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�-Adrenergic receptors critically modulate long-lasting syn-
aptic plasticity and long-term memory in the mammalian
hippocampus. Persistent long-term potentiation of synaptic
strength requires protein synthesis andhas been correlatedwith
some forms of hippocampal long-term memory. However, the
intracellular processes that initiate protein synthesis down-
stream of the �-adrenergic receptor are unidentified. Here we
report that activation of �-adrenergic receptors recruits ERK
andmammalian target of rapamycin signaling to facilitate long-
term potentiationmaintenance at the level of translation initia-
tion. Treatment of mouse hippocampal slices with a �-adrener-
gic receptor agonist results in activation of eukaryotic initiation
factor 4E and the eukaryotic initiation factor 4E kinase Mnk1,
along with inhibition of the translation repressor 4E-BP. This
coordinated activation of translation machinery requires con-
comitant ERK and mammalian target of rapamycin signaling.
Taken together, our data identify distinct signaling pathways
that converge to regulate �-adrenergic receptor-dependent
protein synthesis during long-term synaptic potentiation in the
hippocampus. We suggest that �-adrenergic receptors play a
crucial role in gating the induction of long-lasting synaptic plas-
ticity at the level of translation initiation, amechanism thatmay
underlie the ability of these receptors to influence the formation
of long-lasting memories.

Neuromodulatory transmitters control the processing and
storage of information to critically regulate cognitive function
in the mammalian brain. Synaptic plasticity is widely believed
to mediate memory storage at the cellular level (1–5), and neu-
romodulators can modify synaptic strength. However, the
intracellular signaling mechanisms by which neuromodulators
regulate long-lasting synaptic plasticity remain unclear. One
neuromodulator that is strongly implicated in memory and
synaptic plasticity is noradrenaline. In the mammalian hip-
pocampus, noradrenaline acts on �-adrenergic receptors
(�-ARs)5 to enhance the retention and recall of information,
suggesting a selective role for these receptors in long-term
memory (6–9).
De novo protein synthesis is required for long-term memory

and long-lasting synaptic plasticity (10, 11). Some evidence sug-
gests that �-ARs are involved in plasticity-related protein syn-
thesis. Activation of hippocampal noradrenergic afferents
induces protein synthesis-dependent long-term potentiation
(LTP) of synaptic strength in awake animals (12). Similarly,
activation of�-ARs duringweak synaptic activity elicits protein
synthesis-dependent enhancement of LTP in hippocampal
slices (13, 14). Themechanisms that stimulate protein synthesis
following activation of �-ARs and the intracellular signaling
pathways that regulate this initiation of translation are
unknown. Thus, an important question is as follows: How does
activation of �-ARs elicit translation to facilitate induction of
protein synthesis-dependent LTP?
Eukaryotic protein synthesis is controlled primarily at the

level of translation initiation (15–17). Recognition of the
mRNA and ribosomal recruitment are intricately regulated,
rate-limiting steps that involve the initiation factor eIF4E and
its ability to form the eIF4F initiation complex, which serves as
an anchoring site on the mRNA terminus for essential transla-
tion factors. In the basal state, eIF4E is sequestered by the inhib-
itory binding protein, 4E-BP (18–20).
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We previously have demonstrated that the formation of
the eIF4F initiation complex is a critical target of regulation
during two forms of enduring synaptic plasticity. During
group I metabotropic glutamate receptor-dependent long-
term depression (mGluR-LTD), phosphatidylinositol 3-ki-
nase and mammalian target of rapamycin (mTOR) stimulate
phosphorylation of 4E-BP (22), which promotes formation
of the eIF4F initiation complex and gates ERK-dependent
eIF4E phosphorylation (34). Phosphorylation of eIF4E by the
ERK-dependent kinase, Mnk1, has been correlated with an
increase in the rate of translation (23–25).
Interestingly, eIF4F initiation complex formation and eIF4E

phosphorylation also are increased following one train of high
frequency stimulation (HFS), the same stimulus that induces
E-LTP; yet E-LTP typically does not require translation. When
we genetically enhanced the level of complex formation by
creating a 4E-BP2 knock-out mouse, we found that an
E-LTP-inducing stimulus elicited enduring protein synthesis-
dependent LTP (26). Because pairing activation of �-ARs with
E-LTP-inducing stimulation also produces enduring protein
synthesis-dependent LTP, we asked whether activation of
�-ARs could engage cap-dependent translation initiation
machinery and elicit an increase in eIF4F initiation complex
formation like that seen in the 4E-BP2 knock-out mice.
Herewe tested the hypothesis that�-ARs activate translation

initiation signaling pathways and that activation of these path-
ways leads to protein synthesis-dependent LTP in hippocampal
area CA1 when paired with subthreshold stimulation. Our
results indicate the following: 1) activation of the kinases
mTOR and ERK are required for maintenance of �-AR-
dependent LTP; 2) activation of �-ARs engages cap-dependent
translation initiation signaling pathways and elicits eIF4F initi-
ation complex formation, a process that is further increased
when �-AR activation is paired with E-LTP inducing stimu-
lation; and 3) mTOR and ERK signaling pathways converge
at regulation of eIF4E during �-AR LTP, which is also
observed during mGluR-LTD (34), suggesting that this
mechanism of eIF4E regulation is common to enduring
forms of protein synthesis-dependent synaptic plasticity.

