Fig. 7E) suggests that S6Ks
are involved in maintaining normal synaptic maturation. In this
respect, S6K knockout mice are similar to Fmr1 knockout
mice, which also express anisomycin-insensitive LTD, abnor-
mally high levels of synaptic proteins, and delayed synaptic
development (5, 15, 29).

In the case of Fmr1 knockout mice, fragile X mental retar-
dation protein (FMRP), a negative regulator of protein syn-
thesis, has been removed (23). We observed that S6K2 knock-
out mice and S6K1/S6K double knockout mice express
enhanced LTD expression similar to that observed for Fmr1
mutant mice (Fig. 7 and 8). Taking the similarity one step
further, one could hypothesize that S6Ks repress the levels of
proteins synthesized near synapses. Although this might ap-
pear to be a paradoxical hypothesis, it is well documented that
general inhibition of global protein synthesis can improve the
translational fidelity of the synapses by selecting for mRNAs
that can be synthesized into protein when translational re-
sources are limiting (23); this has been reported to occur at
synapses during LTP but remains to be examined during
mGluR-LTD (7).

Our findings indicate that the availability of proteins en-
coded by 5�TOP mRNAs is not compromised in S6K knockout
mice, leaving open the possibility that translation of 5�TOP
mRNAs is necessary for the expression of mGluR-LTD. Fu-
ture examination of mice that specifically lack genes that are
regulated via the 5�TOP structure is required to directly assess
the relationship between translation of 5�TOP mRNAs and
synaptic plasticity.

Dynamic translation of 5�TOP mRNAs may contribute to
the expression of synaptic plasticity. We observed that the
total levels of EF1A and S6 were enhanced following mGluR-
LTD (Fig. 1A and C). EF1A is a crucial translation factor that
mediates peptide elongation by promoting GTP-dependent
binding of aminoacyl tRNA to the ribosome. Similar to our
findings that EF1A synthesis is increased during mGluR-LTD,
a form of protein synthesis-dependent plasticity, EF1A synthe-
sis also has been reported to be elevated during protein syn-
thesis-dependent LTP (49), and this elevation was accompa-
nied by activation of S6K1 and additional synthesis of other
5�TOP mRNA-encoded proteins (50). Transport of EF1A
mRNA was first identified in Aplysia neurites, where it was
found to be synthesized during the maintenance phase of se-
rotonin-induced long-term facilitation (10). In addition to the
known function of EF1A as an elongation factor, noncanonical
functions of EF1A are known to exist. One such role is for
EF1A to promote the stabilization of actin monomers into the
assembly of F-actin (25). Intriguingly, EF1A protein has been

found to migrate toward activated synapses during in vivo LTP,
an event that was blocked with the F-actin inhibitor latrunculin
B (17). The involvement of EF1A in multiple forms of synaptic
plasticity strongly suggests that EF1A is an essential molecule
associated with the formation of long-term changes in synaptic
strength.

We found that S6 phosphorylation and the total levels of S6
were elevated during mGluR-LTD (Fig. 1). These findings
parallel previous findings in Aplysia synaptosome preparations
treated with serotonin, a facsimile of protein synthesis-depen-
dent long term-facilitation (22). Notably, increased S6 phos-
phorylation also has been observed after the induction of LTP
and following training in a hippocampus-dependent memory
task (20). Our findings, in conjunction with these previous
studies, suggest that S6 phosphorylation is involved in multiple
forms of synaptic plasticity and may be a signaling protein that
indexes acquisition and expression of hippocampus-dependent
memory.

Identification of proteins uniquely expressed during mGluR-
LTD is important for the understanding of cognitive disorders.
Renewed interest in identifying the proteins that are normally
synthesized and expressed during mGluR-dependent signaling
in the brain has arisen because mGluR-LTD is abnormally
expressed in Fmr1 knockout mice, a model of fragile X mental
retardation (15, 18, 30). The abnormal expression of mGluR-
LTD in this mouse model is due to the absence of FMRP,
which is known to bind to and repress the translation of several
mRNAs. In addition to the few proteins identified to be altered
via mGluR-dependent signaling, we have identified EF1A and
S6 as two proteins synthesized specifically in response to
mGluR activation in hippocampal slices. Importantly, EF1A
mRNA has previously been reported to bind to FMRP (47).
Thus, alterations in the dynamic translation of 5�TOP mRNAs
may play a pivotal role in the cognitive dysfunction associated
with fragile X mental retardation.
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