
Behavioral/Systems/Cognitive

Persistent Transcription- and Translation-Dependent
Long-Term Potentiation Induced by mGluR1 in
Hippocampal Interneurons

Israeli Ran,1 Isabel Laplante,1 Catherine Bourgeois,1 Julie Pépin,1 Philippe Lacaille,1 Mauro Costa-Mattioli,2
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Hippocampal interneurons synchronize the activity of large neuronal ensembles during memory consolidation. Although the latter
process is manifested as increases in synaptic efficacy which require new protein synthesis in pyramidal neurons, it is unknown whether
such enduring plasticity occurs in interneurons. Here, we uncover a long-term potentiation (LTP) of transmission at individual inter-
neuron excitatory synapses which persists for at least 24 h, after repetitive activation of type-1 metabotropic glutamate receptors
[mGluR1-mediated chemical late LTP (cL-LTPmGluR1 )]. cL-LTPmGluR1 involves presynaptic and postsynaptic expression mechanisms
and requires both transcription and translation via phosphoinositide 3-kinase/mammalian target of rapamycin and MAP kinase kinase-
extracellular signal-regulated protein kinase signaling pathways. Moreover, cL-LTPmGluR1 involves translational control at the level of
initiation as it is prevented by hippuristanol, an inhibitor of eIF4A, and facilitated in mice lacking the cap-dependent translational
repressor, 4E-BP. Our results reveal novel mechanisms of long-term synaptic plasticity that are transcription and translation-dependent
in inhibitory interneurons, indicating that persistent synaptic modifications in interneuron circuits may contribute to hippocampal-
dependent cognitive processes.

Introduction
Long-term memory consolidation requires both gene expression
and the synthesis of new proteins (Kandel, 2001). In the hip-
pocampus, the strengthening or weakening of synaptic connec-
tivity, long-term potentiation (LTP) and depression (LTD), re-
spectively, are considered to be cellular models for memory
storage (Bliss and Collingridge, 1993; Malenka and Bear, 2004).
The late phase of LTP (L-LTP) is distinguished from its early
phase (E-LTP) by its dependence on new protein synthesis (Kan-
del, 2001; Kelleher et al., 2004a). L-LTP is generally induced by a
variety of repetitive training or stimulation protocols both in
vivo, lasting from days to weeks (Bliss and Gardner-Medwin,
1973; Barnes and McNaughton, 1985), and in vitro, lasting up to
several hours, respectively (Frey et al., 1988; Nguyen et al., 1994;
Kelleher et al., 2004b). The newly synthesized proteins in re-
sponse to L-LTP presumably serve to strengthen connectivity at

the level of single synapses within hippocampal circuits, allowing
the capture of memories (Kandel, 2001).

Local hippocampal circuits consist of networks of principal
excitatory projection cells and local inhibitory interneurons. Al-
though long-term synaptic modifications of hippocampal inter-
neuronal circuits occur in pathological conditions such as seizure
(Ben-Ari, 2006), the study of synaptic plasticity in interneurons
has mainly focused on early forms of plasticity. Indeed, excitatory
synapses onto interneurons have been shown to undergo LTP
and LTD (Kullmann and Lamsa, 2007). Moreover, inhibitory
synapses from interneurons onto pyramidal cells also display
LTP and LTD (Nugent and Kauer, 2008). Such bidirectional
modifications in excitation or inhibition have been implicated in
the regulation of temporal fidelity of firing and synchronization
of extensive hippocampal circuits (Traub et al., 2004; Kullmann
and Lamsa, 2007; Pelletier and Lacaille, 2008). However, whether
such changes in synaptic efficacy in interneuron circuits persist
beyond several hours remains unknown. In the present study, we
used an mGluR1-mediated chemical induction protocol in slice
cultures and whole-cell voltage clamp recordings to uncover a
persistent long-term potentiation of excitatory synaptic trans-
mission in individual CA1 oriens-alveus interneurons (OA-INs)
which lasts for at least 24 h. Using pharmacological and genetic
approaches, we show that this long-term synaptic plasticity is
both transcription and translation-dependent. In addition, we
provide genetic and pharmacological evidence that the phospha-
tidylinositol 3-kinase (PI3K), extracellular signal-regulated pro-
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tein kinase (ERK), and the mammalian target of rapamycin
(mTOR)/4E-BPs signaling pathways regulate this process.

Materials and Methods
Hippocampal slice cultures. Experiments were performed in accordance
with the Canadian animal care guidelines at Université de Montréal.
Unless otherwise stated, hippocampal slice cultures were obtained from
Sprague Dawley rats (7- to 10-d-old), as described previously (Muller et
al., 2001; Bourdeau et al., 2007). In brief, the brain was removed and
dissected in HBSS (Invitrogen)-based medium. Cortico-hippocampal
slices (400 �m thick) were then obtained using a McIlwain tissue chop-
per (The Mickle Laboratory Engineering Co. Ltd). After dissection, slices
were placed on Millicell culture plate inserts (Millipore) and allowed to
recover in OptiMEM (Invitrogen) kept at 37°C in a humidified atmo-
sphere (95% air, 5% CO2) for 24 h. They were then maintained in a
Neurobasal medium (Invitrogen) supplemented with B27 and Glutamax
I (Invitrogen) for 3–7 d. In electrophysiology experiments with trans-
genic mice (see Fig. 6), slice cultures were obtained in the same manner as
described above but from C57BL/6 wild-type (Charles River) and eIF4E-
BP1/2 �/� (Le Bacquer et al., 2007) 4- to 5-d-old mice. In immunofluo-
rescence experiments with S6 phosphorylation assays, slices were ob-
tained from heterozygous GAD67-GFP mice (see below).

Induction of cL-LTPmGluR1. The chemical induction protocol consisted
of three applications (10 min duration each at 30 min intervals) of the
mGluR1/5 agonist ( S)-3,5-dihydroxyphenylglycine (DHPG, 5 �M; Toc-
ris Biosciences) in the presence of the mGluR5 antagonist 2-methyl-6-
(phenylethynyl)-pyridine (MPEP, 25 �M; Ascent Scientific). For con-
comitant application of inhibitors, drugs were applied from 30 min
before to 30 min after DHPG/MPEP treatment. For delayed application
of inhibitors, drugs were applied for the same period starting at 3 h after
DHPG/MPEP treatment. LY367,385, anisomycin, actinomycin D, rapa-
mycin, wortmannin, U0126, and U0124 were purchased from Calbio-
chem. Hippuristanol was provided by J. Pelletier (McGill University,
Montreal, QC, Canada) (Bordeleau et al., 2006). After treatments, slices
were allowed to recover for 24 h before recordings. Experimenters were
blind to all treatment groups and mice genotype.