EXPERIMENTAL PROCEDURES

Animals—Female C57BL/6 mice (aged 8–13 weeks; Charles
River Breeding Laboratories, Montreal, Canada) were used for
all experiments unless otherwise indicated.
4E-BP2 knock-out mice (aged 8–13 weeks) were used for

some electrophysiology experiments. Heterozygous mice were
originally derived on amixed 129/SvJ and BALB/c background.
Congenic C57BL/6mutantmice were developed usingmarker-
assisted breeding with the assistance of the JAX Genome
Services group from The Jackson Laboratory (Bar Harbor,
ME). Currently, the 4E-BP2 knock-out colony is at N13 on a
C57BL/6J background. All mice were housed under guide-
lines set forth by the Canadian Council on Animal Care and
IACUC.
Electrophysiology—Transverse hippocampal slices (400 �m)

were obtained following cervical dislocation and decapitation.
Slices were transferred to an interface recording chamber and
maintained at 28 °C. Oxygenated artificial cerebrospinal fluid

(ACSF) containing (in mM) 125 NaCl, 4.4 KCl, 1.5 MgSO4, 1.0
NaH2PO4, 26 NaHCO3, 10 glucose, 2.5 CaCl2 was used for dis-
section and perfusion. Slices were allowed to recover for at least
an hour before recordings were attempted. Field excitatory
postsynaptic potentials (fEPSPs) were elicited by stimulation of
Schaeffer collaterals and subsequently recorded with a glass
microelectrode positioned in stratum radiatum of area CA1.
Baseline test stimuli were applied once per min at a stimulus
intensity set to elicit 40% of maximal fEPSP amplitude (0.08 ms
pulse width). LTPwas inducedwith anHFS protocol consisting
of 1 train of 100 Hz (1 s duration). fEPSPs were monitored with
test stimuli for 120 min after induction of LTP.
Drugs—The �-AR agonist isoproterenol (ISO; R(�)-isopro-

terenol (�)-bitartrate, 1 �M; Sigma) was prepared daily as a 1
mM stock solution in distilled water. TheMEK inhibitor U0126
(20 �M; Bioshop Canada, Burlington, Ontario, Canada) and
mTOR inhibitor rapamycin (Rap; 1 �M; Bioshop) were dis-
solved in Me2SO to make stock solutions at 20 and 1 mM,
respectively. Each drug was diluted in ACSF and bath-applied
at a perfusion rate of 1–2ml/min. The concentrations of inhib-
itors used here have been shown to effectively block their
respective kinase activities in in vitro hippocampal prepara-
tions (27, 28). Experiments were performed in dimmed light
conditions because of drug photosensitivity.
Data Analysis—Initial slope of the fEPSP was used as an

index of synaptic strength (29). This slope was calculated
between two points (point 1 and point 2) using Equation 1,

slope � �voltage 2 � voltage 1�/�time 2 � time 1� (Eq. 1)

Points 1 and 2 were selected 2–5ms after the onset of the stim-
ulus artifact, and they encompassed the initial linear down
slope of the fEPSP (which is proportional to synaptic current
and thus synaptic strength (29)). fEPSP slopes from 20 min of
stable baseline recording were averaged to obtain a baseline
slope value for each experiment. All subsequent slopes were
reported as percentages of these baseline slopes. We then
compared inter-group levels of LTP at 120 min after LTP
induction. Two-tailed unpaired Student’s t test was used for
statistical comparison between two groups, with Welch cor-
rection if standard deviations were significantly different
between groups. The significance criterion was p � 0.05 in
all cases. Data are reported as means � S.E., with n equal to
number of slices.
Tissue Preparation for Biochemistry—CA1 regions from hip-

pocampal slices prepared for electrophysiology were microdis-
sected and homogenized in ice-cold homogenization buffer
(HB) containing phosphatase and protease inhibitor mixtures
10 min after application of stimulation protocol. The total pro-
tein concentration was measured by the method of Bradford
(30) using bovine serum albumin as the standard.
Immunoprecipitation—Homogenates were precleared for

1 h with 50% protein A magnetic bead slurry. They were then
sequentially incubated with anti-eIF4G1 antibody (10 �g) and
50% protein A magnetic bead slurry for 1 h at room tempera-
ture. The homogenates were subjected to a magnetic field, and
the supernatant was discarded. The retained immunoprecipi-
tated protein complexes were washed with fresh HB and eluted
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from the beads with �-mercaptoethanol before analysis by
quantitative Western blotting.
Quantitative Western Blot Analysis—Equivalent amounts

of protein for each sample were resolved in 4–20% gradient
SDS-polyacrylamide gels and transferred to polyvinylidene
difluoride membranes. The polyvinylidene difluoride mem-
branes were incubated with reversible MemCode protein
stain to confirm equal loading and transfer. Membranes

were blocked in Tris-buffered
saline containing 0.05% Tween 20
and 0.24% I-Block (Tropix; Bed-
ford,MA) and then incubated with
the antibody of interest (phospho-
ERK antibody (1:5000), phospho-
Mnk1 antibody (1:1000), phos-
pho-eIF4E antibody (1:1000),
phospho-4E-BP1 antibody (1:500),
total eIF4E (1:1000), or eIF4G1 anti-
body (1:1000)) for 1 h at room tem-
perature. All antibodies were from
Cell Signaling (Beverly, MA) except
for eIF4G1, which was obtained
from Bethyl Laboratories (Mont-
gomery, TX). The phospho-4E-BP1
antibody has been shown to cross-
react with 4E-BP2, ensuring detec-
tion of the predominantly neuronal
4E-BPs (26). This was followed by
incubation with horseradish perox-
idase-linked goat anti-rabbit IgG
(1:2500 dilution; Promega; Madi-
son, WI) for 1 h at room tempera-
ture. All blots were developed us-
ing enhanced chemiluminescence
(Amersham Biosciences). Polyvi-
nylidene difluoride membranes
were stripped with Restore West-
ern blot stripping buffer (Pierce)
for 1 h at 55 °C with agitation. The
bands of each Western blot were
quantified from film exposures in
the linear range for each antibody
and normalized to the MemCode
membrane staining with densi-
tometry using a desktop scanner
and NIH Image software to deter-
mine the amount of immunoreac-
tivity. GraphPad Prism data analy-
sis software was used for graph
production and statistical analysis.
Statistical analysis via one-way
analysis of variance and Bonfer-
roni post tests were employed to
assess the nonstandardized optical
density data, with p � 0.05 as the
significance criterion. Data were
standardized as percent of control
for graphing purposes.