Whole-cell recordings. Slices were transferred in oxygenated artificial
CSF (ACSF) at room temperature containing (in mM): 124 NaCl, 2.5 KCl,
1.25 NaH2PO4, 4 MgSO4, 4 CaCl2, 26 NaHCO3, and 10 D-(�)-glucose
(pH 7.35–7.45; 295–305 mOsmol). Slices were allowed to recuperate for
at least 45 min before electrophysiological recordings. Thereafter, the
CA3 and CA1 were disconnected by a surgical cut and slices were trans-
ferred in a submerged recording chamber perfused (2–3 ml/min) with
oxygenated ACSF at 31 � 0.5°C. OA-INs were visualized and identified
based on their soma shape and position in stratum oriens using an up-
right microscope (Nikon Eclipse E600FN) equipped with a long-range
water-immersion objective (x40, Nomarski Optics) and an infrared cam-
era (70 Series; Dage-MTI). Whole-cell recordings were obtained from
OA-INs using borosilicate pipettes (3– 6 M�). Whole cell recording so-
lution contained (in mM): 135 CsMeSO3, 10 phosphocreatine, 5 NaCl, 10
HEPES, 1 MgCl2, 0.1 spermine, 2 QX-314, 2 ATP–Tris, 0.4 GTP–Tris and
0.1% biocytin (pH 7.2–7.3; 280 –290 mOsmol). Recordings were per-
formed in voltage-clamp mode using a Multiclamp 700A amplifier (Mo-
lecular Devices). The signal was low-pass-filtered at 2 kHz, digitized at 20
kHz and stored on a PC. Acquisition and off-line analyses were per-
formed using 1322A Digidata acquisition board, and pClamp 9.0 –9.2
(Molecular Devices) and Origin 7.5 (OriginLab) software. Cells were
maintained at a holding potential of �60 mV and series resistance was
monitored regularly. Data were discarded if the holding current was
unstable or if series resistance varied �25% of initial value.

Evoked and miniature EPSCs. EPSCs mediated by AMPA/kainate re-
ceptors were recorded in the presence of DL-2-amino-5-
phosphonovaleric acid (50 �M; Tocris Biosciences) and GABAzine (5
�M; Tocris Biosciences) to block NMDA and GABAA receptors respec-
tively. Pairs of EPSCs were evoked at 0.5 Hz by constant current pulses
(50 �s duration, 50 ms interpulse interval) using a bipolar �-glass elec-
trode filled with ACSF and positioned in the stratum oriens. Putative
single-fiber EPSCs were evoked using minimal stimulation as previously
described (Perez et al., 2001; Lapointe et al., 2004). Briefly, at the begin-

ning of each experiment, the stimulus strength was adjusted to a value
that yielded � 50% successes (range 40 – 60%). Amplitude of average
EPSC (including failures), failure rate (number of failures as percentage
of total number of stimulations) and EPSC potency (amplitude of EPSCs
excluding failures) were calculated from 5-min bins over a 10 –20 min
period. Because the failure rate was an adjusted parameter, we used EPSC
potency to characterize amplitude changes in evoked transmission. In a
subset of experiments on Hebbian LTP induced by a pairing protocol
involving electrical synaptic stimulation, we used average EPSC ampli-
tude and failure rate in addition to potency, comparing them to the
baseline period before induction (described in supplemental material,
available at www.jneurosci.org). Miniature EPSCs (mEPSCs) were re-
corded after further addition of tetrodotoxin (1 �M, Alomone Labs). For
analysis, mEPSCs were detected with a running template (average of 20
events) which had a well defined baseline, using pClamp 9 software.
Detection threshold was set at 3 pA and 200 –250 events were sampled per
neuron over a 15–25 min period.

GAD67-GFP mice. Heterozygous GAD67-GFP mice were genotyped
as described originally (Tamamaki et al., 2003). Briefly, DNA from tails
was extracted with DNeasy tissue kit (Qiagen) according to manufactur-
er’s instructions. DNA was amplified 30 cycles (68°C-3 min) by PCR on
a ICycler (Bio-Rad Laboratories) using forward primer 5�-
GGCACAGCTCTCCCTTCTGTTTGC-3� and reverse primer 5�-
CTGCTTGTCGGCCATGATATAGACG-3� (Alpha DNA). PCR prod-
ucts were visualized on 1.5% agarose gel containing 2 �g/ml ethidium
bromide.

Immunofluorescence. GAD67-GFP mice (17- to 22-d-old) were deeply
anesthetized with sodium pentobarbital (MTC Pharmaceuticals, Cam-
bridge, Ontario, Canada) and perfused transcardially with ice-cold ACSF
containing (in mM): 110 choline-chloride, 2.5 KCl, 7 MgCl2, 26
NaHCO3, 7 dextrose, 1.3 ascorbic acid and 0.5 CaCl2 and saturated with
95% O2 and 5% CO2. Coronal hippocampal slices (300 �m thick) were
obtained using a vibratome (Leica VT 10005) and transferred to normal
oxygenated ACSF containing (in mM): 124 NaCl, 2.5 KCl, 1.25 NaH2PO4,
2 MgCl2, 2 CaCl2, 26 NaHCO3, 10 D-(�)-glucose, 1.3 ascorbic acid main-
tained at 31�33°C. After a 1 h recovery period, slices were treated as
described. Slices were fixed immediately after treatment and resectioned
as described (Perez et al., 2001). Sections were permeabilized with 0.3%
Triton X-100 in PBS (15 min) and unspecific binding was blocked with
10% normal goat serum in 0.1% Triton X-100/PBS (1 h). Rabbit poly-
clonal phospho-S6 ribosomal protein (S235/S236) antibody (1:200; Cell
Signaling Technology, catalog # 2211) was incubated overnight at 4°C.
Sections were subsequently incubated at room temperature with Texas-
Red-conjugated goat anti-rabbit IgG (1:400; 90 min; Jackson Immunore-
search Laboratories). Images were acquired using a confocal microscope
(LSM510; Zeiss) at excitation wavelengths 488 and 543 nm. Images from
different treatment/groups were acquired using the exact same parame-
ters. Cell fluorescence was quantified using ImageJ software (National
Institutes of Health; freely available) by comparing integrated density in
cells corrected for background. In preliminary experiments, we found
that basal levels of phospho-S6 were highly variable in interneurons in
slice cultures but more constant in acute slices. Therefore, we performed
the phospho-S6 immunofluorescence experiments on acute slices.

Statistical analysis. Unless otherwise stated, between groups compari-
sons were performed using ANOVA followed by post hoc Tukey’s test.
Kolmogorov–Smirnov test was used to compare distributions of mEPSC
parameters between groups (200 events per neuron and 6 neurons per
treatment/group, except for wild-type and 4E-BP1/2 �/� mice with 250
events per neuron and 5 neurons per treatment/group), as well as immu-
nofluorescence intensity data. Values were expressed as mean � SEM
and a P value �0.05 was considered significant.

Results
Repeated mGluR1 stimulation induces a persistent long-term
potentiation at OA-IN excitatory synapses
At OA-IN excitatory synapses, an early form of Hebbian LTP
lasting 30 min is induced by pairing theta-burst stimulation with
postsynaptic depolarization (Perez et al., 2001; Lapointe et al.,
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2004) or chemically by a single application
of mGluR1 agonist (Le Vasseur et al.,
2008). Because repeated electrical stimula-
tion at hippocampal Schaffer collateral-
pyramidal cell synapses elicits long lasting
changes in synaptic strength (Frey et al.,
1988; Nguyen et al., 1994) and mGluR1 is
highly expressed in OA-INs in vivo (Baude
et al., 1993; Lapointe et al., 2004) and slice
cultures (Fig. S1A, available at www.
jneurosci.org as supplemental material),
we predicted that repeated agonist stimu-
lation of mGluR1 would elicit a persistent
LTP in OA-INs in hippocampal slice cul-
tures. To explore this possibility, we used a
protocol which consisted of three applica-
tions (10 min duration, 30 min interval) of
the mGluR1/5 agonist (S)-3,5-
dihydroxyphenylglycine (DHPG) in the
presence of the mGluR5 antagonist
2-methyl-6-(phenylethynyl)pyridine
(MPEP) (Fig. 1A) in slice cultures. After a
24 h recovery period, EPSCs evoked by
minimal stimulation and subsequently
spontaneous mEPSCs (in 1 �M TTX) (Fig.
1) were recorded in individual identified
OA-INs (Fig. S1B, available at www.
jneurosci.org as supplemental material).
An increase in both evoked and spontane-
ous transmission was observed at 24 h
postinduction in slices treated with repet-
itive activation of mGluR1 (3	DHPG/
MPEP) relative to sham-treated (Fig. 1).
For EPSCs evoked by minimal stimula-
tion, potency was increased by 99% and
this was accompanied by a 40% decrease in
paired-pulse ratio (PPR) (Fig. 1B–D).
Thus, both presynaptic and postsynaptic
mechanisms may underlie the persistent
changes in evoked transmission. Similarly,
in OA-INs from slices treated with re-
peated mGluR1 stimulation, spontaneous
mEPSCs increased in both amplitude
(157%) and frequency (113%) relative to
values from sham-treated slices (Fig.
1E,F), indicating long-term presynaptic
and postsynaptic changes in synaptic effi-
cacy. Importantly, there was no difference
in input resistance between 3	 DHPG/
MPEP- and sham-treated groups (256 �
19 M� vs 251 � 16 M�, respectively), rul-
ing out nonspecific membrane effects of
agonist stimulation. Unlike repeated stim-
ulations of mGluR1, a single agonist appli-
cation did not elicit persistent potentiation
(Fig. 1B–F). The activation of mGluR1
was necessary for induction of persistent
changes since repeated agonist stimulation
(3 	 DHPG/MPEP) in the presence of the
mGluR1 antagonist LY367,385 (100 �M)
blocked the potentiation of evoked EPSCs
and spontaneous mEPSCs at 24 h post-
stimulation (Fig. 1C,D,F). Taken to-

Figure 1. Persistent long-term potentiation of synaptic currents in hippocampal OA-INs at 24 h after repetitive mGluR1
activation (cL-LTPmGluR1 ). A, Schematics of induction and recording protocol. Cultured hippocampal slices were treated with
repetitive (3	) or single (1	) application of mGluR1/5 agonist (DHPG, 5 �M, black bars) in the presence of an mGluR5 antagonist
(MPEP, 25 �M, gray bar). On the next day, after a 24 h wash-out, whole cell recordings were obtained from visually identified CA1
OA-INs in agonist- or sham-treated slices. B, Representative EPSCs evoked by minimal stimulation at 24 h after sham-treatment
(top), repetitive (3	; middle) and single (1	; bottom) mGluR1 agonist-stimulation, showing larger responses after repetitive
treatment. Left, Superimposed 20 successive events (EPSCs � failures; gray) with average EPSC (including failures; solid black
line) of 100 events. Middle, Average of EPSC pairs (100 events) evoked by paired-pulse stimulation (50 ms interstimulus interval),
showing loss of paired-pulse facilitation after repetitive treatment. Right, Superimposed first and second EPSCs of average pair.
Black triangles indicate time of stimulation. C, D, Summary bar graphs of effects on EPSC potency and paired-pulse ratio for all
cells, showing potentiation of EPSC potency and reduced paired-pulse ratio 24 h after repetitive mGluR1 activation, relative to
sham-treated, but no effect after single agonist application, or repetitive activation in the presence of the mGluR1 antagonist
(LY367,385). E, Representative examples of spontaneous mEPSCs (in 1 �M TTX) at 24 h after treatment. Top, Continuous records
of mEPSCs after sham treatment (right), repeated (middle) or single (right) mGluR1 agonist application, showing more frequent
and larger mEPSCs after repeated treatment. Bottom, Cumulative distribution plots for all cells illustrating increase in mEPSC
amplitude and frequency after repetitive mGluR1 stimulation. F, Summary bar graphs for all cells, showing increase in mean
mEPSC amplitude and frequency 24 h after repetitive mGluR1 activation, relative to sham-treated, but no effect after single
agonist application or in presence of LY367,385. Values are expressed as mean � SEM and * corresponds to p � 0.05. Number of
cells are indicated above bar.

Ran et al. • Protein Synthesis-Dependent LTP in Interneurons J. Neurosci., April 29, 2009 • 29(17):5605–5615 • 5607



gether, these data demonstrate that repeated
mGluR1 stimulation induces a persistent
long-term potentiation at OA-IN excitatory
synapses (mGluR1-mediated chemical late
LTP, cL-LTPmGluR1).