Immunohistochemistry—After appropriate pharmacological
and/or electrical stimulation, hippocampal slices were immedi-
ately put in ice-cold 4% paraformaldehyde, 0.1% glutaraldehyde
in phosphate-buffered saline (PBS) (pH 7.4) and fixed over-
night. The slices were then put in 30% sucrose overnight at 4 °C
and embedded with optimal cutting compound. A sliding mic-
rotome was used to cut the slices into 20-�m sections. Free-
floating sections were blocked with 10% normal goat serum in

FIGURE 1. �-Adrenergic receptor activation enhances persistence of LTP. A, ISO application alone has no
long-lasting effects on synaptic strength. B, pairing one train of HFS with ISO application induces long-lasting
LTP, whereas HFS alone induces decremental LTP. All sample traces were taken 10 min after commencement of
baseline recording and 120 min after stimulation protocol. Calibration is as follows: 5 mV, 2 ms.

FIGURE 2. �-AR-dependent enhancement of LTP maintenance requires ERK and mTOR. A, application of
U0126 caused LTP generated by pairing one train of HFS with ISO to decay to levels significantly below
U0126-free controls. B, application of Rap caused LTP generated by pairing one train of HFS with ISO to decay
to levels significantly below Rap-free controls. C, summary histogram comparing effects of different inhibitors
on LTP maintenance 120 min after HFS (*, p � 0.05; **, p � 0.01). All sample traces were taken 10 min after
commencement of baseline recording and 120 min after HFS. Calibration is as follows: 5 mV, 2 ms.

�-AR Modulation of Translation Initiation and LTP

SEPTEMBER 14, 2007 • VOLUME 282 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 27529

 at C
olum

bia U
niversity L

ibraries on January 15, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


PBS, 0.7% Triton X-100 (PBS-TX)
overnight at 4 °C. Sections were
then incubated overnight at 4 °C
with phospho-4E-BP1 (Thr-37/46)
antibody (1:100). After washing
three times with PBS-TX, sections
were incubated for 2 h at room tem-
perature with Cy3-conjugated Affi-
niPure goat anti-rabbit IgG diluted
1:500 in blocking solution. Sections
were then washed and mounted
onto poly-L-lysine-coated slides.
Sections were analyzed and imaged
using a Zeiss LSM510METAconfo-
cal microscope system (Zeiss,
Oberkochen, Germany). Each ex-
periment was repeated a minimum
of three times, imaging at least 10
dendritic puncta to quantify p-4EBP
in dendrites. Puncta were delin-
eated manually, and average pixel
intensity was measured using
Adobe Photoshop 7.0 software.
One-way analysis of variance fol-
lowed by Newman-Keuls multiple
comparison test was employed to
determine statistical significance.

RESULTS

�-Adrenergic Receptor-dependent
Enhancement of LTP Maintenance
Requires ERK and mTOR Signal-
ing—Activation of �-ARs in hip-
pocampal area CA1 can potently
enhance synaptic responses to
electrical stimulation (13, 31, 32).
Application of a �-AR agonist (ISO,
1 �M) in the absence of high fre-
quency electrical stimulation gener-
ated a small, transient increase in
synaptic strength that faded soon
after drug washout (Fig. 1A; fEPSP
slopes were 106 � 6% 60 min after
ISO application). Similarly, stimula-
tion with one train of high fre-
quency stimulation (HFS; 1 � 100
Hz with 1-s duration) induced dec-
remental LTP that decayed to pre-
HFS levels within 120 min (Fig. 1B;
fEPSP slopes were 111 � 6% 120
min after HFS). However, pairing
this HFS with ISO application gen-
erated long-lasting LTP (Fig. 1B;
fEPSP slopes were 156 � 9% 120
min after HFS, p � 0.01 compared
with HFS alone). This LTP has been
shown to require dendritic protein
synthesis (13).
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Because ERK and mTOR are involved in dendritic protein
synthesis (27, 28, 33, 34), we tested the hypothesis that ERK and
mTOR are recruited by �-AR activation to enhance the main-
tenance of LTP. LTP induced by one train of HFS alone is usu-
ally independent of protein synthesis and is not substantially
disrupted by inhibition of ERK or mTOR (35–37). Therefore,
inhibitionofERKormTORactivity shouldaffectonly the�-AR-
dependent component of LTP generated by pairing one train of
HFS and ISO application. Treatment with an inhibitor of MEK
(the upstream ERK kinase), U0126 (20 �M), attenuated �-AR-
dependent LTP. Two hours after HFS, mean fEPSP slopes were
104 � 4% for slices treated with U0126, compared with 156 �
15% for slices treated with ISO�HFS alone (Fig. 2A; p� 0.05).
Application of an mTOR inhibitor, rapamycin (1 �M), also
attenuated LTPmaintenance.Mean fEPSP slopes 120min after
HFS were 114 � 14% in rapamycin-treated slices and 164 �
14% in slices treated with ISO � HFS alone (Fig. 2B; p � 0.05).
These data indicate that ERK and mTOR signaling pathways
are necessary for the induction of long-lasting�-AR-dependent
LTP.
Induction of �-Adrenergic Receptor-dependent LTP Engages

the Coordinated Regulation of Translation Initiation Factors
Mnk1, eIF4E, and 4E-BP—Although �-AR-dependent LTP
requires protein synthesis, �-ARs have not been shown previ-
ously to couple to the translational machinery. Therefore, it is
unclear whether our previous demonstration of activation of
translation initiation factors by one train of 100-Hz HFS (26) is
sufficient to account for the protein synthesis dependence dur-
ing �-AR-dependent LTP (13). Alternatively, �-ARs might
recruit additional activation of these pathways to gate this form
of enduring plasticity.
In neurons, activation of ERK and mTOR can regulate plas-

ticity-related protein synthesis by engagingmultiple translation
factors (27, 28, 33, 34, 38). In addition, the ERK and mTOR
signal transduction pathways converge during metabotropic
glutamate receptor-dependent long-term depression (mGluR-
LTD) to regulate the critical translation initiation factor, eIF4E
(34, 38). Because we found that �-AR-dependent LTP required
ERK and mTOR activation, we asked whether �-AR activation
could similarly regulate translation initiation factors.
The ERK-Mnk1-eIF4E signal transduction pathway can be

engaged by various forms of synaptic stimulation, and its acti-
vation is associated with initiation of protein synthesis (26, 27,
33, 39). We found that activation of �-ARs with ISO activated
ERK and Mnk1, as evidenced by enhanced phosphorylation of
these kinases (Fig. 3,A–E, phospho-ERK, p� 0.01 versusACSF;
phospho-Mnk1, p � 0.02 versus ACSF). Interestingly, a signifi-
cantly larger increase in phosphospecific immunoreactivitywas
observed when �-AR activation was paired with HFS (Fig. 3,

A–E, ISO � HFS; phospho-ERK, p � 0.01 versus HFS alone;
phospho-Mnk1, p � 0.05 versusHFS alone). This enhancement
was blocked by the MEK inhibitor, U0126, but not by the
mTORinhibitor,rapamycin.Thus,ERKactivationduring�-AR-
dependent LTP recruits Mnk1 independently of mTOR
signaling.
Activation of �-ARs with ISO also increased phosphoryla-

tion of the translation initiation factor eIF4E (Fig. 4,A–C, phos-
pho-eIF4E, p � 0.02 versus ACSF), consistent with the idea that
�-ARs can engage the ERK-Mnk1-eIF4E signal transduction
pathway. Similar to the results obtained for ERK and Mnk1,
pairing ISO with HFS significantly enhanced the phosphoryla-
tion of eIF4E (Fig. 4, A–C, phospho-eIF4E, p � 0.05 versusHFS

FIGURE 3. Induction of �-AR-dependent LTP elicits ERK-dependent regulation of translation initiation-associated kinase Mnk1. A, representative
Western blots demonstrating that �-AR activation produced an increase in the phosphorylation of ERK and Mnk1. A greater increase in phosphospecific
immunoreactivity was observed when �-AR activation was paired with HFS. B–E, quantification of the phospho-immunoreactivity in A. B, pairing ISO with one
train of HFS resulted in significantly more phospho-ERK immunoreactivity than either ISO or HFS alone. This increase was abolished by pretreatment with
U0126 and was insensitive to pretreatment with rapamycin (Rap). C, only U0126 significantly reduced basal levels of phospho-ERK immunoreactivity. D, similar
to ERK, pairing ISO with one train of HFS resulted in significantly more phospho-Mnk1 immunoreactivity than either ISO or HFS alone. This increase was
abolished by pretreatment with U0126 and was insensitive to pretreatment with Rap. E, inhibitors alone were insufficient to significantly reduce basal
phospho-Mnk1 immunoreactivity. * denotes significant difference from ACSF control mean. # denotes significance difference between bracketed conditions.
For ACSF, ISO, HFS, and ISO � HFS, n � 7. For U0126, n � 3. For all other conditions, n � 4.

FIGURE 4. Induction of �-AR-dependent LTP elicits ERK and mTOR-de-
pendent regulation of translation initiation factor eIF4E. A, representa-
tive Western blots demonstrating that �-AR activation produced an increase
in the phosphorylation of eIF4E. A greater increase in phosphospecific immu-
noreactivity was observed when �-AR activation was paired with HFS. B and
C, quantification of the phospho-immunoreactivity in A. B, pairing ISO with
one train of HFS significantly boosted phospho-eIF4E immunoreactivity com-
pared with either ISO or HFS alone. This increase was abolished by pretreat-
ment with either U0126 or Rap. C, only Rap significantly reduced basal levels
of phospho-eIF4E immunoreactivity. * denotes significant difference from
ACSF control mean. # denotes significance difference between bracketed
conditions. For ACSF, ISO, HFS and ISO � HFS, n � 7. For U0126, n � 3. For all
other conditions, n � 4.
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alone). However, this increase in phosphospecific immunore-
activity was attenuated by application of either U0126 or rapa-
mycin. This result indicates that, unlike Mnk1, eIF4E is dually
regulated by ERK and mTOR signaling cascades.
These data, taken together with the preponderance of litera-

ture demonstrating that one train of 100 Hz stimulation pro-
duces decremental LTP that is not dependent upon translation
for its maintenance, suggest that �-ARs recruit additional acti-
vation of these translation initiation pathways to gate, and
thereby enhance, the enduring plasticity achieved by pairing
one train of 100 Hz with activation of �-ARs.
Coordinated Regulation of eIF4E by mTOR and 4E-BP—The

only eIF4E phosphorylation site that has been reported in
mammals to significantly impact the affinity of eIF4E for the
mRNA cap (i.e. translation initiation) is Ser-209 (for review see
Ref. 16). The ERK-dependent kinase, Mnk1, is reportedly
responsible for phosphorylation of eIF4E Ser-209 in numerous
systems (16, 39). Indeed, we found that both the ISO and the
ISO � HFS-induced Mnk1 and eIF4E phosphorylation
requiredERKactivity (Figs. 3 and 4).However, we also observed
that eIF4E phosphorylation was sensitive to rapamycin (Fig. 4).
In an effort to define a mechanism for the rapamycin-depend-
ent inhibition of the ISO � HFS-induced increase in phospho-
eIF4E immunoreactivity, we performed an eIF4G/eIF4E co-im-
munoprecipitation assay (eIF4G/E co-immunoprecipitation;
Fig. 5, A and B).
It is well established that there is no direct binding site for

Mnk1 on eIF4E. Instead, the phosphorylation event occurs via
binding of both Mnk1 and eIF4E to the adaptor protein eIF4G
(16). Consistent with the findings that ISO and ISO � HFS
increased eIF4E phosphorylation of Ser-209, we found that
pairing ISO with HFS induced a greater increase in the amount
of eIF4E that co-precipitated with eIF4G compared with either
treatment alone (Fig. 5, A and B, eIF4G/E co-immunoprecipi-
tation; p � 0.02 versus ISO alone; p � 0.05 versus HFS alone).