In CA1 pyramidal neurons, the early
phase of LTP typically decays and is con-
verted to the late phase within a 1–3 h pe-
riod (Kandel, 2001; Kelleher et al., 2004a).
Because OA-INs display an early phase
chemical LTP in response to a single stim-
ulation of mGluR1 (Le Vasseur et al.,
2008), we examined the magnitude of cL-
LTPmGluR1 at earlier time points (1–3 h)
after repeated mGluR1 stimulation. We
found a 101% increase in potency and a
33% decrease in PPR of evoked EPSCs at
1–3 h after induction (Fig. S2, available at
www.jneurosci.org as supplemental mate-
rial). Although the magnitude of changes in
evoked EPSC parameters tended to be larger
at 1 h, they were not significantly different
from those at 2–3, or 24 h postinduction
(Fig. S2C, available at www.jneurosci.org as
supplemental material). Hence, the conver-
sion of early to late phase during cL-
LTPmGluR1 occurs without apparent changes
in synaptic properties.

We next examined whether cL-
LTPmGluR1 involves similar mechanisms as
LTP induced by a Hebbian protocol of
pairing theta-burst stimulation of affer-
ents (TBS) and postsynaptic depolariza-
tion at OA-IN synapses (Perez et al., 2001).
If so, we should expect occlusion of Heb-
bian LTP by prior establishment of cL-
LTPmGluR1. Effectively, we found that in
OA-INs from sham-treated slices, pairing
TBS and postsynaptic depolarization in-
duced LTP, which was reflected as in-
creases (relative to baseline) in mean EPSC
amplitude (189%) and potency (206%),
and a decrease (50%) in failure rate at
25–30 min postpairing. However, in OA-
INs from slices treated 24 h previously with
repeated mGluR1 stimulation, LTP was not
induced by the Hebbian pairing protocol
(Fig. S3, available at www.jneurosci.org
as supplemental material). Occlusion of
Hebbian LTP by cL-LTPmGluR1 suggests that
both phenomena involve similar mecha-
nisms. Thus, long-term plasticity induced by
repeated mGluR1 stimulation is closely re-
lated to LTP elicited by physiological stimu-
lation of afferents.

cL-LTPmGluR1 is transcription and
translation dependent
In many forms of persistent long-term
synaptic plasticity, gene expression is required (Nguyen et al.,
1994; Martin et al., 1997). To determine whether cL-LTPmGluR1

requires transcription, we used the transcription inhibitor, acti-
nomycin D (actinoD). Treatment of slices with actinoD during

stimulation prevented the increase in evoked EPSCs and mEPSCs
induced by repeated mGluR1 stimulation (Fig. 2), but not when
applied 3 h after repeated mGluR1 stimulation (200% increase in
potency, 29% decrease in PPR, 130% increase in mEPSC ampli-

Figure 2. cL-LTPmGluR1 is dependent on transcription. A, Treatment protocols for transcription inhibitor actinomycin D. For
concomitant application (left), slices were treated with actinomycin D (actinoD) from 30 min before to 30 min after repetitive
mGluR1 stimulation (3	 DHPG/MPEP). For delayed application (right), actinoD was applied for a similar period (150 min) starting
3 h after repeated mGluR1 stimulation. Slices were washed and recordings were made on the following day. B, Concomitant
(middle), but not delayed (bottom), inhibition of transcription by actinoD prevented increase in EPSC amplitude and decrease in
paired-pulse ratio induced by repetitive mGluR1 activation. Treatment with actinoD alone (top) did not affect EPSCs. C, D,
Summary of effects of inhibition of transcription by actinoD on changes in EPSC potency and paired-pulse ratio induced by
repeated mGluR1 stimulation. Dotted line corresponds to sham-treatment values (see also Fig. S4, available at www.jneurosci.org
as supplemental material). E, Concomitant, but not delayed, inhibition of transcription by actinoD prevented increases in mEPSC
amplitude and frequency induced by repeated mGluR1 stimulation. Top, Representative mEPSCs traces at 24 h after treatment.
Bottom,: Cumulative distribution plots for mEPSC amplitude and frequency for all cells. F, Summary of actinoD treatment effects
on mEPSCs. Values expressed as mean � SEM; * corresponds to p � 0.05. Number of cells is indicated above bars.
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tude and 146% increase in mEPSC frequency relative to sham)
(Fig. 2B,C,E,F). These data indicate that the critical time win-
dow for transcription in cL-LTPmGluR1 occurs during or shortly
after (�3 h) induction. The effect of actinoD was not attributable
to nonspecific inhibition of transcription since evoked and min-
iature synaptic activity in OA-INs were unaffected in slices
treated with actinoD alone (Fig. 2) as in sham treated slices (Fig.
S4, available at www.jneurosci.org as supplemental material).

De novo protein synthesis is required for L-LTP at CA1 Schaf-
fer collateral synapses (Frey et al., 1988; Kelleher et al., 2004b).
Moreover, mGluR1/5-induced late LTD (L-LTD) at hippocam-
pal synapses is translation-dependent but transcription-
independent (Snyder et al., 2001). Therefore, we examined
whether cL-LTPmGluR1 in OA-INs required translation using the

protein synthesis inhibitor anisomycin
(aniso). Application of aniso prevented
the increases in evoked EPSCs and mEP-
SCs induced by repeated mGluR1 stimula-
tion (Fig. 3). The effects of aniso were not
attributable to nonspecific protein synthe-
sis inhibition since treatment with aniso
alone was without effect on evoked and
spontaneous transmission (Fig. 3) and not
different from sham treatment (Fig. S4,
available at www.jneurosci.org as supple-
mental material). As was the case with ac-
tinoD, a delayed application of aniso start-
ing at 3 h after repeated mGluR1
stimulation did not prevent cL-LTPmGluR1

of evoked EPSCs (82% increase in potency
and 31% decrease in PPR relative to sham)
and mEPSCs (168% increase in mEPSC
amplitude and 197% increase in mEPSC
frequency relative to sham) (Fig. 3). In ad-
dition, we found that application of hip-
puristanol, a recently identified inhibitor
of the eukaryotic translation initiation fac-
tor 4A (eIF4A) (Bordeleau et al., 2006),
prevented cL-LTPmGluR1 expression (Fig.
3B,C,E). Thus, persistent long-term po-
tentiation induced by repeated mGluR1
stimulation requires de novo protein syn-
thesis which takes place during or imme-
diately subsequent to induction.

Inhibition of the PI3K/mTOR and ERK
signaling pathways blocks cL-LTPmGluR1

The mammalian target of rapamycin
(mTOR) is a key regulator of translation in
persistent forms of synaptic plasticity (Hay
and Sonenberg, 2004; Banko and Klann,
2008). Hence, we determined its role in
cL-LTPmGluR1. Indeed, application of the
mTOR inhibitor, rapamycin, prevented
the increases in evoked EPSCs (Fig. 3B,C)
and mEPSCs (Fig. 3E) induced by repeated
mGluR1 stimulation. Application of rapa-
mycin alone was without effect (Fig. S4,
available at www.jneurosci.org as supple-
mental material). Rapamycin sensitivity
suggested that mTOR-dependent mecha-
nisms were triggered during or shortly af-
ter cL-LTPmGluR1 induction.

Because of the brief time window for protein synthesis, we
next used an mTOR read-out assay to identify the signaling path-
ways activated by repeated mGluR1 stimulation directly in OA-
INs. The PI3K, a key signaling pathway upstream of mTOR, has
been implicated in the induction of L-LTP at CA1 Schaffer col-
lateral synapses (Tang et al., 2002; Banko et al., 2005; Tsokas et al.,
2007). Thus, we sought also to examine the role of PI3K/mTOR
signaling in eliciting cL-LTPmGluR1 at excitatory OA-IN synapses.
The PI3K and its downstream target the kinase mTOR regulate
protein synthesis via multiple effectors, including via phosphor-
ylation of the translational regulatory protein ribosomal S6 by
activation of S6 kinase (Hay and Sonenberg, 2004; Banko and
Klann, 2008). Therefore, changes in S6 phosphorylation, which
provide a bona fide readout of PI3K/mTOR activity, were exam-

Figure 3. cL-LTPmGluR1 is dependent on translation. A, Concomitant (middle), but not delayed (bottom), inhibition of protein
synthesis by anisomycin prevented the increase in EPSC amplitude and decrease in paired-pulse ratio induced by repetitive
mGluR1 activation. Treatment with anisomycin alone (top) did not affect EPSCs. B, C, Summary of effects of protein synthesis
inhibitors on changes in EPSC potency and paired-pulse ratio induced by repeated mGluR1 stimulation. Dotted line corresponds to
sham-treatment values (see also Fig. S4, available at www.jneurosci.org as supplemental material). D, Concomitant, but not
delayed, inhibition of protein synthesis prevented increases in mEPSC amplitude and frequency induced by repeated mGluR1
stimulation. Top, Representative mEPSCs traces at 24 h after treatment. Bottom, Cumulative distribution plots for mEPSC ampli-
tude and frequency in all cells. E, Summary bar graphs of effects of protein synthesis inhibitor treatment on mEPSCs. Values
expressed as mean � SEM; * corresponds to p � 0.05. Number above bar indicates cells analyzed.
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ined in GFP-labeled OA-INs from GAD67-GFP knock-in mice
(Tamamaki et al., 2003) (Fig. 4). First, we confirmed the presence
of mTOR in GFP-labeled OA-INs (Fig. S5A, available at www.
jneurosci.org as supplemental material). Subsequently, we estab-
lished that these signaling pathways were activated in OA-INs in
nonculture conditions and signaling experiments were per-
formed in acute hippocampal slices. Consistent with our predic-
tion, repeated mGluR1 stimulation increased S6 phosphoryla-
tion in GFP-labeled OA-INs. Importantly, the increase in S6
phosphorylation in response to repeated mGluR1 stimulation
was prevented by the respective PI3K and mTOR inhibitors wort-
mannin and rapamycin (Fig. 4). Application of each inhibitor
alone did not affect basal S6 phosphorylation level (Fig. 4). Thus,
the PI3K/mTOR signaling pathway appears to be activated in
OA-INs by repeated mGluR1 stimulation.

The mitogen-activated protein kinase kinase (MEK) and ERK
is another signaling pathway upstream of mTOR implicated in
translation-dependent forms of long-term synaptic plasticity
(Hay and Sonenberg, 2004; Banko and Klann, 2008). Hence, we
examined whether MEK-ERK signaling contributed to the in-
creases in mTOR activity induced by repeated mGluR1 stimula-
tion in OA-INs. We found that application of U0126, an inhibitor
of MEK, prevented the increase in S6 phosphorylation induced in
OA-INs by repeated mGluR1 stimulation (Fig. 4). Application of

U0126 alone did not affect basal S6 phosphorylation level (Fig. 4).
Thus, the MEK-ERK signaling pathway is implicated in mTOR
activation by cL-LTPmGluR1 induction protocol in OA-INs.

Since the PI3K/mTOR and MEK-ERK signaling pathways
were recruited in OA-INs shortly after repeated mGluR1 stimu-
lation, we next determined their contribution in cL-LTPmGluR1.
In the presence of the PI3K inhibitor, wortmannin, the increase
in EPSC amplitude and potency and the decrease in PPR induced
by repeated mGluR1 stimulation were prevented (Fig. 5A–C).
Similarly, the potentiation of mEPSC amplitude and frequency
induced by repeated mGluR1 stimulation were impaired by ap-
plication of wortmannin during induction (Fig. 5D,E). Applica-
tion of the PI3K inhibitor alone was without effects (Fig. 5; Fig.
S4, available at www.jneurosci.org as supplemental material).
Thus, cL-LTPmGluR1 induction requires PI3K signaling. We next
established the involvement of MEK-ERK signaling in cL-
LTPmGluR1 expression, using the MEK inhibitor U0126 and its
inactive analog U0124. The potentiation of evoked EPSCs and
mEPSCs induced by repeated mGluR1 stimulation were blocked
by induction in the presence of the inhibitor U0126 but not by the
inactive analog U0124 (237% increase in potency, 46% decrease
in PPR, 169% increase in mEPSC amplitude and 59% increase in
frequency) (Fig. 5F–J). Application of U0126 alone had no effect
on EPSCs and mEPSCs (Fig. 5; Fig. S4, available at www.jneurosci.

Figure 4. Repeated mGluR1 stimulation increases ribosomal S6 phosphorylation in OA-INs. A, Immunostaining of phosphorylated S6 (p-S6; serine 235/236, middle panel) in GAD67-GFP labeled
OA-INs in acute hippocampal slices (left panel). Arrows point to OA-INs positive for p-S6. Staining is increased immediately after repeated mGluR1 stimulation (3	 DHPG/MPEP) relative to
sham-treatment, which is prevented in the presence of inhibitors rapamycin (1 �M; �rapa), U0126 (20 �M; �U0126), or wortmannin (100 nM; �wort). B, Summary of effects on S6 phosphor-
ylation for all cells. Top, Cumulative distribution plots showing increase in fluorescence after repeated mGluR1 stimulation that is prevented by inhibitors. Fluorescence is expressed in integrated
density (i.d.). Bottom, Summary bar graph of phospho-S6 fluorescence values (i.d.). Open bars show values obtained with each inhibitor alone. Results are expressed as mean � SEM and are
representative of three independent experiments (2 animals). Three of six representative sections from each animal were quantified. * corresponds to p � 0.05 using Kolmogorov–Smirnov test (for
cumulative distribution) or Student’s t test (for the mean). Scale bar, 20 �m.
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org as supplemental material). Hence, MEK-ERK signaling is neces-
sary for the induction of cL-LTPmGluR1. Collectively, these results
indicate that cL-LTPmGluR1 requires new protein synthesis via acti-
vation of PI3K/mTOR and MEK-ERK signaling pathways during or
shortly after its induction, which implicates convergence onto their
downstream target, the translational repressor of initiation, 4E-BP.