eIF4G and 4E-BP compete for the
same binding site on eIF4E, and it is
this condition that defines 4E-BP as
a translational repressor. When
eIF4E is bound to 4E-BP it cannot
bind to the adaptor protein eIF4G
and form the initiation complex that
serves as the anchoring site for addi-
tional necessary initiation factors.
In this situation, translation cannot
commence. The affinity of 4E-BP
for eIF4E is regulated by phospho-
rylation. Specifically, phosphoryla-
tion of the rapamycin-sensitive
Thr-37/46 sites on 4E-BP disrupts
the association of 4E-BP and eIF4E
(21), freeing eIF4E to bind to eIF4G.
In agreement with the results
obtained by detecting the phospho-
immunoreactivity of eIF4E, the ISO
� HFS-induced increase in eIF4F
complex formation (Fig. 5, A and B)
was blocked by pretreatment with

rapamycin, indicating that mTOR regulates eIF4G-eIF4E com-
plex formation.
Given that it is unlikely that mTOR directly affects either

eIF4E or eIF4G to disrupt their association, we addressed how
mTOR regulates eIF4G-eIF4E complex formation by examin-
ing 4E-BP phosphorylation. Our previous report of elevated
basal levels of eIF4F complex association in the 4E-BP2 knock-
out mice established a role for 4E-BP2 in the regulation of the
eIF4F complex (26, 34). We hypothesized that activation of
�-ARs would induce 4E-BP phosphorylation at Thr-37/46.
Indeed, we observed an increase in phosphospecific 4E-BP
immunoreactivity in area CA1 following ISO application (Fig.
6, A–C, phospho-4EBP: p � 0.05 versus ACSF). Similar to what
we observed for the ERK-Mnk1-eIF4E pathway and eIF4F com-
plex association, we found that pairing ISO and HFS produced
an even greater increase in phospho-4E-BP immunoreactivity
than either condition alone (Fig. 6, A–C, phospho-4EBP, p �
0.05 versus ISO alone; p � 0.01 versus HFS alone). This
enhancement was blocked by the mTOR inhibitor rapamycin
but not by the MEK inhibitor U0126.
Because �-AR-dependent LTP can be induced in isolated

CA1 dendrites and is insensitive to an inhibitor of transcription
(13), we hypothesized that changes in 4E-BP phosphorylation
would be observed in CA1 dendrites. We investigated this by
examining the localization of the increased 4E-BP phosphoryl-
ation using immunohistochemistry. Consistent with the results
of ourWestern blot analysis, application of ISO increased phos-
pho-4E-BP immunoreactivity in CA1 dendrites (Fig. 7A). Fur-
thermore, pairing ISOwith one train ofHFS elicited an additive
increase in 4E-BP phosphorylation compared with either con-
dition alone (Fig. 7, A and B).
These results provide a mechanism by which mTOR activa-

tion during �-AR-dependent LTP could regulate the eIF4F ini-
tiation complex changes we observed. They also suggest eIF4E
as the signal integrator for the ERK and mTOR cascades and

FIGURE 5. Induction of �-AR-dependent LTP increases mTOR-dependent translation initiation complex
formation. A, representative Western blots demonstrating that �-AR activation increased the quantity of total
eIF4E that co-precipitates with eIF4G, as detected with an anti-eIF4G antibody. A greater increase in total eIF4E
immunoreactivity was observed when �-AR activation was paired with HFS and this increase was abolished by
pretreatment with Rap. B, quantification of eIF4E immunoreactivity co-immunoprecipitated with the eIF4G
antibody in A. * denotes significant difference from ACSF control mean. # denotes significance difference
between bracketed conditions. For ACSF, ISO, HFS and ISO � HFS, n � 7. For U0126, n � 3. For all other
conditions, n � 4.
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demonstrate that the signal transduction pathways that lead to
regulation of the cap-dependent translation initiation machin-
ery are conserved during multiple forms of enduring synaptic
plasticity. Furthermore, the data demonstrate that �-AR-in-
duced enhancement of 4E-BP phosphorylation can be detected
in dendrites. Thus, local dendritic regulation of �-AR-depend-
ent LTP likely occurs.

�-AR Activation Produces Enduring Potentiation in 4E-BP2
Knock-out Mice—Because our quantitative Western blotting
analysis and immunohistochemistry revealed that 4E-BP is a
key downstream target of �-AR signaling (Figs. 6 and 7), and
several of the effects of pairing ISO with HFS mimicked the
biochemical changes previously observed in the 4E-BP2 knock-
out mice, we examined ISO-induced synaptic plasticity in
4E-BP2 knock-out mice. These mice lack the predominant
brain isoform of 4E-BP, and they do not display any observable
metabolic, biochemical, or neuroanatomical abnormalities
(26). Interestingly, application of a �-AR agonist during low
frequency, basal synaptic stimulation at a rate of once per min
induced long-lasting synaptic potentiation in the 4E-BP2
knock-out mice that resembles that which is achieved with one
train of HFS alone (Fig. 8A,mean fEPSP slopes were 181� 10%

120 min after ISO application and 176 � 24% after HFS alone).
In comparison, ISO application alone in slices from wild type
C57BL/6 mice elicited a small, transient increase in synaptic
strength (Fig. 1A). These results extend findings from a previ-
ous study demonstrating that decremental LTP induced by one
train of HFS is converted to long-lasting LTP in the 4E-BP2
knock-out mice (26) and suggest that removing the inhibitory
constraint of 4E-BP on translation enables even modest fre-
quencies of synaptic activity to elicit long-lasting synaptic
potentiation if paired with �-AR activation.