cL-LTPmGluR1 induction is facilitated in 4E-BP1/2 �/� mice
PI3K/mTOR and MEK-ERK pathways have both been impli-
cated in regulating the phosphorylation of the translational re-
pressor 4E-BP (Hay and Sonenberg, 2004; Banko and Klann,
2008). Furthermore, electrically induced L-LTP (Banko et al.,
2005) or L-LTD induced chemically by the mGluR1/5 agonist
DHPG (Banko et al., 2006) are both facilitated in mice lacking
4E-BP2, the major isoform of 4E-BPs in rodent forebrain (Hay and
Sonenberg, 2004). Given the above, we used a transgenic knock-out
mice approach to examine the role of 4E-BP-dependent regulatory
mechanisms in cL-LTPmGluR1 at OA-IN synapses.

Using immunofluorescence, we first established that the two
isoforms of 4E-BPs present in the brain, 4E-BP1 and 4E-BP2,
were present in GAD67-GFP OA-INs (Fig. S5, available at
www.jneurosci.org as supplemental material). Mice with double

knock-out of 4E-BP1 and 4E-BP2 (4E-BP1/2�/�) are viable, and
exhibit a phenotype with low threshold for obesity, insulin resis-
tance, and increased S6K1 activity leading to abnormal Akt sig-
naling in muscle, liver, and adipose tissue (Le Bacquer et al.,
2007). Next, we prepared hippocampal slice cultures from mice
with 4E-BP1/2�/� double knock-out to examine whether the
threshold for cL-LTPmGluR1 induction was altered in OA-INs.
Consistent with the expectation that removal of translational re-
pressors 4E-BP1/2 enhances protein synthesis (Banko et al., 2005,
2006), we found a facilitation of cL-LTPmGluR1 in OA-INs of 4E-
BP1/2�/� mice (Fig. 6). A single mGluR1 stimulation, which did
not alter evoked EPSCs in slices from wild-type mice, produced a
long-term increase in EPSC potency (73%) and decrease in PPR
(51%) relative to sham in slices from 4E-BP1/2�/� mice (Fig.
6A,B). Similarly, single mGluR1 stimulation induced a long-
term increase in mEPSC amplitude (108%) and frequency
(237%) in slices of 4E-BP1/2�/� mice but not of wild type mice
(Fig. 6C,D). Repeated mGluR1 stimulation induced similar long-
term increases in evoked EPSCs and mEPSCs in OA-INs of both
4E-BP1/2�/� and wild-type (Fig. 6). Thus, genetic removal of the
cap-dependent translation repressors 4E-BP1/2 lowered thresh-
old and did not impair cL-LTPmGluR1 induction, providing fur-

Figure 5. Contributions of PI3K and ERK signaling pathways to cL-LTPmGluR1. A, Application of the PI3K inhibitor wortmannin (wort, 100 nM, 150 min) prevented the increase in EPSC amplitude
and decrease in paired-pulse ratio induced by repetitive mGluR1 activation (middle vs bottom). Treatment with wortmannin alone did not affect EPSCs (top). B, C, Summary bar graphs of effects of
wortmannin on changes in EPSC potency and paired-pulse ratio induced by repeated mGluR1 stimulation. Dotted line corresponds to sham-treatment values (see also Fig. S4, available at
www.jneurosci.org as supplemental material). D, Representative mEPSCs (top) and cumulative distribution plots for all cells (bottom) showing that wortmannin prevented increases in mEPSC
amplitude and frequency induced by repeated mGluR1 stimulation. E, Summary bar graphs of effects of PI3K inhibitor on mEPSCs. F, The increase in EPSC amplitude and decrease in paired-pulse ratio
induced by repetitive mGluR1 activation was prevented by the MEK/ERK inhibitor U0126 (20 �M, 150 min) (middle) but not by the inactive MEK/ERK inhibitor U0124 (bottom). Treatment with U0126
alone did not affect EPSCs (top). G, H, Summary bar graphs of effects of MEK/ERK inhibitor U0126 and inactive analog U0124 on changes in EPSC potency and paired-pulse ratio induced by repeated mGluR1. I,
Representative mEPSCs (top) and cumulative distribution plots for all cells (bottom) showing that U0126 prevented increases in mEPSC amplitude and frequency induced by repeated mGluR1 stimulation, but
not U0124. J, Summary bar graphs of effects of MEK/ERK inhibitor on mEPSCs. Values expressed as mean � SEM; * corresponds to p � 0.05. Number above bar indicates cells analyzed.
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ther support that mTOR- and protein synthesis-dependent plas-
ticity in OA-INs is regulated by repression of cap-dependent
translation initiation.

Discussion
cL-LTPmGluR1: a 24 h persistent synaptic plasticity
in interneurons
Persistent strengthening of pyramidal neuron excitatory synapses
is critical for hippocampal memory formation (Bliss and Col-
lingridge, 1993; Kandel, 2001). Remarkably, it is still unknown
whether interneuron circuits undergo such persistent synaptic
modifications, despite their essential role in hippocampal
information-processing (Buzsáki, 2005; Diba and Buzsáki, 2007;
Ego-Stengel and Wilson, 2007). Here, we identified a persistent
form of interneuron plasticity (cL-LTPmGluR1), which may con-
tribute to the above process. Maintained for at least 24 h after
repetitive mGluR1 stimulation, cL-LTPmGluR1 was observed as
increases in transmission using two independent measures of
unitary excitatory synaptic responses in OA-INs (Figs. 1, 7). The
persistent potentiation was expressed as: (1) decreased paired-
pulse ratio and increased potency of putative single-fiber evoked
EPSCs, and (2) increased amplitude and frequency of mEPSCs.
At other central glutamate synapses, such changes may result
from higher release probability (Stevens and Wang, 1994; Lisman

et al., 2007), addition of new release sites (Bolshakov et al., 1997;
Bozdagi et al., 2000), or postsynaptic receptor insertion (Liao et
al., 1995; Bolshakov et al., 1997; Bozdagi et al., 2000)). Our find-
ings on evoked and spontaneous unitary transmission in OA-INs
suggest that analogous presynaptic and postsynaptic mechanisms
underlie the persistent expression of cL-LTPmGluR1.

Although L-LTP is mostly documented using field recordings,
which reflect transmission at multiple synapses of large neuronal
populations (Frey et al., 1988; Nguyen et al., 1994), we studied
cL-LTPmGluR1 at individual synapses using whole-cell patch-
clamp recordings. Remarkably, the effects were sufficiently ro-
bust to detect lasting changes at putative single synapses at 24 h
after induction. A similar slice culture approach was used to
monitor L-LTP using field recordings for periods of weeks
(Tominaga-Yoshino et al., 2008). Thus, cL-LTPmGluR1 mainte-
nance mechanisms could be monitored for longer periods (�
24 h) and could possibly even be monitored with paired record-
ings from CA1 pyramidal neurons and OA-INs to examine the
nature of long-term changes at identified unitary synapses.
Moreover, cL-LTPmGluR1 in slice cultures could be combined
with functional knock-down approaches to study underlying
molecular mechanisms. Indeed, such approach would be highly
complementary to address the selectivity issue with pharmaco-

Figure 6. Facilitation of cL-LTPmGluR1 in 4E-BP1/2 knock-out mice. A, Example of EPSCs obtained from OA-INs in slices of wild-type (left) and 4E-BP1/2 �/� mice (right) showing that repeated,
but not single, mGluR1 stimulation increased EPSCs in wild-type mice, but single and repeated mGluR1 stimulation increased EPSCs in 4E-BP1/2 �/� mice. B, Summary bar graphs of effect of single
versus repeated mGluR1 stimulation on EPSC potency and paired-pulse ratio. C, Representative mEPSCs (top) and cumulative distribution plots for all cells (bottom) from slices of wild-type (left) and
4E-BP1/2 �/� mice (right) showing that repeated, but not single, mGluR1 stimulation increased mEPSC amplitude and frequency in wild-type mice, and both single and repeated mGluR1
stimulation increased mEPSC amplitude and frequency in 4E-BP1/2 �/� mice. D, Summary bar graphs showing effects of single and repeated mGluR1 stimulation on mEPSC amplitude and
frequency in wild-type (open) and 4E-BP1/2 �/� (filled) mice. Values expressed as mean � SEM; * corresponds to p � 0.05. Number above bar indicates cells analyzed.
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logical inhibitors as used in the present study to dissect the sig-
naling cascade underlying long-term plasticity in OA-INs. Fi-
nally, if coupled to in vivo models, cL-LTPmGluR1 can be used to
examine the contribution of persistent interneuron plasticity
mechanisms to hippocampal-dependent memory tasks.

cL-LTPmGluR1 induction
We used a combination of biochemical, pharmacological and
genetic approaches to uncover induction mechanisms of cL-
LTPmGluR1. These induction mechanisms were generally consis-
tent with but not identical to those underlying persistent plastic-
ity at CA1 Schaffer collateral synapses (Fig. 7). cL-LTPmGluR1

occluded the early Hebbian LTP at OA-IN synapses induced by
physiological stimulation paired with postsynaptic depolariza-
tion (Fig. S3, available at www.jneurosci.org as supplemental ma-
terial). These results indicate that both cL-LTPmGluR1 and Heb-
bian LTP occur at the same OA-IN synapses and may involve

similar mechanisms. This finding is con-
sistent with previous evidence that Heb-
bian LTP at OA-IN synapses involves pre-
synaptic and postsynaptic mechanisms
(Perez et al., 2001). Occlusion was also
found at Schaffer collateral synapses
(Huang et al., 1994). Thus, cL-LTPmGluR1

may entail expression mechanisms related
to those activated by physiological stimu-
lation of OA-IN afferents during early
Hebbian LTP.

We found that cL-LTPmGluR1 depends
on transcription and translation within a
brief time window (Figs. 2, 3). Likewise,
translation (Frey et al., 1988; Kelleher et
al., 2004a; Costa-Mattioli et al., 2005) and
transcription (Nguyen et al., 1994; Costa-
Mattioli et al., 2007) take place within a
short period (� 1 h) of L-LTP induction at
CA1 Schaffer collateral synapses. Interest-
ingly, transcription that is triggered by
MEK-ERK signaling in chemically in-
duced L-LTP, results in rapid mRNA syn-
thesis and translocation to dendrites (Ying
et al., 2002). Similarly, cL-LTPmGluR1 was
also MEK-ERK dependent. Given ERK
role in regulating transcription, it will be
important to identify the gene products
and regulatory mechanisms involved in
cL-LTPmGluR1. Yet, cL-LTPmGluR1 differs
from L-LTD induced by mGluR1/5 stimu-
lation (mGluR-L-LTD) at CA1 Schaffer
collateral synapses since the latter involves
a translation-dependent rapid internaliza-
tion of glutamate receptors but does not
require transcription (Snyder et al., 2001).
Conceivably, cL-LTPmGluR1 and L-LTP
may engage similar mechanisms, distinct
from those of mGluR-L-LTD (Waung et
al., 2008), that are limited by mRNA turn-
over, and hence, require a fast onset of
transcription.

Using the S6 phosphorylation assay in
OA-INs from GAD67-GFP knock-in mice
(Fig. 4), we showed that repeated mGluR1
stimulation leads to mTOR activation in

OA-INs via PI3K-ERK signaling pathways. Moreover, using spe-
cific inhibitors (Fig. 5), we demonstrated that cL-LTPmGluR1 re-
quired both PI3K/mTOR and MEK-ERK signaling for induction
(Fig. 7). Evidence using pharmacological (Banko and Klann,
2008) or genetic (Kelleher et al., 2004b) approaches also impli-
cated MEK-ERK signaling pathway in triggering translation dur-
ing plasticity at CA1 Schaffer collateral synapses. Remarkably, the
respective downstream effectors of PI3K/mTOR and MEK-ERK
signaling pathways, mTOR or ERK, interact directly with the
repressor of translation initiation, 4E-BP, during plasticity at
CA1 Schaffer collateral synapses (Banko and Klann, 2008).
Hence, pathway convergence suggests that cL-LTPmGluR1 induc-
tion may require concomitant activation of distinct signaling
mechanisms.