Repeated tetanization fails to elicit LTP in the 4E-BP2 knock-
out mice and is coincident with very significant increases in
eIF4F complex association (26). We investigated whether pair-
ing �-AR activation with one train of HFS would recapitulate
those findings previously reported, given that this protocol also
elicits a combinatorial increase in eIF4F complex association
(Fig. 5). Surprisingly, ISO�HFS successfully elicited persistent
LTP in the 4E-BP2 knock-outmice that did not differ fromLTP
generated by either HFS delivered alone in the knock-out mice
or ISO � HFS in C57BL/6 wild type mice (Fig. 8B, mean fEPSP
slopes were 137 � 2% 120 min after ISO � HFS). These results
lend further support to the notion that 4E-BP is critically
involved in gating the induction of long-lasting forms of synap-
tic potentiation generated by either tetanization or �-AR acti-
vation and underscores our hypothesis that the LTP elicited by
�-AR activation paired with HFS does notmimic LTP achieved
with repeated tetanization because this form of LTP is pre-
served in the 4E-BP2 knock-out mice.

DISCUSSION

Because persistent LTP requires de novo protein synthesis,
regulation of translation can gate the establishment of long-

FIGURE 6. Induction of �-AR-dependent LTP elicits mTOR-dependent
regulation of translation initiation repressor 4E-BP. A, representative
Western blots demonstrating that �-AR activation increased the phosphoryl-
ation of 4E-BP. A greater increase in phosphospecific immunoreactivity was
observed when �-AR activation was paired with HFS. B and C, quantification
of the phospho-immunoreactivity in A. B, pairing ISO with one train of HFS
significantly increased phospho-4E-BP immunoreactivity (�, �, and � phos-
phorylation states analyzed together) compared with either ISO or HFS alone.
This increase was abolished by pretreatment with Rap and was unaffected by
pretreatment with U0126. C, none of the inhibitors alone could reduce basal
phospho-4E-BP immunoreactivity significantly compared with ACSF control
mean. * denotes significant difference from ACSF control mean. # denotes
significance difference between bracketed conditions. For ACSF, ISO, HFS,
and ISO � HFS, n � 7. For U0126, n � 3. For all other conditions, n � 4.

FIGURE 7. 4E-BP is phosphorylated in hippocampal dendrites during
�-AR activation. A, representative micrographs depicting changes in phos-
pho-4E-BP immunoreactivity in control slices (ctrl), and slices treated with ISO,
one train HFS, or ISO � one train HFS. Stratum pyramidale (s.p.) and stratum
radiatum (s.r.) are indicated. Electrode placement for original electrophysiol-
ogy is indicated by #. B, quantification of the immunoreactivity in A. A greater
increase in phospho-4E-BP immunoreactivity was observed in area CA1 when
ISO application was paired with HFS than when either ISO or HFS was applied
alone. For control (ctrl), ISO, ISO � HFS, n � 5 independent experiments, n �
10 dendritic puncta. For HFS, n � 3 independent experiments, n � 10 den-
dritic puncta. * denotes significant difference from control mean. # denotes
significant difference between bracketed conditions.
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lasting plasticity (10, 40–43). Our results reveal for the first
time that �-ARs can couple to the translational machinery via
ERK- and mTOR-dependent signaling cascades. This coupling
provides a specific biochemical mechanism for the enhanced
maintenance of LTP generated by activating�-ARs during LTP
induction.
ERK and mTOR signaling cascades are implicated in the

translational regulation of various forms of synaptic plasticity
(27, 28, 34, 38, 44). Here we show that inhibitors of ERK or
mTOR prevented the maintenance, but not the induction, of
LTP generated by pairing �-AR activation with one train of
HFS. We also directly establish that �-AR-dependent LTP
recruits activation of cap-dependent translation pathways by
demonstrating increases in translation factor phosphorylation
and eIF4E-eIF4G complex formation during induction of this
form of LTP. These increases were attenuated by inhibition of
either ERK or mTOR. Furthermore, we observed translation
factor phosphorylation in hippocampal dendrites. Taken
together, our results suggest that ERK and mTOR signaling
downstream of the �-AR renders neurons competent for the
initiation of dendritic protein synthesis to stabilize LTP.
Our results indicate that signals from neuromodulatory and

neurotransmitter receptors are integrated at the level of trans-
lation initiation. Application of a �-AR agonist to area CA1 of
the hippocampus elicits a transient enhancement of synaptic
strength, and amodest increase in ERK- andmTOR-dependent
translation factor phosphorylation. One train of HFS generates
decremental, protein synthesis-independent LTP and amodest
increase in translation factor phosphorylation. However, when
�-ARs are activated during one train of HFS, which releases
glutamate from Schaeffer collateral termini, translation factor
phosphorylation is substantially increased, and protein syn-
thesis-dependent LTP is induced. The phosphorylation state of
key translation initiation factors, such as eIF4E and 4E-BP,
therefore reflects the integration of diverse intracellular signals
and provides a mechanism by which activation of neuromodu-
latory receptors, conjointly with activation of neurotransmitter

receptors, can influence the induc-
tion and maintenance of LTP.
Furthermore, a critical threshold

of translation initiation must be
reached to generate long-lasting,
protein synthesis-dependent plas-
ticity. In support of this notion,
genetic facilitation of translation
converts decremental LTP to
long-lasting LTP (26, 45). For
example, mice that lack the inhibi-
tory translation regulator 4E-BP
display increased basal levels of
translation initiation complex for-
mation. Application of one train of
HFS to hippocampal slices of these
mice results in stable, protein syn-
thesis-dependent LTP (26). Our
current data extend these findings
by demonstrating that application
of a �-AR agonist alone, without

HFS, similarly induces long-lasting synaptic potentiation in
thesemice. Thus, recruitment of protein synthesis during long-
lasting synaptic plasticity is heavily influenced by the degree to
which synaptic stimulation engages the translation initiation
machinery, rather than by the form of stimulation. Interest-
ingly, LTP induced by multiple trains of HFS is impaired in the
4E-BP2 knock-out mice (26). Because pairing �-AR activation
with one train of HFS in these mice generates intact LTP, this
form of LTP appears to be mechanistically distinct from LTP
induced by repeated trains of HFS at the level of translation
initiation regulation.
Translation initiation is closely regulated by the coordinated

activity of multiple intracellular signaling pathways. ERK and
mTOR signaling cascades appear to independently converge at
regulation of eIF4E during �-AR-dependent LTP. mTOR inhi-
bition did not affect ERK orMnk1 phosphorylation, although it
decreased eIF4E phosphorylation. Because eIF4E is only phos-
phorylated by Mnk1 when it is bound to eIF4G (39, 46), block-
ing mTOR could prevent ERK-dependent eIF4E phosphoryla-
tion by inhibiting eIF4E association with eIF4G. In support of
this hypothesis, rapamycin decreased the amount of eIF4E that
co-immunoprecipitated with eIF4G. Because inactivation of
eithertheERKormTORpathwayblocksestablishmentof�-AR-
dependent LTP, this dual regulation of eIF4E could ensure that
translation is initiated only during concurrent ERK and mTOR
signaling. Concomitant ERK and mTOR signaling is also
required for mGluR-LTD, another form of plasticity that
induces local protein synthesis (34, 47). Therefore, independent
recruitment of these two signaling cascadesmay be a conserved
mechanism for the precise regulation of translation down-
stream of various neuromodulatory receptors. Because cAMP
has been shown to activate ERK and mTOR signaling (48, 49),
�-AR coupling to adenylyl cyclase and subsequent increases in
cAMP may underlie the parallel recruitment of these signaling
cascades.
Modest levels of translation factor phosphorylationmay play

a role in synaptic tagging. One train of HFS does not induce

FIGURE 8. 4E-BP gates induction of long-lasting synaptic potentiation during �-AR activation. A, in
4E-BP2 knock-out mice, application of ISO alone induces long-lasting synaptic potentiation whose mainte-
nance phase resembles HFS alone-induced potentiation in magnitude. B, in 4E-BP2 knock-out mice, pairing ISO
with one train HFS induces long-lasting synaptic potentiation. All sample traces were taken 10 min after
commencement of baseline recording and 120 min after HFS. Calibration is as follows: 5 mV, 2 ms.
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protein synthesis-dependent LTP, but it does endow synapses
with the ability to “capture” protein products generated by
stronger stimulation applied to nearby synapses (50, 51). It is
possible that activation of translation factors following one
train of HFS contributes to tagging the synapse for future mod-
ifications (26). Because activation of �-ARs alone modestly
stimulates translation factors, this may also tag synapses. This
process may involve the signaling mechanisms we observed to
be activated downstream of �-ARs in this study; alternatively,
other mechanisms may contribute. Further experimentation is
necessary to investigate this idea.
In summary, our data reveal an important and intricate bio-

chemical signaling mechanism by which activation of �-ARs
canmodulate the persistence of synaptic plasticity through reg-
ulation of translational initiation machinery. This integration
of signals generated by neuromodulatory and electrical stimuli
at the level of translation initiation could allow state-dependent
neuromodulatory information to influence the processing and
storage of specific, contextual information carried in patterns
of synaptic activity. Indeed, our data add the �-AR to a growing
number of neurotrophin and neuromodulatory receptors that,
when activated in concert with neurotransmitter activation,
can lead to translational synaptic integration (52). Determining
how activation of neuromodulatory receptors, such as the
�-AR, contributes to long-lasting plasticity should also provide
insight on how information is selected for long-term storage in
the mammalian brain. Given the importance of neuromodula-
tory systems in cognitive function, such insights may also iden-
tify novel therapies for human disorders of cognition, including
Alzheimer disease, post-traumatic stress disorder, and autism.

Acknowledgments—We thank Drs. Kathryn Todd, Clayton Dickson,
and Carolyn Harley for their helpful advice during this project.

REFERENCES
1. Bliss, T. V., and Collingridge, G. L. (1993) Nature 361, 31–39
2. Lynch, M. A. (2004) Physiol. Rev. 84, 87–136
3. Malenka, R. C., and Nicoll, R. A. (1999) Science 285, 1870–1874
4. Martin, S. J., and Morris, R. G. (2002) Hippocampus 12, 609–636
5. Whitlock, J. R., Heynen, A. J., Shuler, M. G., and Bear, M. F. (2006) Science

313, 1093–1097
6. Izquierdo, I., Medina, J. H., Izquierdo, L. A., Barros, D. M., de Souza,

M.M., andMello e Souza, T. (1998)Neurobiol. Learn. Mem. 69, 219–224
7. Ji, J. Z., Wang, X. M., and Li, B. M. (2003) Eur. J. Neurosci. 17, 1947–1952
8. Ji, J. Z., Zhang, X.H., and Li, B.M. (2003)Behav.Neurosci. 117, 1378–1384
9. Murchison, C. F., Zhang, X. Y., Zhang, W. P., Ouyang, M., Lee, A., and

Thomas, S. A. (2004) Cell 117, 131–143
10. Kandel, E. R. (2001) Science 294, 1030–1038
11. Davis, H. P., and Squire, L. R. (1984) Psychol. Bull. 96, 518–559
12. Walling, S. G., and Harley, C. W. (2004) J. Neurosci. 24, 598–604
13. Gelinas, J. N., and Nguyen, P. V. (2005) J. Neurosci. 25, 3294–3303
14. Huang, Y. Y., and Kandel, E. R. (1996) Neuron 16, 611–617
15. Dever, T. E. (2002) Cell 108, 545–556
16. Klann, E., Antion, M. D., Banko, J. L., and Hou, L. (2004) Learn. Mem. 11,

365–372
17. Sonenberg, N., and Dever, T. E. (2003)Curr. Opin. Struct. Biol. 13, 56–63

18. Haghighat, A.,Mader, S., Pause, A., and Sonenberg, N. (1995) EMBO J. 14,
5701–5709

19. Mader, S., Lee, H., Pause, A., and Sonenberg, N. (1995)Mol. Cell. Biol. 15,
4990–4997

20. Pause, A., Belsham, G. J., Gingras, A. C., Donze, O., Lin, T. A., Lawrence,
J. C., Jr., and Sonenberg, N. (1994) Nature 371, 762–767