Finally, our findings indicate that the induction threshold for
c-LTPmGluR1 was facilitated in absence of repressors of cap-
dependent translation, 4E-BP1 and 4E-BP2 (Fig. 6). Importantly,

Figure 7. Expression and induction mechanisms of persistent long-term potentiation at OA-IN excitatory synapses (cL-
LTPmGluR1 ). A, Expression mechanisms. At OA-IN excitatory synapses, presynaptic action potential firing releases glutamate which
activates Ca 2�-permeable AMPA receptors (CP-AMPARs) to generate an EPSC. At 24 h post 3	 mGluR1 stimulation, newly
synthesized gene products and proteins lead to potentiation, likely via presynaptic and postsynaptic expression mechanisms:
presynaptically, by increasing transmitter release (new release sites, or modulation); postsynaptically, by increasing responsive-
ness (new receptor insertion or increased channel conductance via kinase modulation). B, Induction mechanisms. Summary
diagram of signaling cascade based on (1) immunocytochemical detection of 4E-BPs, phospho-S6, and mTOR in OA-INs, (2)
observed pharmacological effects of inhibitors of PI3K, MEK, mTOR, eIF4A, transcription and translation on S6 phosphorylation
and/or cL-LTPmGluR1, and (3) effects of transgenic knock-out of 4E-BP1/2 on cL-LTPmGluR1. Repeated mGluR1 stimulation (chem-
ically, or presumably by repeated presynaptic firing) triggers PI3K, and ERK signaling pathways to activate mTOR. mTOR leads to (1)
ribosomal S6 protein phosphorylation and (2) direct phosphorylation of 4E-BP1/2 repressor proteins which releases eIF4E. Subsequently,
eIF4E associates with eIF4A and eIF4G to form the cap-binding complex, eIF4F, which initiates translation. Repeated mGluR1 stimulation
also activates transcription by not yet established mechanisms (which may involve ERK).
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we found that, in 4E-BP1/2�/� mice, basal transmission was not
facilitated in sham-treated conditions, similar to observations at
Schaffer collateral synapses in 4E-BP2�/� mice (Banko et al.,
2005, 2006), thus ruling out constitutive effect of de-repression of
translation (Fig. 6). In addition, we found that cL-LTPmGluR1

induced by repeated mGluR1 stimulation was not impaired in
4E-BP1/2�/� mice. This differs from observations in 4E-BP2�/�

mice in which L-LTP induced by repeated electrical stimulation
was impaired whereas that induced by single train was facilitated
(Banko et al., 2005). The apparent disparity may be attributed to
multiple factors such as greater selectivity of chemical (mGluR1)
than electrical stimulation, or different genotypes (single 4E-
BP2�/� vs double 4E-BP1/2�/� knock-out). Nonetheless, the
same translational control mechanism appears implicated in op-
posing forms of plasticity, cL-LTPmGluR1 and mGluR-LTD, al-
though they involve different receptor and cell-type (mGluR1 in
OA-INs; mGluR5 in CA1 pyramidal cells) (Banko et al., 2006).
Interestingly, cL-LTPmGluR1 was also prevented by hippuristanol
(Fig. 3, 7), implicating an additional requirement for eIF4A, in
forming the eIF4F cap-binding translation initiation complex
(Hay and Sonenberg, 2004). The contribution of distinct compo-
nents downstream of mTOR, 4E-BP and eIF4A to cL-LTPmGluR1

suggest that de-repression of eIF4E alone is insufficient to trigger
translation initiation (Hay and Sonenberg, 2004). Furthermore,
these results are consistent with the notion that translational con-
trol via repression may be rate-limiting (Hay and Sonenberg,
2004). Our findings that hippocampal inhibitory interneurons
and pyramidal cells use similar translational regulatory mecha-
nisms during persistent forms of plasticity provide further evi-
dence that such mechanisms are highly preserved across cell types
(Hay and Sonenberg, 2004; Banko and Klann, 2008) and species
(Martin et al., 1997; Costa-Mattioli et al., 2007), thus suggesting a
possible role in other cortical circuit plasticity.

Implication for hippocampal function
There are several indications that interneuron plasticity contrib-
utes to exploratory behavior during formation of hippocampal
memories (Maurer et al., 2006; Diba and Buzsáki, 2007; Ego-
Stengel and Wilson, 2007). During spatial exploration, pyramidal
neurons adapt preferred firing-rates to specific locations in the
environment (place-fields) and sequentially follow the predom-
inant theta rhythm of the entire hippocampal network (phase
precession (Maurer et al., 2006)). The precise contribution of
interneurons to such behavior is unknown, however, interneu-
rons synchronize large populations of pyramidal neurons at theta
rhythm (4 – 8 Hz) under anesthesia (Klausberger et al., 2003) or
during spatial exploration (Buzsáki, 2005). Moreover, interneu-
rons that are strongly coupled to pyramidal neurons form place-
field maps (Maurer et al., 2006). Hence, interneurons are able to
store spatial information (place-field or phase precession) via
synchronization of pyramidal neurons or by inheriting the spatial
selectivity (place-field map) of pyramidal neurons to which they
are coupled.

Considering the above, the persistent increases in interneuron
excitation underlying cL-LTPmGluR1 can potentially facilitate the
functional coupling of OA-INs to pyramidal neurons during ex-
ploration (Buzsáki, 2005). This raises two inter-related questions
of whether cL-LTPmGluR1-dependent increases in OA-IN excita-
tion occur in vivo, and if so, whether such synaptic modifications
play a role during memory formation? First, since cL-LTPmGluR1

(Fig. S3, available at www.jneurosci.org as supplemental mate-
rial) occludes Hebbian LTP in OA-INs, it is conceivable that
physiological activation of CA1 collaterals during training would

elicit cL-LTPmGluR1 in OA-INs in vivo. Second, a number of ob-
servations implicate mGluR1s in hippocampal-dependent mem-
ory. Notably, mGluR1s are highly expressed in OA-INs (Baude et
al., 1993; Lapointe et al., 2004). Moreover, mGluR1s are impli-
cated in hippocampal memory consolidation. CA1 Schaffer col-
lateral LTP and context-specific associative learning are reduced
in mGluR1 null mice, suggesting that mGluR1s modulate the
plasticity process (Aiba et al., 1994). Similarly, mGluR1 antago-
nism in CA1 region severely reduces avoidance learning (Simonyi
et al., 2007). Thus, mGluR1s are critical for CA1 Schaffer collat-
eral LTP and associated memory. Therefore, if cL-LTPmGluR1 oc-
curred at OA-IN excitatory synapses during exploration (Geisler
et al., 2007), the persistent synaptic plasticity mechanisms uncov-
ered here would strengthen the coupling of pyramidal-
interneuron circuits—a critical step in acquisition of spatial
memory (Buzsáki, 2005).
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