21. Beretta, L., Gingras, A. C., Svitkin, Y. V., Hall, M. N., and Sonenberg, N.
(1996) EMBO J. 15, 658–664

22. Gingras, A. C., Kennedy, S. G., O’Leary, M. A., Sonenberg, N., and Hay, N.
(1998) Genes Dev. 12, 502–513

23. Duncan, R. F., Peterson, H., Hagedorn, C. H., and Sevanian, A. (2003)
Biochem. J. 369, 213–225

24. Scheper, G. C., and Proud, C. G. (2002) Eur. J. Biochem. 269, 5350–5359
25. Wang, X., Flynn, A., Waskiewicz, A. J., Webb, B. L., Vries, R. G., Baines,

I. A., Cooper, J. A., and Proud, C. G. (1998) J. Biol. Chem. 273, 9373–9377
26. Banko, J. L., Poulin, F., Hou, L., DeMaria, C. T., Sonenberg, N., and Klann,

E. (2005) J. Neurosci. 25, 9581–9590
27. Kelleher, R. J., III, Govindarajan, A., Jung, H. Y., Kang, H., and Tonegawa,

S. (2004) Cell 116, 467–479
28. Tang, S. J., Reis, G., Kang, H., Gingras, A. C., Sonenberg, N., and Schuman,

E. M. (2002) Proc. Natl. Acad. Sci. U. S. A. 99, 467–472
29. Johnston, D., andWu, S. (1995) Foundations of Cellular Neurophysiology,

MIT Press, Cambridge, MA
30. Bradford, M. M. (1976) Anal. Biochem. 72, 248–254
31. Thomas, M. J., Moody, T. D., Makhinson, M., and O’Dell, T. J. (1996)

Neuron 17, 475–482
32. Dunwiddie, T. V., Taylor, M., Heginbotham, L. R., and Proctor, W. R.

(1992) J. Neurosci. 12, 506–517
33. Banko, J. L., Hou, L., and Klann, E. (2004) J. Neurochem. 91, 462–470
34. Banko, J. L., Hou, L., Poulin, F., Sonenberg, N., and Klann, E. (2006) J. Neu-

rosci. 26, 2167–2173
35. Winder, D. G., Martin, K. C., Muzzio, I. A., Rohrer, D., Chruscinski, A.,

Kobilka, B., and Kandel, E. R. (1999) Neuron 24, 715–726
36. Cammalleri, M., Lutjens, R., Berton, F., King, A. R., Simpson, C.,

Francesconi,W., and Sanna, P. P. (2003) Proc. Natl. Acad. Sci. U. S. A. 100,
14368–14373

37. Huang, Y. Y., and Kandel, E. R. (1994) Learn. Mem. 1, 74–82
38. Hou, L., and Klann, E. (2004) J. Neurosci. 24, 6352–6361
39. Pyronnet, S., Imataka, H., Gingras, A. C., Fukunaga, R., Hunter, T., and

Sonenberg, N. (1999) EMBO J. 18, 270–279
40. Deadwyler, S. A., Dunwiddie, T., and Lynch, G. (1987) Synapse 1, 90–95
41. Frey, U., Krug, M., Reymann, K. G., and Matthies, H. (1988) Brain Res.

452, 57–65
42. Huang, Y. Y., Nguyen, P. V., Abel, T., andKandel, E. R. (1996) Learn.Mem.

3, 74–85
43. Stanton, P. K., and Sarvey, J. M. (1984) J. Neurosci. 4, 3080–3088
44. Kelleher, R. J., III, Govindarajan, A., and Tonegawa, S. (2004) Neuron 44,

59–73
45. Barco, A., Alarcon, J. M., and Kandel, E. R. (2002) Cell 108, 689–703
46. Gingras, A. C., Raught, B., and Sonenberg, N. (1999) Annu. Rev. Biochem.

68, 913–963
47. Huber, K. M., Kayser, M. S., and Bear, M. F. (2000) Science 288,

1254–1257
48. Johnson-Farley, N. N., Kertesy, S. B., Dubyak, G. R., and Cowen, D. S.

(2005) J. Neurochem. 92, 72–82
49. Lin, S. L., Johnson-Farley, N. N., Lubinsky, D. R., and Cowen, D. S. (2003)

J. Neurochem. 87, 1076–1085
50. Frey, U., and Morris, R. G. (1997) Nature 385, 533–536
51. Martin, K. C., and Kosik, K. S. (2002) Nat. Rev. Neurosci. 3, 813–820
52. Govindarajan, A., Kelleher, R. J., and Tonegawa, S. (2006) Nat. Rev. Neu-

rosci. 7, 575–583

�-AR Modulation of Translation Initiation and LTP

SEPTEMBER 14, 2007 • VOLUME 282 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 27535

 at C
olum

bia U
niversity L

ibraries on January 15, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Weeber, Eric Klann and Peter V. Nguyen
Jennifer N. Gelinas, Jessica L. Banko, Lingfei Hou, Nahum Sonenberg, Edwin J.

Potentiation
Initiation Machinery to Gate Induction of Protein Synthesis-dependent Long-term 

-Adrenergic Receptors to TranslationβERK and mTOR Signaling Couple 

doi: 10.1074/jbc.M701077200 originally published online July 16, 2007
2007, 282:27527-27535.J. Biol. Chem. 

  
 10.1074/jbc.M701077200Access the most updated version of this article at doi: 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/282/37/27527.full.html#ref-list-1

This article cites 51 references, 20 of which can be accessed free at

 at C
olum

bia U
niversity L

ibraries on January 15, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/lookup/doi/10.1074/jbc.M701077200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;282/37/27527&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/282/37/27527
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=282/37/27527&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/282/37/27527
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/282/37/27527.full.html#ref-list-1
http://www.jbc.org/

